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Preface 

The //lost benlltiflllthillg we mil experiellce is the /Ilysteriol/s. 
It is the SOl/rcc Of all tme art flIld sciellce. 

Albert Einstein, What I Believe, 1930 

About This Book 

We believe that learning in computer science and engineering should reflect the 
current state of the field, as well as introduce the principles that are shaping com
puting. We also feel that readers in every specialty of computing need to appreciate 
the organizational paradigms that determine the capabi lities, performance, and, 
ultimately, the success of computer systems. 

Modern computer technology requires professionals of every computing spe
cialty to understand both hardware and software. The interaction between hard
ware and software at a variety of levels also offers a framework for understanding 
the fundamentals of computing. Whether your primary interest is hardware or 
software, computer science or electrical engineering, the central ideas in computer 
organization and design are the same. Thus, our emphasis in this book is to show 
the relationship between hardware and software and to focus on the concepts that 
are the basis for cu rrent computers. 

The recent switch from uniprocessor to l11ulticore microprocessors confirmed 
the soundness of this perspective, given since the first edition. ""hile programmers 
could ignore the advice and rely on computer architects, compiler writers, and 
silicon engineers to make their programs run faster without change. that era is over. 
For programs to run faster, they must become parallel. Whi le the goal of many 
researchers is to make it possible for programmers to be unaware of the underlying 
parallel nature of the hardware they are programming, it will take many years to 
realize this vision. Our view is that for at least the next decade, most programmers 
are go ing to have to understand the hardware/software interface if they want 
programs to run efficiently on parallel computers. 

The audience for this book includes those with li ttle experience in assembly 
language or logic design who need to understand basic computer organization as 
well as readers with backgrounds in assembly language and/or logic design who 
want to learn how to design a computer or understand how a system works and 
why it performs as it does. 
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About the Other Book 
Some readers may be familiar with Compl/ter Architectllre: A QIlCllItitative Approach, 
popularly known as Hennessy and Patterson. (This book in turn is often called 
Patterson and Hennessy.) Our motivation in writing the earlier book was to describe 
the principles of computer architecture using solid engineering fundamentals and 
quantitative cost/performance tradeoffs. We used an approach that combined exam
ples and measurements, based on commercial systems, to create realistic design 
experiences. Our goal was to demonstrate that computer architecture could be 
learned using quantitative methodologies instead of a descriptive approach. It was 
intended for the serious computing professional who wanted a detailed under

standing of computers. 
A majority of the readers for this book do not plan to become computer archi

tects. The performance and energy efficiency of future software systems will be 
dramatically affected, however, by how well software designers understand the basic 
hardware techniques at work in a system. Thus, compiler writers, operating system 
designers, database programmers, and most other software engineers need a firm 
grounding in the principles presented in this book. Similarly, hardware designers 
must understand clearly the effects of their work on software applications. 

Thus, we knew that this book had to be much more than a subset of the material 
in Compllter Arcizitectllre, and the material was extensively revised to match the 
different audience. We were so happy with the result that the subsequent editions 
of Computer Architectllre were revised to remove most of the introductory mate
rial; hence, there is much less overlap today than with the first editions of both 

books. 

Changes for the Fourth Edition 
We had five major goals for the fourth edition of COl1lp"tel' Orgnllizntioll nlld 
Desigll: given the multicore revolution in microprocessors, highlight parallel 
hardware and software topics throughout the book; streamline the existing mate
rial to make room for topics on parallelism; enhance pedagogy in general; update 
the technical content to reflect changes in the industry since the publication of the 
third edition in 2004; and restore the usefulness of exercises in this Internet age. 

Before discussing the goals in detail, let's look at the table on the next page. It 
shows the hardware and software paths through the material. Chapters 1,4,5, and 
7 are found on both paths, no matter what the experience or the foclls. Chapter I 
is a new introduction that includes a discllssion on the importance of power and 
how it motivates the switch from single core to multicore microprocessors. It also 
includes performance and benchmarking material that was a separate chapter in 
the third edition. Chapter 2 is likely to be review material for the hardware-oriented, 
but it is essential reading for the software-oriented, especially for those readers 
interested in learning more about compilers and object-oriented programming 
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languages. It includes material from Chapter 3 in the third edition so that the 
complete MIPS architecture is now in a single chapter, minus the floating-point 
instructions. Chapter 3 is for readers interested in constructing a data path or in 
learning more about floating-point ari thmetic. Some will skip Chapter 3, either 
because they don't need it or because it is a review. Chapter 4 combines two chap
ters from the third edition to explain pipelined processors. Sections 4.1 , 4.5, and 
4. 10 give overviews for those with a software focus. Those with a hardware focus, 
however, will find that this chapter presents core material; they may also, depend
ing on their background, want to read Appendix C on logic design first. Chapter 6 
on storage is critical to readers with a software focus , and should be read by others 
if time permits. The last chapter on mul tico res, multiprocessors, and clusters is 
mostly new content and should be read by everyone. 

The first goal was to make parallelism a first class citizen in this edition, as it 
was a separate chapter on the CD in the last edi tion . The most obvious example is 
Chapter 7. In particular, this chapter introduces the Roofline performance model , 
and shows its value by evaluating four recent multicore architectures on two 
kernels. This model could prove to be as insightful for multicore microprocesso rs 
as the 3Cs model is for caches. 

Given the importance of parallelism , it wasn' t wise to wait until the last chapter 
to talk about, so there is a section on parallelism in each of the preceding six 
chapters: 

• Chapter 1: PamllelislII alln POlVer. It shows how power limits have forced the 
industry to swi tch to parallelism, and why parallelism helps. 

• Chapter 2: PamllelislII nlln IllstmctiollS: SYllchrolliza tioll. This sectio n dis
cusses locks for shared variables, specifically the MIPS instructions Load 
Linked and Store Cond itiona l. 

• Chapter 3: PamllelislII OlIn COlllp"ter Arithllletic: Flontillg-Poillt Associativity 
This section discusses the challenges of numerical precision and floating
point calculations. 

• Chapter 4: PamllelislII nun An''OlIcen IlIslmclioll-Lel'el ParallelislII. It 
covers advanced ILP-superscalar, speculation, VLlW, loop- unro lling, and 
OOO-as well as the relationship between pipeline depth and power 
consumption. 

• Chapter 5: PamllelislII OlIn MelllOlY Hiemrchies: Cache Coherence. I t in traduces 
coherency, co nsistency, and snooping cache protocols. 

• Chapler 6: PamllelislII nlld 110: Renlllldalli Armys of IlI expellSil'e Disks. It 
describes RAID as a parallel I/O system as well as a highly available ICO 
system. 

Preface 

Chapter 7 concludes with reasons for optimism why this foray into parallelism 
sho uld be more successful than those of the past. 

I am particularly exci ted about the addition of an append ix o n Graphical 
Processing Un its written by NYIDI~s chief scientist, David Kirk, and chief archi
tect, John Nickolls. Appendix A is the first in-depth description of GPUs, which 
is a new and interesting thrust in computer architecture. The appendix builds 
upon the parallel themes of this ed ition to present a style of compu ting that allows 
the programmer to think MIMD yet the hardware tries to execute in SIMD-style 
whenever possible. As GPUs are both inexpensive and widely available- they are 
even found in many laptops-a nd their programming envi ronments are freely 
available, they provide a parallel hardware platform that many could experiment 
with. 

The second goal was to streamline the book to make room for new material in 
parallelism. The first step was simply going through all the paragraphs accumulated 
over three editions with a fine -toothed comb to see if they were still necessa ry. The 
coarse-grained changes were the merging of chapters and d ropping of topics. Mark 
Hill suggested dropping the multicycle processor implementation and instead 
adding a multicycle cache controller to the memory hierarchy chapter. T h is allowed 
the processor to be presented in a single chapter instead of two, enhancing the 
processor material by omission. T he performance material from a separate chapter 
in the third edition is now blended into the first chapter. 

The third goal was to improve the pedagogy of the book. Chapter I is now 
meatier, including performance, integrated circuits, and power, and it sets the stage 
for the rest of the book. Chapters 2 and 3 were originally written in an evolutionary 
style, starting with a "si ngle celled" architecture and ending up with the full MIPS 
architecture by the end of Chapter 3. This leisurely style is not a good match to the 
modern reader. This edition merges all of the instruction set material for the integer 
instructions into Chapter 2-making Chapter 3 optional for many readers-and 
each section now stands on its own. The reader no longer needs to read all of the 
preceding sections. Hence, Chapter 2 is now even better as a reference tha n it was in 
prior editions. Chapter 4 works better since the processor is now a single chapter, as 
the multicycle implementation is a distraction today. Chapter 5 has a new section 
on building cache controllers, along with a new CD sectio n containing the Verilog 
code for that cache. 

The accompanying C D-ROM introduced in the th ird edition allowed us to 
reduce the cost of the book by saving pages as well as to go into greater depth on 
topics that were of interest to some but not all readers. Alas, in our enth usiasm 
to save pages, readers sometimes found themselves going back and forth between 
the CD and book more often than they liked. This should not be the case in this 
edition. Each chap ter now has the Historical Perspectives section o n the CD and 
four chapters also have one advanced material section on the CD. Additionall y, all 

xix 
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exercises are in the printed book, so flipping between book and CD should be rare 
in this edition. 

For those of you who wonder why we include a CD-ROM with the book, 
the answer is simple: the CD contains content that we feel should be easily and 
immediately accessible to the reader no matter where they are. If you are interested 
in the advanced content, or would like to review a VHDL tutorial (for example), it 
is on the CD, ready for you to use. The CD-ROM also includes a feature that should 
greatly enhance your study of the materia l: a search engine is included that allows 
you to search for any st ring of text, in the printed book or on the CD itself. If you 
are hunting for content that may not be included in the book's printed index, you 
can simply enter the text you're searching for and the page number it appears on 
will be displayed in the search results. This is a very useful feature that we hope you 
make frequent use of as you read and review the book. 

This is a fa st-moving field, and as is always the case for Ollr new editions, an 
important goal is to update the technical co ntent. The AMD Optero n X4 model 
2356 (code named "Barcelona") serves as a running example throughout the book, 
and is found in Chapters 1,4,5, and 7. Chapters I and 6 add results from the new 
power benchmark from SPEC. Chapter 2 adds a section on the ARM architec
ture, which is currently the world's most popular 32-bit ISA. Chapter 5 adds a new 
section on Virtual Machines, which are resurging in importance. Chapter 5 has 
detailed cache performance measurements on the Opteron X4 muiticore and a 
few details on its rival, the Intel Nehalem, which will not be announced until after 
this edition is published . Chapter 6 describes Flash Memory for the first time as 
well as a remarkably compact server from Sun, which crams 8 co res, 16 DlMMs, 
and 8 disks into a single I U bit. It also includes the recent results on long-term 
disk failures. Chapter 7 covers a wealth of topics regarding parallelism-including 
mul tithreading, SIMD, vector, GPUs, performance models, benchmarks, multipro
cessor networks-and describes three multicores plus the Opteron X4: Intel Xeon 
model e5345 (Clovertown), IBM Cell model QS20, and the Sun Microsystems T2 
model 5120 (Niagara 2). 

The final goal was to try to make the exercises useful to instructors in this Internet 
age. for homework assignments have long been an important way to learn material. 
Alas, answers are posted today almost as soon as the book appears. We have a two
part approach. First, expert contributors have worked to develop entirely new 
exercises for each chapter in the book. Second, most exercises have a qualitative 
description supported by a table that provides several alternative quantitative 
parameters needed to answer this question. The sheer number plus fl exibility in 
terms of how the instructor can choose to assign variations of exercises will make 
it hard for students to find the matching solutions online. Instructors will also be 
able to change these quantitative parameters as they wish, again frustrating those 
students who have come to rely on the Internet to provide solutions for a static and 
unchanging set of exercises. We feel this new approach is a valuable new addition 
to the book-please let us know how well it works for you, either as a student or 
instructor! 
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We have preserved useful book elements from prior ed itions. To make the book 
work better as a reference, we still place definitions of new terms in the margins 
at their first occurrence. The book element called "Understanding Program Per
forman ce" sections helps readers understand the performance of their programs 
and how to improve it, just as the "Hardware/Software Interface" book element 
helped readers understand the tradeo ffs at this interface. "The Big Picture" section 
remains so that the reader sees the forest even despite all the trees. "Check Yourself" 
sections hel p readers to confirm their comprehension of the material on the first 
time through with answers provided at the end of each chapter. This ed iti on also 
includes the green MIPS reference card, which was inspi red by the "Green Card" of 
the IBM System/360. The removable card has been updated and should be a handy 
reference when writing MIPS assembly language programs. 

Instructor Support 

We have collected a great deal of material to help instructors teach courses using this 
book. Solutions to exercises, chapter quizzes, figures from the book, lectu re notes, 
lecture slides, and other materi als are available to adopters from the publisher. 
Check the publisher's Web site for more information: 

textbooks,elsel'ier. colII/9780 123 744937 

Concluding Remarks 

If you read the following acknowledgments section, you will see that we went to 
great lengths to correct mistakes. Since a book goes through many printings, we 
have the opportunity to make even more corrections. If you uncover any remaining, 
resilient bugs, please contact the publisher by electronic mail at cori4bllgs@mkp. 
COlli or by low-tech mail using the address found on the copyright page. 

This edi tion marks a break in the long-standing collaboration between Hennessy 
and Patterson, which started in 1989. The demands of running one of the world 's 
great universities meant that President Hennessy could no longer make the sub
stantial com mitment to create a new edition. The remaining author felt like a jug
gler who had always performed with a partner who suddenly is thrust on the stage 
as a solo act. Hence, the people in the acknowledgm ents and Berkeley colleagues 
played an even larger role in shaping the contents of this book. Nevertheless, this 
time around there is only one author to blame for the new material in what you 
are about to read. 

Acknowledgments for the Fourth Edition 

I'd like to thank David Kirk,john Nickolls, and their col leagues at NVIDIA (M ichael 
Garland, John Montrym, Doug Voorhies, Lars Nyland, Erik Lindholm, Paulius 
Micikevicius, Massimiliano Fatica, Stuart Oberman, and Vasily Volkov) for writing 
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the first in-depth appendix on GPUs. I'd like to express again my appreciation to 
Jim Larus of Microsoft Research for his willingness in contributing his expertise on' 
assembly language programming, as well as for welcoming readers of this book to 
use the simulator he developed and maintains. 

I am also very grateful for the contributions of the many experts who developed 
the new exercises for this new edition. Writing good exercises is not an easy task, 
and each contributor worked long and hard to develop problems that are both 
challenging and engaging: 

• Chnpler 1: Javier Bruguera (Universidade de Santiago de Compostela) 

• Clwpter 2: John Oliver (Cal Poly, San Luis Obispo), with contributions from 
Nicole Kaiyan (University of Adelaide) and Milos Prvulovic (Georgia Tech) 

• Chnpter 3: Matthew Farrens (University of California, Davis) 

• Clwpter4: Milos Prvulovic (Georgia Tech) 

• Clwpler 5: Jichuan Chang, Jacob Leverich, Kevin Lim, and Partha 
Ranganathan (all from Hewlett-Packard), with contributions from Nicole 
Kaiyan (University of Adelaide) 

• Chnpter 6: Perry Alexander (The University of Kansas) 

• Chnpter 7: David Kaeli (Northeastern University) 

Peter Ashenden took on the Herculean task of editing and evaluating nil of the 
new exercises. Moreover, he even added the substantial burden of developing the 
companion CD and new lecture slides. 

Thanks to David August and Prakash Prabhu of Princeton University for their 
work on the chapter quizzes that are available for instructors on the publisher's 
Web site. 

I relied on my Silicon Valley colleagues for much of the technical material that 
this book relies upon: 

• AMD-for the details and measurements of the Opteron X4 (Barcelona): 
William Brantley, Vasileios Liaskovitis, Chuck Moore, and Brian 
Waldecker. 

• Intel-for the pre released information on the Intel Nehalem: Faye Briggs. 

• Micron- for background on Flash Memory in Chapter 6: Dean IOein. 

• Sun Microsystems-for the measurements of the instruction mixes for the 
SPEC2006 benchmarks in Chapter 2 and details and measurements of the 
Sun Server x4 I 50 in Chapter 6: Yan Fisher, John Fowler, Darryl Gove, Paul 
Joyee, Shenik Mehta, Pierre Reynes, Dimitry Stuve, Durgam Vahia, and 
David Weaver. 

• u.c. Berkeley-Krste Asanovic (who supplied the idea for software 
concurrency versus hardware parallelism in Chapter 7), James Demmel 
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and Velvel Kahan (who commented on parallelism and floating-point 
calculations), Zhangxi Tan (who designed the cache controller and wrote the 
Verilog for it in Chapter 5), Sam Williams (who supplied the roofline model 
and the multicore measurements in Chapter 7), and the rest of my colleagues 
in the Par Lab who gave extensive suggestions and feedback on parallelism 
topics found throughout the book. 

I am grateful to the many instructors who answered the publisher's surveys, 
reviewed our proposals, and attended focus groups to analyze and respond to our 
plans for this edition. They include the following individuals: FoClis Gl"OlIP: Mark 
Hill (University of Wisconsin, Madison), E.J. Kim (Texas A&M University), Jihong 
Kim (Seoul National University), Lu Peng (Louisiana State University), Dean Tullsen 
(Ue San Diego), Ken Vollmar (Missouri State University), David Wood (University 
of Wisconsin, Madison), Ki Hwan Yum (University of Texas, San Antonio); Sllrveys 
nlld Reviews: Mahmoud Abou-Nasr (Wayne State University), Perry Alexander (The 
University of Kansas), Hakan Aydin (George Mason University), Hussein Badr (State 
University of New York at Stony Brook), Mac Baker (Virginia Military Institute), 
Ron Barnes (George Mason University), Douglas Blough (Georgia institute of 
Technology), Kevin Bolding (Seattle Pacific University), Miodrag Bolic (University 
of Ottawa), John Bonomo (Westminster College), Jeff Braun (Montana Tech), Tom 
Briggs (Shippensburg University), Scott Burgess (Humboldt State University), Fazli 
Can (Bilkent University), Warren R. Carithers (Rochester Institute of Technology), 
Bruce Carlton (Mesa Community College), Nicholas Carter (University of Illinois 
at Urbana-Champaign), Anthony Cocchi (The City University of New York), Don 
Cooley (Utah State University), Robert D. Cupper (Allegheny College), Edward W. 
Davis (North Carolina State University), Nathaniel j. Davis (Air Force Institute of 
Technology), Molisa Derk (Oklahoma City University), Derek Eager (University of 
Saskatchewan), Ernest Ferguson (Northwest Missouri State University), Rhonda 
Kay Gaede (The University of Alabama), Etienne M. Gagnon (UQAM), Costa 
Gerousis (Christopher Newport University), Paul Gillard (Memorial University of 
Newfoundland), Michael Goldweber (Xavier University), Georgia Grant (College 
of San Mateo), lvIerrilll-lall (The Master's College), Tyson Hall (Southern Adventist 
University), Ed Harcourt (Lawrence University), Justin E. I-Iarlow (University of 
South Florida), Paul F. Hemler (Hampden-Sydney College), Martin Herbordt 
(Boston University), Steve J. Hodges (Cabrillo College), Kenneth Hopkinson 
(Cornell University), Dalton Hunkins (St. Bonaventure University), Baback 
Izadi (State University of New York-New Paltz), Reza Jafari, Robert W. johnson 
(Colorado Technical University), Bharat Joshi (University of North Carolina, 
Charlotte), Nagarajan Kandasamy (Drexel University), Rajiv Kapadia, Ryan 
Kastner (University of California, Santa Barbara), jim Kirk (Union University), 
Geoffrey S. Knauth (Lycoming College), Manish M. Kochhal (Wayne State), Suzan 
Koknar-Tezel (Saint Joseph's University), Angkul Kongmunvattana (Columbus 
State University), April Kontostathis (UrsiIllIS College), Christos Kozyr.akis 
(Stanford University), Danny Krizanc (Wesleyan University), Ashok Kumar, 
S. Kumar (The University of Texas), Robert N. Lea (University of Houston), 
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Baoxin Li (A rizona State University), Li Liao (University of Delaware), Gary 
Livingston (University of Massachusetts), Michael Lyle, Douglas W. Lynn (Orego" 
Institute of Technology), Yashwant K Malaiya (Colorado State University), Bill 
Mark (University of Texas at Austin), Ananda Mondal (Claflin University), Alvin 
Moser (Seattle University), Walid Najjar (University of California, Riverside), 
Danial J. Neebel (Loras College), John Nestor (Lafayette College), Joe Oldham 
(Centre College), Timour Paltashev, James Parkerson (University of Arkansas), 
Shaunak Pawagi (SUNY at Stony Brook), Steve Pearce, Ted Pedersen (University 
of Minnesota), Gregory D Peterson (The University of Tennessee), Dejan Raskovic 
(University of Alaska, Fairbanks) Brad Richards (University of Puget Sound), 
Roman Rozanov, Louis Rubinfield (Villanova University), Md Abdus Salam 
(Southern University), Augustine Samba (Kent State University), Robert Schaefer 
(Daniel Webster College), Carolyn J. C. Schauble (Colorado State University), 
Keith Schubert (CSU San Bernardino), William L. Schultz, Kelly Shaw (University 
of Richmond ), Shahram Shirani (McMaster University), Scott Sigman (Drury 
University), Bruce Smith, David Smith, Jeff w. Smith (University of Georgia, 
Athens), Philip Snyder (Johns Hopkins University), Alex Sprintson (Texas A&M), 
Timothy D. Stanley (Brigham Young University), Dean Stevens (Morningside 
College), Nazar Tabrizi (Kettering University), Yuval Tamir (UCLA), Alexander 
Taubin (Boston University), Will Thacker (Winthrop University), Mithuna 
Thottethodi (Purdue University), Manghui Tu (Southern Utah University), Rama 
Viswanathan (Beloit College), Guoping Wang (Indiana-Purdue University), 
Patricia Wenner (Bucknell University), Kent Wilken (University of California, 
Davis), David Wolfe (Gustavus Adolphus College), David Wood (Universi ty of 
Wisconsin, Madison), Mohamed Zahran (City College of New York), Gerald D. 
Zarnett (Ryerson University), Nian Zhang (South Dakota School of Mines & 
Technology), Jiling Zhong (Troy University), Huiyang Zhou (The University of 
Central Florida), Weiyu Zhu (Illinois Wesleyan University). 

I would especially like to thank the Berkeley people who gave key feedback for 
Chapter 7 and Appendix A, which were the most challenging pieces to write for this 
edition: Krste Asanovic, Christopher Batten, Rastilav Bodik, Bryan Catanzaro, 
JiI<e Chong, Kaushil< Data, Greg Giebling, Anik jain, jae Lee, Vasil), Volkov, and 
Samuel Williams. 

A special thanks also goes to Mark Smotherman for making multiple passes to 
find technical and writing glitches that significantly improved the quality of this 
edition. He played an even more important role this time given that this edition 
,vas done as a solo act. 

We wish to thank the extended Morgan Kaufmann family for agreeing to publish 
this book again under the able leadership of Denise Penrose. Nathaniel McFadden 
was the developmental editor for this edition and worked with me weekly on the 
contents of the book. Kimberlee Honjo coordinated the surveying of users and 
their responses. 
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Dawnmarie Simpson managed the book production process. We thank also the 
many freelance vendors who contributed to this volume, especially Alan Rose of 
Multiscience Press and diacriTech. ollr compositor. 

The contributions of the nearly 200 people we mentioned here have helped 
make this fourth edition what I hope will be our best book yet. Enjoy! 

David A_ PaHerson 
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Introduction 

Welcome to this book! We're delighted to have this opportunity to convey the 
excitement of the world of computer systems. This is not a dry and dreary field, 
where progress is glacial and where new ideas atrophy from neglect. No! Comput
ers are the product of the incredibly vibrant information technology industry, all 
aspects of which are responsible for almost 10% of the gross national product of 
the United States, and whose economy has become dependent in part on the rapid 
improvements in information technology promised by Moore's law. This unusual 
industry embraces innovation at a breathtaking rate. In the last 25 years, there have 
been a number of new computers whose introduction appeared to revolutionize 
the computing industry; these revolutions were ellt short only because someone 
else built an even better computer. 

This race to innovate has led to unprecedented progress since the inception of 
electronic computing in the late 1940s. Had the transportation industry kept pace 
with the computer industry, for example, today we could travel from New York 
ta Landon in about a second for roughly a few cents. Take just a moment to 
contemplate how such an improvement would change society-living in Tahiti 
while working in San Francisco, going to Moscow for an evening at the Bolshoi 
Ballet-and you can appreciate the implications af such a change. 
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Computers have led to a third revolution for civilization, with the information 
revolution taking its place alongside the agricultural and the industrial revol~
tions. The resulting multiplication of humankind's intellectual strength and reach 
naturally has affected our everyday lives profoundly and changed the ways in which 
the search for new knowledge is carried out. There is now a new vein of scientific 
investigation, with computational scientists joining theoretical and experimental 
scientists in the exploration of new frontiers in astronomy, biology, chemistry, and 
physics. among others. 

The computer revolution continues. Each time the cost of computing improves 
by another factor of [0, the opportunities for computers multiply. Applications 
that were economically infeasible suddenly become practicaL In the recent past, the 
following applications were "computer science fiction." 

• Compllters ill cwtomobiles: Until microprocessors improved dramatically in 
price and performance in the early [980s, computer control of cars was ludi
crous. Today, computers reduce pollution, improve fuel efficiency via engine 
controls, and increase safety through the prevention of dangerous skids and 
through the inflation of air bags to protect occupants in a crash. 

• Cell phones: Who would have dreamed that advances in computer systems 
would lead to mobile phones, allowing person-to-person communication 
almost anywhere in the world? 

• HlIInml genome project: The cost of computer equipment to map and ana
lyze human DNA sequences is hundreds of millions of dollars. It's unlikely 
that anyone would have considered this project had the computer costs been 
10 to [00 times higher, as they would have been [0 to 20 years ago. More
over, costs continue to drop; YOli may be able to acquire your own genome, 
allowing medical care to be tailored to you. 

• World Wide Web: Not in existence at the time of the first edition of this book, 
the World Wide Web has transformed our society. For many, the WWVv has 
replaced libraries. 

• Senrch engilles: As the content of the 'oNWW grew in size and in value, find
ing relevant information became increasingly important. Today, many peo
ple rely on search engines for such a large part of their lives that it would be a 
hardship to go without them. 

Clearly, advances in this technology now affect almost every aspect of our soci
ety. Hardware advances have allowed programmers to create wonderfully useful 
software, which explains why computers are omnipresent. Today's science fiction 
suggests tomorrow's killer applications: already on their way are virtual worlds, 
practical speech recognition, and personalized health care. 

1.1 Introduction 

Classes of Computing Applications and Their Characteristics 

Although a common set of hardware technologies (see Sections 1.3 and 1.7) is used 
in computers ranging from smart home appliances to cell phones to the largest 
supercomputers, these different applications have different design requirements 
and employ the core hardware technologies in different ways. Broadly speaking, 
computers are used in three different classes of applications. 

Desktop computers are possibly the best-known form of computing and are 
characterized by the personal computer, which readers of this book have likely used 
extensively. Desktop computers emphasize delivery of good performance to single 
users at low cost and usually execute third-party software. The evolution of many 
computing technologies is driven by this class of computing, which is only about 
30 years old! 

Servers are the modern form of what were once mainframes, minicomputers, 
and supercomputers, and arc usually accessed only via a network. Servers are ori 
ented to carrying large workloads, which may consist of either single complex 
applications- usually a scientific or engineering application-or handling many 
small jobs, such as would occur in building a large Web server. These applications 
are usually based on software from another source (such as a database or simula
tion system), but are often modified or customized for a particular function. Serv
ers are built from the same basic technology as desktop computers, but provide for 
greater expandability of both computing and input/output capacity. In general, 
servers also place a greater emphasis on dependability, since a crash is usually more 
costly than it would be on a single-user desktop computer. 

Servers span the widest range in cost and capability. At the low end, a server 
may be little more than a desktop computer without a screen or keyboard and 
cost a thousand dollars. These low-end servers are typically used for file storage, 
small business applications, or simple Web serving (see Section 6. [0). At the other 
extreme are supercomputers} which at the present consist of hundreds to thou
sands of processors and usually terabytes of memory and petabytes of storage, and 
cost millions to hundreds of millions of dollars. Supercomputers are usually used 
for high-end scientific and engineering calculations, such as weather forecasting, 
oil exploration, protein structure determination, and other large-scale problems. 
Although such supercomputers represent the peak of computing capability, they 
represent a relatively small fraction of the servers and a relatively small fraction of 
the overall computer market in terms of total revenue. 

Although not called supercomputers, [nternet datacenters used by companies 
like eBay and Google also contain thousands of processors, terabytes of memory, 
and petabytes of storage. These are usually considered as large clusters of comput
ers (see Chapter 7). 

Embedded computers are the largest class of computers and span the wid
est range of applications and performance. Embedded computers include the 

desktop computer 
A computer designed 
for use by an individual, 
usually incorporating a 
graphics display, il key
board, and a mOllse. 

server A computer 
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used for running larger 
programs for multiple 
users, often simultaneously, 
and typically accessed only 
\'ia a network. 

supercomputer A class 
of computers with the 
highest performance and 
cost; they are configured 
as servers and typicall), 
cost millions of dollars. 

terabyte Originally 
\,099,5\ 1,627,776 (2'111) 
bytes, ill though some 
communications and 
secondary storage systems 
have redefined it to mean 
1,000,000,000,000 (10") 
bytes. 

pctabyte Depending 
on the situation, either 
1000 or 1024 terabytes. 

datacenter A room or 
building designed to 
handle the power, cooling, 
and networking needs of 
a large number of servers. 

embedded computer 
A computer inside 
another device used 
for running one 
predetermined application 
or collection of software. 
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microprocessors found in your car, the computers in a cell phone, the computers 
in a video game or television, and the networks of processors that control a mod
ern airplane or cargo ship. Embedded computing systems are designed to run one 
application or one set of related applications, that are normally integrated with 
the hardware and delivered as a single system; thus, despite the large number of 
embedded computers, most users never really see that they are using a computer! 

Figure 1.1 shows that during the last several years, the growth in cell phones that 
rely on embedded computers has been much faster than the growth rate of desktop 
computers. Note that the embedded computers are also found in digital TVs and 
set-top boxes, automobiles, digital cameras, music players, video games, and a 
variety of other such consumer devices, which further increases the gap between 
the number of embedded computers and desktop computers. 
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FIGURE 1.1 The number of cell phones, personal computers, and televisions manufactured 
per year between 1997 and 2007. (We have television data only from 2004.) t-,·Iore than a billion new 
cel! phones were shipped in 2006. Cell phones sales exceeded pes by only a factor of 1 A in 1997, but the 
ratio grew to 4.5 in 2007. The total number in use in 2004 is estimated to be about 2.0B televisions, 1.8B cell 
phones, and 0.8B PCs. As the world population was about 6AB in 2004, there were approximately one PC, 
2.2 cell phones, and 2.5 televisions for every eight people on the planet. A 2006 survey of U.S. families found 
that they owned on average 12 gadgets, including three TVs, 2 PCs, and other devices such as game consoles, 
MP3 players, and cdl phones. 

1.1 Introduction 

Embedded applications often have unique application requirements that 
combine a minimum performance with stringent limitations on cost or power. For 
example, consider a music player: the processor need only be as fast as necessary to 
handle its limited function, and beyond that, minimizing cost and power are the 
most important objectives. Despite their low cost, embedded computers often have 
lower tolerance for failure, since the results can vary from upsetting (when your 
new television crashes) to devastating (such as might occur when the computer in 
a plane or cargo ship crashes). [n consumer-oriented embedded applications, such 
as a digital home appliance, dependability is achieved primarily through simplic
ity-tbe emphasis is on doing one function as perfectly as possible. In large embed
ded systems, techniques of redundancy from the server world are often employed 
(see Section 6.9). Although this book focuses on general-purpose computers, most 
concepts apply directly, or with slight modifications, to embedded computers. 

Elaboration: Elaborations are short sections used tllrougllout the text to provide more 
detail on a particular subject tl1at may be of interest. Disinterested readers may skip 
over an elaboration, since tile subsequent material will never depend on tile contents 
of the elaboration. 

Many embedded processors are designed using processor cores, a version of a proces
sor written in a hardware description language, such as Veri log or VHDL (see Chapter 4). 
Tile core allows a designer to integrate otller application-specific hardware with tile pro
cessor core for fabrication on a single chip. 

What You Can Learn in This Book 

Successful programmers have always been concerned about the performance of 
their programs, because getting results to the user quickly is critical in creating 
successful software. [n the 1960s and 1970s, a primary constraint on computer 
performance was the size of the computer's memory. Thus, programmers often 
followed a simple credo: minimize memory space to make programs fast. In the 
last decade, advances in computer design and memory technology have greatly 
reduced the importance of small memory size in most applications other than 
those in embedded computing systems. 

Programmers interested in performance now need to understand the issues 
that have replaced the simple memory model of the 1960s: the parallel nature of 
processors and the hierarchical nature of memories. Programmers who seek to build 
com petitive versions 0 f com pilers, opera ting systems, da tabases, and even a p pi ications 
wiII therefore need to increase their knowledge of computer organization. 

We are honored to have the opportunity to explain what's inside this revolution
ary machine, unraveling the software below your program and the hardware under 
the covers of your computer. By the time you complete this book, we believe you 
will be able to answer the following questions: 
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multicore 
microprocessor A 
microprocessor containing 
multiple processors 
("corcs") in a single 
integrated circuit. 

acronym A word 
constructed by taking the 
initinllcttcrs of a string of 
words. For example: 
RAM is an acronym for 
R;]ndom Access Memory, 
and CPU is an acronym 
for Central Processing 
Unit. 
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• How are programs written in a high-level language, such as C or Java, trans
lated into the language of the hardware, and how does the hardware execule 
the resulting program? Comprehending these concepts forms the basis of 
understanding the aspects of both the hardware and software that affect 
program performance. 

• What is the interface between the software and the hardware, and how does 
software instruct the hardware to perform needed functions? These concepts 
are vital to understanding how to write many kinds of software. 

• What determines the performance of a program, and how can a program
mer improve the performance? As we will see, this depends on the original 
program, the software translation of that program into the computer's 
language, and the effectiveness of the hardware in executing the program. 

• \<\That techniques can be used by hardware designers to improve performance? 
This book will introduce the basic concepts of modern computer design. The 
interested reader will find much more lllaterial on this topic in OUf advanced 
book, COlllp"ter Architectllre: A Qllnlltitntil'e Appmnch. 

• What are the reasons for and the consequences of the recent switch from 
sequential processing to parallel processing? This book gives the motivation, 
describes the current hardware mechanisms to support parallelism, and 
surveys the new generation of"multicore" microprocessors (see Chapter 7). 

Without understa nding the answers to these questions, improving the perfor
mance of your program on a modern computer, or evaluating what features might 
make one computer better than another for a particular application, will be a 
complex process of trial and error, rather than a scientific procedure driven by 
insight and analysis. 

This first chapter lays the foundation for the rest of the book. It introduces the 
basic ideas and definitions, places the major components of software and hardware 
in perspective, shows how to evaluate performance and pO\ver, introduces inte
grated circuits (the technology that fuels the computer revolution), and explains 
the shift to multicores. 

In this chapter and later ones, you will likely see many new words, or words 
that you may have heard but are not sure what they mean. Don't panic! Yes, there 
is a lot of special terminology used in describing modern computers, but the ter
minology actually helps, since it enables us to describe precisely a function or 
capability. [n addition, computer designers (including your authors) love using 
acronyms , which are ensy to understand once you know what the letters stand for! 
To help you remember and locate terms, we have included a h ighlighted defini
tion of every term in the margins the first time it appears in the text. After a short 
time of working with the terminology, you will be fluent, and your friends will 
be impressed as you correctly use acron)'l11S such as BrOS, CPU, D1MM, DRAM, 
PCfE, SATA, and many others. 

1.1 Introduction 

To reinfo rce how the software and hardware systems used to run a program will 
affect performance, we use a special section, Ullrierstllluiillg Program Pel/onl/{lIIce, 
throughout the book to summarize important insights into program performance. 
The first one appears below. 

The perfo rmance of a program depends on a combination of the effectiveness of 
the algorithms used in the program, the software systems used to create and trans
late the program into machine instructions, and the effectiveness of the computer 
in exec.uting those instructions, which may include input/output (I/O) operations. 
This table summarizes how the hardware and software affect performance. 

Hardware or software How this component affects Where is this 
component performance topic covered? 

Algorithm Determines both the number of source-level Other books! 
statements and the number of I/O operations 
executed 

Programming language, Determines the number of computer Chapters 2 and 3 
compiler, and architecture instructions for each source-level statement 

Processor and memory system Determines how fast instructions can be Chapters 4. 5, and 7 
executed 

I/O system (hardware and Determines how fast I/O operations may be Chapter 6 
operating syslem) executed 
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Understanding 
Program 
Performance 

Check YOllrself sections are designed to help readers aSsess whether they com pre- Check 
hend the major concepts introduced in a chapter and understand the implications Yourself 
of those concepts. Some Check YOllrself questions have simple answers; orhers are 
for discussion among a group. Answers to the specific questions can be fou nd at 
the end of the chapter. Check YOllrself questions appear only at the end of a section, 
making it easy to skip them if you are sure you understand the material. 

1. Section 1.1 showed that the number of embedded processors sold every yea r 
greatly outnumbers the number of desktop processors. Can you confirm or 
deny this ins ight based on your own experience? Try to count the number of 
embedded processors in your home. How does it compare with th e number 
of desktop computers in your home? 

2. As mentioned earlier, both the software and hardware affect the performance 
of a program. Can you think of examples where each of the following is the 
right place to look for a performance bottleneck? 

• The algorithm chosen 

• The programming language or compiler 

• The operating system 

• The processor 

• The [/0 system and devices 
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III Pnris Ilze)' sill/pi)' 
stnred ",I'CII I spoke to 
thelll ill Frellch; I never 
did sllcceen ill wakillg 
those idiots llllrlcrstmirl 
their OWl/ lal1gllage. 

Mark Twain, The 
flll/OCCllts Abro(/d, 1869 

systems software 
Software Ihal provides 
services lhal arc 
commonly lIse ful. 
including operating 
systems. compilers. 
loaders, and assemblers. 

operating system 
Supervising program that 
manages the resources of 
a computer for the benefit 
of the programs that run 
on that compuler. 

Chapter 1 Computer Abstractions and Technology 

Below Your Program 

A typical application, such as a word processor or a large database system, may 
consist of millions of lines of code and rely on sophisticated software libraries that 
implement complex functions in support of the application. As we will see, the 
hardware in a computer can only execute extremely simple low-level instructions. 
To go from a complex application to the simple instructions involves several byers 
of software that interpret or translate high-level operations into simple computer 
instructions. 

Figure 1.2 shows that these layers of software are organized primarily in a hier
archical fashion , with applications being the outermost ring and a variety of 
systems software sitting between the hardware and applications software. 

There are many types of systems software, but two types of systems software are 
central to every computer system today: an operati ng system and a compiler. An 
operating system interfaces between a user 's program and the hardware and pro
vides a variety of services and supervisory functions. Among the most important 
functions are 

• Handling basic input and output operations 

• Allocating storage and memory 

• Providing for protected sharing of the computer among multiple application s 
using it simultaneously. 

Examples of operating systems in use today are Linux, MacOS, and Windows. 

FIGURE 1.2 A simplified view of hardware and software as hierarchical layers, shown as 
concentric circles with hardware in the center and applications software outermost. In 
complex applications, there are often multiple laycrs of application soflware as well. For exa mpl e, II data basc 
system may run on top of Ihe s),stems .~Oft, ... OlTC hostin g an ;lpplication, \\'hich in \Urn runs on top of the 
datllhase. 

1.2 Below Your Program 

Compilers perform another vital function: the translation of a program written 
in a high-level language, such as C, C++, Java, or Visual Basic into instructions 
that the hardware can execute. Given the sophistication of modern programming 
languages and the simplicity of the instructions executed by the hardware, the 
translation from a high-level language program to hardware instructions is 
complex. We give a brief overview of the process here and then go into more depth 
in Chapter 2 and Appendix B. 

From a High-Level Language to the Language of Hardware 

To actually speak to electronic hardware, you need to send electrical signals. The 
easiest signals for computers to understand are 01/ and off, and so the computer 
alphabet is just two letters. Just as the 26 letters of the English alphabet do not limit 
how much can be written, the two letters of the computer alphabet do not limit 
what computers can do. The two symbols for these two letters are the numbers 0 
and I, and we commonly th ink of the computer language as numbers in base 2, or 
billnly I/II/I/bers. We refer to each "letter" as a binary digit or bit. Computers are 
slaves to our commands, which are called instructions. Instructions, wh ich are just 
collections of bits that the computer understands and obeys, can be thought of as 
numbers. For example, the bits 

100011 00 10100 000 

tell one computer to add two numbers. Chapter 2 explains why we use numbers 
for instructions al/d data; we don't want to steal that chapter's thunder, but using 
numbers for both instructions and data is a foundation of computing. 

The first programmers communicated to computers in binary numbers, but this 
was so tedious that they quickly invented new notations that were closer to the way 
humans think. At first, these notations were translated to binary by hand, but th is 
process was still ti resome. Using the computer to help program the computer, the 
pioneers invented programs to translate from symbolic notation to binary. The first 
of these programs was named an assembler. This program translates a s)'mbolic 
version of an instruction into the binary version. For example, the programmer 
would write 

add A, B 

and the assembler would translate this notation into 

100011001 0100000 

This instruction tells the computer to add the two numbers A and B. The name 
coined for this symbolic language, still used today, is assembly language. In con
trast, the binary language that the machine understands is the machine language. 

Although a tremendous improvement, assembly language is still far from the 
notations a scientist might like to use to simulate fluid flow or that an accountant 
might use to balance the books. Assembly language requires the programmer 
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compiler A program 
Ihallransla lcs high-level 
langunge st'll cmcnlS 
inlo assembly language 
statements. 

uinary digit Also called 
a bit. One of the two 
numbers in base 2 (0 or I) 
that arc the components 
of information. 

instruction A command 
that computer hardware 
understands and obeys. 

'lssembler A program 
thill translntes a symbolic 
version of instructions 
into the binary version. 

i.lssembly language 
A symbolic representation 
of machine instructions. 

machine Janguage 
A binary representation of 
machine instructions. 
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high-level 
programming 
language A portable 
language such as C, CH, 
Java, or Visual Basic thaI 
is composed of words 
and nlgebraic notation 
that can be translated by 
a compiler into 'lssembly 
language. 

Chapter 1 Computer Abstractions and Technology 

to write one line for every instruction that the computer will fo llow, forcing the 
programmer to think like the computer. 

The recognition tha t a program could be written to translate a more powerful 
language into computer instructions was one of the great breakthroughs in the 
early days of computing. Programmers today owe their productivity-and their 
sanity-to the creation of high-level programming languages and compilers that 
translate programs in such languages into instructions. Figure 1. 3 shows the rela
tionships among these programs and languages. 

High-level 
language 
program 
(in C) 

Assembly 
language 
program 
(for MIPS) 

Binary machine 
language 
program 
(for MIPS) 

5wap( i nt v[] , i nt kl 
l i nt temp: 

temp - v[ k ] ; 
v[ k] - v[ k+l ] ; 
v[ k+ l ] - temp; 

51'lil p: 
mu l i 12. $5 . 4 
add 12 . 14. 12 
hi 115 . 0( 121 
hi 116 . 4(1 21 
5 1'/ 116 . 0(121 
5 1'/ 115 . 4(1 21 
jr 13 1 

0000000010 1000010000000000011000 
000000000001100000011 00000 100001 
1000 11 00011000100000000000000000 
10001 1001 11 100100000000000000100 
101 01 1001 11 100100000000000000000 
10101 1000 11 0001 0000 0000000000100 
0000001111 100000000000 0000 001 000 

FIGURE 1.3 C program compiled into assembly language and then assembled into binary 
machine language. Although the translation from high-level language to binary machine language is 
shown in two sleps, some compilers cut out the middleman and produce binar)' machine language directly. 
These languages and this program arc examined in more detai l in Chapter 2. 

1.3 Under the Covers 

A compiler enables a programmer to write this high-level language expression: 

A + B 

The com piler would compile it into this assembly language statement: 

add A.B 

As shown above, the assembler would translate this statement into the binary 
instructions that tell the computer to add the two numbers A and B. 

High-level programming languages offer several important benefits. First, they 
allow the progra mmer to think in a more natural language, using English words 
and algebraic notation, resulting in programs that look much more like text than 
like tables of cryptic symbols (see Figure 1.3). Moreover, they allow languages to be 
designed according to their intended use. Hence, Fortran was designed for scientific 
computation, Cobol for business data processing, Lisp for symbol manipulation, 
and so on. There are also domain-specific languages for even narrower groups of 
users, such as those interested in simulation of fluids, fo r example. 

The second advantage of programming languages is improved programmer 
productivity. One of the few areas of widespread agreement in software develop
ment is that it takes less time to develop programs when they are written in 
languages that require fewer lines to express an idea. Conciseness is a clear 
advantage of high-level languages over assembly language. 

The final advantage is that programming languages allow programs to be inde
pendent of the computer o n which they were developed, since compilers and 
assembl ers can translate high-l evel language programs to the binary instructions 
of any com puter. These three advantages are so st rong that today little program
ming is done in assembly language. 

II Under - Cove.s 

Now that we have looked below your program to uncover the underlying software, 
let's open the covers of your computer to learn about the underlying hardware. The 
underlying hardware in any computer performs the same basic functi ons: inputting 
data, outputting data, processing data, and storing da ta. How these functions are 
performed is the primary topic of this book, and l ubsequent chapters deal with 
different pmts of these four tasks. 

When we co me to an important point in this book, a point so important 
that we hope you will rem ember it forever, we emphasize it by identifying it as a 
Big PiCl/lre item. We have about a dozen Big Pictures in this book, the first being 
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The BIG 
Picture 

Chapter 1 Computer Abstractions and Technology 

the five components of a compu ter that perform the tasks of inputting, outputting, 
processing, and storing data. 

The five classic components o f a computer are inpul , outpUl, memory. 
datapath, and control, with the last two sometimes combined and called 
the processor. Figure 1.4 shows the standard organization of a computer. 
This organization is independent of hardware technology: you can place 
every piece o f every co mputer, past and present , into one o f these five cat· 
egories. To help you keep all this in perspective, the fi ve components o f a 
computer arc shown on the fro nt page of each of the follow ing chapters, 
with the port ion of interest to that chapter highlighted. 

Evaluating 
performance 

Interface ~ ... I;;;t 

FIGURE 1.4 The organization of a computer, showing the five classic components. The 
processor gets instructions and data from Illemory. Input writes dolla to memory. <Inti OUlput rcads data 
from memory. Control sends the signals that determ ine the operations of the datapath, memory, inpu t, and 

output. 

1.3 Under the Covers 

FIGURE 1.5 A desktop computer. The liquid crystal di sp lOly (LCD) screen is the prima ry out put 
device, and the keyboard and mouse are the primary input dC\'kes. On the right side is an Ethern et 
cable that connected the laptop to thc network and thc Web. The lap top contains the proce.~so r. memory. 
and add itional [/0 devices. This system is ,I Macbook Pro 15" laptop connected to an external disp lay. 

Figure 1. 5 shows a computer with keyboard, wireless mouse, and screen. This 
photograph reveals two of the key components of computers: input devices, such 
as the keyboa rd and mouse, and output devices, such as the screen. As the names 
suggest, input feeds the computer, and output is the resul t of computation sent to 
the user. Some devices, such as networks and disks, provide both input and output 
to the computer. 

Chapter 6 describes input/output (I/O) devices in more de tai l, but let's take an 
introd uctory to ur through the co mputer hardware, starting with the external I/O 
devices. 
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input device 
A mechanism through 
which the computer is fcd 
in formation, sllch as thc 
kcyboard or mousc. 

output device 
A mechanism that 
conveys the result or a 
computati on to a user or 
another computer. 
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I got the iden for the 
mOllse while nttclldiug 
n tnlk nt n colI/pllter 
cOllferCllce. The spenker 
\Vas so boring that I 
started dn),drenl1lillg 
mid hit lIpOll the iden. 

Doug Engelbnrt 

Throllgh cOlI/pllter 
displnys I IIn!'e Inllded 
nil nirplmIC all the deck 
of (/ movillg C(lrrier, 
observed n Ill/clenr 
pnrticle hit n potelltinl 
well. flow" ill a rocket 
nt lIenrly tlIC speed of 
light nlld 'I'ntched n 
computer reveal its 
illllCn1l0st workings. 
Iv.m Sutherland, the 
"rather" of computer 
grnphics, Scicllt ific 
AII/criml/, 1984 

liquid crystnl display 
A display technology 
using a thin layer of liquid 
polymers Ihal can be used 
to transmit or block light 
according to whether a 
charge is applied. 

active matri.x display 
A liquid crystal display 
using a transistor 10 

control the transmission 
onighl al each ind ividunl 
pixel. 

pixel The smallest 
individual picture element. 
Screens arc composed of 
hundreds of thousands 
10 millions of pixels. 
organized in a matrix. 
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Anatomy of a Mouse 

Although many users now take mice for granted, the idea of a pointing device s~ch 
as a mouse was first shown by Doug Engelbart using a research prototype in 1967. 
The Alto, which was the inspiration for all workstations as well as for the Macintosh 
and Windows OS, included a mouse as its pointing device in 1973. By the 1990s, all 
desktop computers included this device, nnd new user interfaces based on graph ics 
displays and mice became the norm. 

The original mouse was electromechanical nnd used a large ball that when rolled 
across a surface would cause an xand ycollnter to be incremented. The amount of 
increase in each counter told how far the mouse had been moved. 

The electromechanical mouse has largely been replaced by the newer nil -optical 
mouse. The optical mouse is actually a miniature optical processor including an 
LED to provide lighting, a tiny black-and-white comera, and a simple optical pro
cessor. The LED illuminates the surface underneath the mouse: the camera takes 
1500 sample pictures a second under the illumination . Successive pictures are sent 
to a simple optical processor that compares the images and determines whether 
the mouse has moved and how far. The replacement of the electromechanicnl 
mouse by the electro-optical mouse is an illustration of a common phenomenon 
where the decreasing costs nnd higher reliability of electronics cause an electronic 
solution to replace the older electromecha nicnl technology. On page 22 we'll see 
another example: flash memory. 

Through the Looking Glass 

The most fascinating 1/0 device is probably the graphics displny. All laptop and 
handheld computers, calculators, cellular phones, and nlmost all desktop co mput
ers now use liquid crystal displays (LCDs) to get a thin, low-power display. 
The LCD is not the source of light: instead, it controls the transmission of light. 
A typical LCD includes rod-shaped molecules in a liquid that form a twisting 
helix that bends light entering the display, from either a light source behind the 
display or less often from reflected light. The rods straighten out when a current is 
applied and no longer bend the light. Since the liquid crystal material is between 
two screens polnrized at 90 degrees, the light cannot pass through unless it is bent. 
Today, most LCD displays use nn active matrix that has a tiny transistor switch at 
each pixel to precisely control current and make sharper images. A red-green-blue 
mask associated with each dot on the displny determines the intensity of the three 
color components in the final image: in a color active matrix LCD, there are three 
transistor switches at each point. 

The image is composed of a mntrix of picture elements, or pLxels, which can be 
represented as a mntrix of bits, called a bit IIWp. Depending on the size of the screen 
and the resolution, the display mntrix ranges in size from 640 X 480 to 2560 x 1600 
pixels in 2008. A color display might use 8 bits for each of the three colors (red, 
blue, and green), for 24 bits per pixel , permitting millions of different colors to be 
displayed. 

1.3 Under the Covers 

The computer hardware support for graphics consists mainly of a /'nster refresh 
buffer, or frmue buffer, to store the bit map. The image to be represented onscreen is 
stored in the frame buffer, and the bit pattern per pixel is read out to the graphics 
display at the refresh rate. Figure 1.6 shows a fra me buffer with n simplified design 
of just 4 bits per pixel. 

Frame buffer 

, 

i /:lD 
Yo+-t-, I W 01 

Y, +--+':-±::-::J.lk1 
_ _ _ _ __ , , , 

,- -

Yo 

Y, 

Raster scan CRT display 

i 
I 

FIGURE 1.6 Each coordinate in the frame buffer on the left determines the shade of 
the corresponding coordinate for the raster scan CRT display on the right. Pixd (Xu' Yo) 
contains thl.! bit pallern 00 11, which is a lighter shade on the screen than the bit pallern 1101 in pixel (Xl' Y I)' 

The goal of the bit map is to fnithfully represent what is on the screen. The 
challenges in graphics systems arise because the human eye is very good at detecting 
even subtle changes on the screen. 

Opening the Box 

If we open the box contain ing the computer, we see a fascinating board of thin 
plastic, covered with dozens of small gray or black rectangles. Figure 1.7 shows the 
contents of the laptop computer in Figure 1.5. The motherboard is shown in the 
upper part of the photo. Two disk drives are in front-the hard drive on the left and 
a DVD drive on the right. The hole in the middle is for the laptop battery. 

The small rectnngles on the motherboard contain the devices that drive our 
advancing technology, called integrated circuits and nicknamed chips. The board 
is composed of three pieces: the piece connecting to the I/O devices mentioned 
earlier, the memory, and the processor. 

The memory is where the programs are kept when they are running: it also 
contains the data needed by the running progroms. Figure 1.8 shows that memory 
is found on the two small boards, and each small memory board contains eight 
integrated circuits. The memory in Figure 1.8 is built from DRAM chips. DRAM 
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motherboard 
A plastic board containing 
packages of integrated 
circuits or chips, including 
processor, cache, memory, 
and connectors ror I/O 
devices such as networks 
and disks. 

integrated circui t Also 
ca ll ed a chip. A device 
combining dozens to 
millions of transistors. 

memory The storage 
area in which programs 
are kept when the}' are 
running and that contains 
the data needed by the 
running programs. 
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Hard drive Processor Fan with Spot for Spot for Motherboard Fan with DVD drive 
cover memory battery cover 

DIMMs 

FIGURE 1.7 Inside the laptop computer of Figure 1.5. The shiny box with the white label on the lower left is a 100 Gil SATA 
hard disk drive, and the shiny metal box on the lower right side is the DVD drive. The hole between them is where the laptop battery would 
be located. The small hole above tlte battery hole is for memory DIMMs. Figure Ul is a dose-up oCthe DIMMs, which are inserted from the 
bottom in this laptop. Above the battery hole and DVD drive is a printed circuit board (PC board), called the lIIotherboard, which contains 
most of the electronics of the computer. The two shiny circles in the upper half of the picture are two fam with covers. The processor is the 
large raised rectangle just below the left fan. Photo courtesy of OtherWorldComputing.com. 

1.3 Under the Covers 

stands for dynamic random access memory. Several DRAMs are used together 
to contain the instructions and data of a program. In contrast to sequential access 
memories, such as magnetic tapes, the RAM portion of the term DRAM means that 
memory accesses take basically the same amount of time no matter what portion 
of the memory is read. 

FIGURE 1.8 Close-up of the bottom of the laptop reveals the memory. The main memory is 
contained on one or more small boards shown on the left. The hole for the battery is 10 the right. The DRAM 
chips arc mounted on these boards (called DIMMs, for dual inline memory modules) and lhen plugged into 
the connectors. Photo courtesy of OtherWorldComputing.com. 

The processor is the active part of the board, following the instructions of a pro
gram to the letter. It adds numbers, tests numbers, signals I/O devices to activate, 
and so on. The processor is under the fan and covered by a heat sink on the left 
side of Figure 1.7. Occasionally, people call the processor the CPU, for the more 
bureaucratic-sounding central processor unit. 

Descending even lower into the hardware, Figure 1.9 reveals details of a micro
processor. The processor logically comprises two main components: datapath and 
control, the respective brawn and brain of the processor. The datapath performs 
the arithmetic operations, and control tells the data path, memory, and I/O devices 
what to do according to the wishes of the instructions of the program. Chapter 4 
explains the datapath and control for a higher-performance design. 
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dynamic random access 
memory (DRAM) 
Memory built as an 
integrated circuit; it 
provides random access to 
any location. 

dual inline memory 
module (DlMM) 
A small board that 
contains DRAlvl chips on 
both sides. (SIMl"vls have 
DRAMs on only one side.) 

central processor 
unit (CPU) Also called 
processor. The nctivc pmt 
of the computer, which 
contains the datapath and 
control nnd which adds 
numbers, tests numbers, 
signals I/O devices to 
nctivntc, and so all. 

datapath The 
component of thc 
processor that performs 
arithmetic operations 

control The component 
of the processor that 
commands the datapath, 
memory, and 1/0 devices 
according to the instruc
tions of the program. 
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FIGURE 1.9 Inside the AMD Barcelona microprocessor. The left-hand side is a microphotograph of the AMD Barcelona processor 
chip, and the right-hand side shows the major blocks in the processor. This chip has four processors or "cores': The microprocessor in the 
laptop in figure 1.7 has Iwo cores per chip, called an Intel Core 2 Duo. 

cache memory A small, 
fast memory that acts as a 
buffer for a slower, larger 
memory. 

static random access 
memory (SRAM) Also 
memory built as;ln 
integrated circuit, but 
faster and less dense than 
DRAM. 

abstraction A model 
that renders lower-level 
details of computer 
systems temporarily 
invisible to facilitate 
design of sophisticated 
systems. 

Descending into the depths of any component of the hardware reveals insights 
into the computer. Inside the processor is another type of memory-cache mem
ory. Cache memory consists of a smali, fast memory that acts as a buffer for the 
DRAM memory. (The nontechnical definition of mche is a safe place for hiding 
things.) Cache is built using a different memory technology, static random access 
memory (SRAM ). SRAM is faster but less dense, and hence more expensive, than 
DRAM (see Chapter 5). 

You may have noticed a common theme in both the software and the hardware 
descriptions: delving into the depths of hardware or software reveals more infor
mation or, conversely, lower-level details are hidden to offer a simpler model at 
higher levels. The use of such layers, or abstractions , is a principal technique for 
designing very sophisticated computer systems. 

One of the most important abstractions is the interface between the hard
ware and the lowest-level sofhvare. Because of its importance, it is given a special 

1.3 Under the Covers 

name: the instruction set architecture, or simply architecture, of a computer. 
The instruction set architecture includes anything programmers need to know 
to make a binary machine language program work correctly, including instructions, 
I/O devices, and so on. Typically, the operating system will encapsulate the details 
of doing 1/0, allocating memory, and other low-level system functions so that 
application programmers do not need to worry about such details. The combina
tion of the basic instruction set and the operating system interface provided for 
application programmers is called the application binary interface (ABI ). 

An instruction set architecture allows computer designers to talk about func
tions independently from the hardware that performs them. For example, we 
can talk about the functions of a digital clock (keeping time, displaying the time, 
setting the alarm) independently from the clock hardware (quartz crystal, LED 
displays, plastic buttons). Computer designers distinguish architecture from an 
implementation of an architecture along the same lines: an implementation is 
hardware that obeys the architecture abstraction. These ideas bring us to another 
Big Picture. 

Both hardware and software consist of hierarchical layers, with each lower 
layer hiding details from the level above. This principle of abstract;o/! is 
the way both hardware designers and software designers cope with the 
complexity of computer systems. One key interface between the levels 
of abstraction is the i"stTltct;OIl set nrc/,;tecllln-'-. the interface between 
the hardware and low-level software. This abstract interface enables 
many implemclllntiolls of varring cost and performance to run identical 
software. 

A Safe Place for Data 

Thus far, we have seen how to input data, compute using the data, and display 
data. If we were to lose power to the computer, however, everything would be lost 
because the memory inside the computer is volatile-that is, when it loses power, 
it forgets. [n contrast, a DVD doesn't forget the recorded film when you turn off the 
power to the DVD player and is thus a nonvolatile memory technology. 

To distinguish between the volatile memory used to hold data and programs 
while they are running and this nonvolatile memory lIsed to store data and pro
grams behveen runs, the term main memory or primary memory is used for the 

instruction set 
architecture Also 
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called architecture . An 
abstract interface between 
the hardware and the 
lowest-level software 
that encompasses all the 
information necessary to 
write a machine language 
program that will run 

correctly, including 
instructions, registers, 
memory access, 110, .... 

application binary 
interface (ABI) The uscr 
portion of the instruction 
set plus the operating 
system interfaces used by 
application programmers. 
Defines;l sta ndard for 
binary portability across 
computers . 

implementation 
Hardware that obeys the 
architecture abstraction. 

The BIG 
Picture 

volatile memory Stor
age, sllch as DRAM, that 
retains data only if it is 
receiving power. 

nonvolatile memory 
A form of memory that 
retains data even in 
the absence of a power 
source and that is used to 
store programs between 
runs. Magnelic disk is 
nonvolatile. 

main memory Also 
called primary memory. 
MemofY used to hold 
programs while they are 
funning; typically consists 
of DRAM in today's 
computers. 
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secondary memory 
Nonvolatile memory 
used to store programs 
and data between runs; 
typ ically consists of mag
netic disks in loday's 
computers. 

magnetic disk Also 
Gl ll cd hard disk A form 
of nonvolatile secondary 
memory composed of 
rotati ng platters coated 
with a magnetic recording 
material. 

flash memory 
A nonvolat ile semi
conductor memory. It 
is cheaper <lnd slower 
than DRAM but more 
expensive and faster th an 
magnetic di sks. 
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former, and secondary memory for the latter. DRAMs have do minated main 
memory since 1975, but magnetic disks have dominated secondary memory 
since 1965. The prima ry nonvolatile storage used in all server computers and 
worksta tions is the magnetic hard disk. Flash memory, a nonvolat ile semicondu c
tor memory, is used instead of disks in mobile devices such as cell phones and is 
increasingly replacing disks in music players and even laptops. 

As Figure l.1 0 shows, a magnetic hard disk consists of a collection of platters, 
which rotate on a spindle at 5400 to 15,000 revolutions per minute. The metal 
platters are covered with magnetic recording material on both sides, similar to the 
material found on n cassette or videotape. To read and write information on a hard 
disk, a movable arm containing a small electromagnetic coil ca lled a renr/-write 
head is located just above each surface. The entire drive is permanently sealed to 
control the environment inside the drive, which , in turn , allows the disk heads to 
be much closer to the drive surface. 

FIGURE 1.10 A disk showing 10 disk platters and the read/write heads. 

1.3 Under the Covers 

Diameters of hard disks vary by more than a factor of 3 today, from I inch to 
3.5 inches, and have been shrunk over the years to fit into new products; worksta tion 
servers, personal computers, laptops, palmtops, and digita l cameras have all insp ired 
new disk fo rm factors. Traditionally, the widest disks have the highest performance 
and the smallest disks have the lowest unit cost. The best cost per gigabyte va ries. 
Although most hard drives appear inside computers, as in Figure 1.7, hard drives 
can also be attached using external interfaces such as universal serial bus (USB). 

The use of mechanical components means that access times for magnetic disks 
are much slower than for DRAMs: disks typically take 5-20 milliseconds, while 
DRA1v!s take 50-70 nan oseconds-making DRAMs about 100,000 times faster. Yet 
disks have much lower costs than DRAM for the same storage capaci ty, because the 
production costs for a given amount of disk storage are lower than for the same 
amount of integrated circuit. In 2008, the cost per gigabyte of disk is 30 to 100 
times less expensive than DRAM. 

Thus, there are three primary di fferences between magnetic disks and main 
memory: disks are nonvolatile because they are magnetic; they have a slower 
access time because they are mechan ical devices; and they are cheaper per gigabyte 
because they have very high storage capacity at a modest cost. 

Many have tried to invent a technology cheaper than DRAM but faster than 
disk to fill that gap, but many have failed. Challengers have never had a prod uct to 
market at the right time. By the time a new product would ship, DRAMs and disks 
had continued to make rapid advances, costs had dropped accordingly, and the 
challenging product was immediately obsolete. 

Flash memory, however, is a serious challenger. This semiconductor memory 
is nonvolat ile like disks and has about the same bandwidth , but latency is 100 to 
1000 times faster than disk. Flash is popular in cameras and portable music players 
because it comes in much smaller capacities, it is more rugged. and it is more 
power effici ent than disks, despite the cost per gigabyte in 2008 being about 6 to 10 
times higher than disk. Unlike disks and DRAM, flash memory bits wear out after 
100,000 to 1,000,000 writes. Thus, fi le systems must keep track of the nu mber of 
writes and have a strategy to avo id wearing out storage, such as by moving po pular 
data. Chapter 6 describes fla sh in more detail. 

Although hard drives are not removable, there are several storage technologies 
in use that include the following: 

• Optical d isks, including both compact disks (CDs) and digital video disks 
(DVDs), constitute the most common form of removable storage. The Blu
Ray (BD) optical disk standard is the heir-apparent to DVD. 

• Flash-based removable memory cards typically attach to a USB co nnecti on 
and are often used to transfer fi les. 

• Magnetic tape provides only slow serial access and has been used to back up 
disks, a role now often replaced by duplicate hard drives. 
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Optical disk technology works differently than magnetic disk technology. In 
a CD, data is recorded in a sp iral fashion, with individual bits being recorded- by 
burning small pits- approximately I micron (10-(' meters) in diameter-into the 
disk surface. The disk is read by shining a laser at the CD surface and determining 
by examining the reflected light whether there is a pit or flat (reflective) surface. 
DVDs use the same approach of bouncing a laser beam off a series of pits and flat 
surfaces. In addition, there are multiple layers that the laser beam can focus on, and 
the size of each bit is much smaller, which together increase capacity significantly. 
Blu-Ray uses shorter wavelength lasers that shrink the size of the bits and thereby 
increase capacity. 

Optical disk writers in personal computers use a laser to make the pits in the 
recording layer on the CD or DVD surface. This writi ng process is relatively slow, 
taking from minutes (for a full CD) to tens of minutes (for a full DVD). Thus, 
for large quantities a d ifferent technique called pressillg is used, which costs only 
pennies per optical disk. 

Rewritable CDs and DVDs use a different recording surface that has a crystal
line, reflective material; pits are formed that are not reflective in a manner similar 
to that for a write-once CD or DVD. To erase the CD or DVD, the surface is heated 
and cooled slowly, allowing an annealing process to restore the surface recording 
layer to its crystalline structure. These rewritable disks are the most expensive, with 
write-once being cheaper; for read-only disks-used to distribute software, music, 
or movies-both the disk cost and recording cost are much lower. 

Communicating with Other Computers 

We've explained how we can input, compute, displily, and save data, but there is 
still one missing item found in today's computers: computer networks. Just as the 
processor shown in Figure 1.4 is connected to memory and I/O devices, networks 
interconnect whole computers, allowing computer users to extend the power of 
computing by including communication. Networks have become so popular that 
they are the backbone of current computer systems; a new computer without an 
optional network interface would be ridiculed. Networked comp uters have several 
major advantages: 

• COllllllllllicntioll: Information is exchanged between computers at high speeds. 

• Resollrce shnrillg: Rather than each computer having its own I/O devices, 
devices can be shared by computers on the network. 

• NOIl/oeal access: By connecting computers over long distances, users need not 
be near the computer they are using. 

Networks vary in length and performance, with the cost of communication 
increasing according to both the speed of communication and the distance that 
information travels. Perhaps the most popular type of network is Elhemet. It can 
be up to a kilometer long and transfer at upto 10 gigabits per second. Its length and 
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speed make Ethernet useful to co nnect computers on the same floor of a buildingi 
hence, it is an example of what is generically called a loeal area netvvork. Local area 
networks nrc interconnected with switches that can nlso provide routing services 
and security. Wide area nenvorks cross continents and are the backbone of the 
Internet, which supports the World Wide Web. They are typically based on optical 
fibers and are leased from telecommunication companies. 

Networks have changed the face of computing in the last 25 years, both by 
becoming much more ubiquitous and by making dramatic increases in perfor
mance. In the 1970s, very few individuals had access to electronic mail, the Internet 
and Web did not exis t, and physically mailing magnetic tapes was the primary way 
to transfer large amounts of data between two locations. Local area networks were 
almost nonexistent, and the few existing wide area networks had limited capacity 
and restricted access. 

As networking technology improved, it became much cheaper and had a much 
higher capacity. For example, the lirst sta ndard ized local area network technology, 
developed about 25 years ago, was a version of Ethe rnet that had i.l maximum 
capacity (also called bandwidth ) of 10 million bits per second, typically shared 
by tens of, if not a hundred, computers. Today, loca l area network technology 
offers a capacity of from 100 million bits per second to 10 gigabits per second, 
usually shared by at most a few computers. Optical commun ications technology 
has allowed similar growth in the capacity of wide area networks, from hundreds 
of kilobits to gigabits and from hundreds of computers connected to a worldwide 
network to millions of computers connected. This combination of dramatic rise in 
deployment of networking co mbined with increases in capacity have made network 
technology cen tral to the information revolution of the last 25 years. 

For the last decade another innovation in networking is reshaping the way C0111-

puters communicate. vVireless technology is widespread, nnd laptops now incorpo
rate this technology. The ability to make a rndio in the same low-cost semiconductor 
technology (CMOS) used for memory and microprocessors enabled a significant 
improvement in price, leading to an explosion in deployment. Currently avai lable 
wireless technologies, called by the IEEE standard name 802. 11 , allow for transmis
sion ra tes from I to nearly 100 million bits per second. Wireless technology is quite 
a bit different from wire-based networks, since all users in an immediate area share 
the airwaves. 
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local area network 
(LAN) A network 
designed to carry data 
wit hin a geographicall y 
confined area , typ ica lly 
wi lhin a single bui lding. 

wide area network 
(WAN) A network 
extended over hundreds 
or kilometers that can 
span a continent. 

• Semico nd uctor DRAM and disk storage differ significantly. Describe the Check 
fundame ntal difference for each of the fo llowing: volatili ty, access time, Yourself 
and cost. 

Technologies for Building Processors and Memory 

Processors and memory have improved at an incredible rate, because computer 
designers have long embraced the latest in electronic technology to try to win the 
race to design" better computer. Figure 1.11 shows the technologies that have been 
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lIsed over time. with an estimate of the relative performance per unit cost for 
each technology. Section 1.7 explores the technology that has fueled the computer 
industry since 1975 and will continue to do so for the foreseeable fu ture. Si nce this 
technology shapes what computers will be able to do and how quickly they will 
evolve, we believe all computer professionals should be familiar with the basics of 
integrated circuits. 

Technology used in computers Relative performance/unit cost 

RGURE 1.11 Relative performance per unit cost of technologies used in computers over 
time. So urce: Computer ;vlu~eulll, Roston, with 200S extrapolated br the alllhors. Sec Sc:(l ion 1.10 Oil the CD. 

A transistor is simply an on/off switch controlled by electricity. Th e illte
gmted ci/'Cl/it (IC) combined dozens to hundreds of transistors into a single 
chip. To describe the tremendous increase in the number of transistors from 
hundreds to millions, the adjective very large scale is added to the term, creating the 
abbreviation VLSI, for very large-scale integrated circuit. 

This rate of increas ing integration has been remarkably stable. Figure 1.12 
shows the growth in DRAM capacity since 1977. For 20 years, the industry has 
consistently quadrupled capacity every 3 years, resulting in an increase in excess 
of 16,000 times! This increase in transistor count for an integrated circuit is popu
larly known as Moore's law, which stnl'es that transistor capacity doubles every 
18-24 months. Moore's law resulted from a prediction of such growth in IC 
capacity made by Gordon Moore, one of the founders of Intei during the 1960s. 

Sustaining this rate of progress for almost 40 years has required incredible 
innovation in manufacturing techniques. In Section 1. 7, we discuss how to manu
facture integrated circuits. 

II P.".rm .... 
Assessing the performance of computers can be quite challenging. The scale and 
intricacy of modern software systems, together with the wide range of perfor
mance improvement techniques employed by hardware designers, h<lve made per
formance assessment much more diffi cult. 

\O\'hen trying to choose among different computers, performance is an importan t 
attribute. Accurately measuring and comparing different computers is critical to 
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FIGURE 1.12 Grpwth of capacity per DRAM chip over time. The )'·axi.~ is Il1ca~ured ill Kilobits, 
where K = 102'1 (110). Thl! DRA/..,I industry quadrupled capacity almost e\'cry three rearS,;J 60% increa~e per 
re<l r, for 20 y('ar~, In recent )'cars, Ihe T;lle has slowed down and is somewhal clO~CT 10 doubl ing eWT}' Iwo 
years 10 Ihrce yC<lr~ . 

purchasers and therefore to designers. The people selling computers know this as 
well. Often, salespeople would like you to see their computer in the best possible 
light, whether or not this light accurately reAects the needs of the purchaser's 
application. Hence) understanding how best to measure performance and the 
limitations of performance measurements is important in selecting a computer. 

The rest of this section describes different ways in which performance can be 
determined; then, we describe the metrics for measuring performance from the 
viewpoint of both a computer user and a designer. We also look at how these metrics 
are related and present the classical processor performance equation, which we will 
lise throughout the text. 

Defining Performance 

When we say one computer has better performance than another, what do we 
mean? Although this question might seem simple, an analogy with passenger 
airplanes shows how subtle the question of performance can be. Figure 1.13 shows 
some typical passenger airplanes, together with their cruising speed, range, and 
capacity. If we wanted to know which of the planes in this table had the best per
formance, we would first need to define performance. For example, considering 
different measures of performance, we see that the plane with the highest cruising 
speed is the Concorde, the plane with the longest range is the DC-B, and the plan e 
with the largest capacity is the 747. 

Let's suppose we defi ne performance in terms of speed. This still leaves two possi
ble definitions. You could define the fastest plane as the one with the highest cruising 
speed, taking a single passenger from one point to another in the least time. If you 
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Cruising range Cruising speed Passenger throughput 
Airplane (miles) (m,p,h,) (passengers x m.p.h.) 111. 0

" .. . 
Boeing 777 375 4630 610 I 228,750 
Boeing 747 470 4150 610 286,700 
BAC/ Sud Concorde 132 4000 1350 178.200 
Douglas DC-8-50 I 146 8720 I 544 79.424 

FIGURE 1.13 The capacity, range, and speed for a number of commercial airplanes. The lasl 
column shows the rale OIl which Ihe airplane transports passengers, which is the cap'Kit)' li mes the cruising 
speed (ignoring range and takeoff and lan ding times). 

were interested in transporting 450 passengers from one point to another, however, 
the 747 would clearly be lhe fastest, as the last column of the figure shows. Similarly, 
we can define computer performance in several different ways. 

If you were running a program on two different desktop computers, you'd say that 
the faster one is the desktop compuler that gets the job done first. If you were running 
a datacenter that had several servers running jobs submitted by many users, you'd say 
that the faster computer was the one that completed the most jobs during a day. 
As an individual computer user, you are interested in reducing response time-the 
time between the start and completion of a task-also referred to as execution time. 
Datacenter managers are often interested in increasing throughput or bandwidth
the total amount of work done in a given time. I-Tence, in most cases, we will need 
different performance metrics as well as different sets of applications to benchmark 
embedded and desktop computers, which are more focused on response time, versus 
servers, which are more focused on throughput. 

Throughput and Response Time 

Do the following changes to a computer system increase throughput, decrease 
response time, or both? 

1. Replacing the processor in a computer with a faster version 

2. Adding additional processors to a system that uses multiple processors 
for separate tasks-for example, searching the World Wide Web 

Decreasing response time almost always improves throughput. Hence, in case I, 
both response time and throughput are improved. In case 2, no one task gets 
work done faster, so only throughput increases. 

If, however, the demand for processi ng in the second case was almost as large 
as the throughput, the system might fo rce requests to queue up. In this case, 
increasing the throughput could also improve response time, since it would 
reduce the waiting time in the queue. Thus, in many rea l computcr systems, 
cha nging ei ther execution time o r throughpul often affects the other. 

1.4 Performance 

In discussing the pcrform.lIlce of computers, we wi ll be primari ly concerned 
with respo nse time for the first few chapters. To maximize performance, we want 
10 minimize response time or execution time for so me task. Thus, we can relate 
performance and execution time for it computer X: 

Performance . = . I . 
x ExecutIOn tim ex 

This mea ns that for two computers X and Y, if the performance of X is g reater 
than the performance ofY, we have 

Performanccx > Performancey 

=-__ ~I~__ I 
Execution timex > Execution time" 

Execulio n timer> Execution timex 

That is, the execution time on Y is longer than Ihat on X, if X is faster than Y. 
In discussing a comp uter design, we often \V'lIlt to relate the perfo rmance of two 

different computers quantitatively. We will use the phrase "X is /I times fasler than 
Y"- or equivalently "X is II times as fa st as Y"-to mean 

Performance;.; 
=11 

Performancey 

If X is 11 times faster than Y, then the executio n time on Y is II times longer Ihan it is 
011 X: 

Performancex 
Perfo rmance" 

Relative Performance 

ExecUlion time" 
= .".----,-;----,---'- = /I 

Execution timex 

If comp uter A runs a program in 10 seconds and computer B rllns the same 
program in 15 seconds, how much faster is A Ihan B? 

We know that A is /I times fasler than B if 

Performance Execulio 1 I' 
::--o------'!" == . ' . I .Imen = 1/ 

Performance" Execution tlme,\ 

EXAMPLE 

ANSWER 

J~lk Univc!,c;;!ty L ibrary 
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Also called CPU time. 
The actual time the CPU 
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Thus the performance ratio is 

15 \0 = 1.5 

and A is therefore 1.5 times faster than B. 

In the above example, we could also say that computer B is 1.5 times slolVer tJWIl 

computer A, since 

means that 

Performance,\ 
-;::-.,----------" = I. 5 
Performanccn 

Performance \ 
- - -,--;----'" = Performanceu 1.5 

For simplicity, we will normally lise the terminology f(Isler tlinll \Vh~n w~ try to 
compare computers quantitatively. Because perform~nce and :xecll,tlon tlIne a~'e 
reciprocals, increasing performance requires decreasJJ1g execution time. To aVOid 
the potential confusion between the terms il/creasillg and decreasillg, \ve usually 
say "improve performance" or "improve execution time" when we mean "increase 
performance" and "decrease execution time." 

Measuring Performance 

Time is the measure of computer performance: the computer that performs the 
same amount of work in the least time is the fastest. Program executioll tillle is 
measured in seconds per program. However, time can be defined in different ways, 
depending on what we count. The most straightforward definition of time is called 
wall clock time, respollse tillie, or elapsed tillle. These terms mean the total tlllle 
to complete a task, including disk accesses, memory accesses, input/output (I/O) 
activities, operating system overhead-everything. 

Computers are often shared, hmvever, and a processor may \~or~( on several 
programs simultaneously. In such cases, the system may try to optimize through
put rather than attempt to minimize the elapsed tim.e for one pro~ram. I-Ience, 
we often want to distinguish between the elapsed tline and the time that the 
processor is working on our behalf. CPU execution time or simply CPU time, 
which recognizes this distinction, is the time the CPU spends computJJ1g for thiS 
task and does not include time spent waiting for I/O or running other programs. 
(Remember, though, that the response time experienced by the user will be the 
elapsed time of the program, not the CPU time.) CPU time.can be further divided 
into the CPU time spent in the program, called user CPU tIme, and the CPU time 
spent in the operating system performing tasks on behalf of the program, called 
system CPU time. Differentiating between system and user CPU time IS difficult to 
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do accurately, because it is often hard to assign responsibility for operating system 
activities to one user program rather than another and because of the functionality 
differences among operating systems. 

For consistency, we maintain a distinction between performance based on 
elapsed time and that based on CPU execution time. We will use the term systelll 
per/anI/alice to refer to elapsed time on an unloaded system and CPU pelf orilla lice 
to refer to user CPU time. We will focus on CPU performance in this chapter, 
although our discussions of how to summarize performance can be applied to 
either elapsed time or CPU time measurements. 

Different applications are sensitive to different aspects of the performance of a 
computer system. Many applications, especially those running on servers, depend 
as much on I/O performance, \vhich, in turn, relies on both hardware and software. 
Total elapsed time measured by a wall clock is the measurement of interest. In 
some application environments, the uscI' may care about throughput, response 
time, or a complex combination of the two (e.g., maximum throughput with a 
worst-case response time). To improve the performance of a program, one must 
have a clear definition of what pcrformance metric matters and then proceed to 
look for performance bottlenecks by measuring program execution and looking 
for the likely bottlenecks. In the following chapters, we will describe how to search 
for bottlenecks and improve performance in various parts of the system. 

Although as computer users we care about timc, when we examine the details 
of a computer it's convenient to think about performance in other metrics. In par
ticular, computer designers may want to think about a computer by using a mea
sure that relates to how fast the hardware can perform basic functions. Almost all 
computers are constructed using a clock that determines when events take place in 
the hardware. These discrete time intervals are called clock cycles (or ticks, clock 
ticks, clock periods, clocks, cycles). Designers refer to the length of a clock period 
both as the time for a complete clock cycle (e.g., 250 picoseconds, or 250 ps) and as 
the clock mle (e.g., 4 gigahertz, or 4 GHz), which is the inverse of the clock period. 
In the next subsection, we will formalize the relationship between the clock cycles 
of the hardware designer and the seconds of the computer user. 

I. Suppose we know that an application that uses both a desktop client and a 
remote server is limited by network performance. For the following changes, 
state whether only the throughput improves, both response time and 
throughput improve, or neither improves. 

a. An extra network channel is added between the client and the server, 
increasing the total network throughput and reducing the delay to obtain 
network access (since there are now two channels). 
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b. The networking software is improved, thereby reducing the network 
communication delay, but not increasing throughput. 

c. More memory is added to the computer. 
1. Computer C's performance is 4 times faster than the performance of COI11-

puter B, which runs a given application in 28 seconds. How long will computer 
C take to run that application? 

CPU Performance and Its Factors 

Users and designers often examine performance using differcn t metrics. I f we could 
relate these different metrics, we could determine the effect of a design change 
on the performance as experienced by the LIser. Since we are confining ourselves 
to CPU performance at this point, the bottom-line performance measure is CPU 
execution time. A simple formula relates the most basic metrics (clock cycles and 
clock cycle time) to CPU time: 

CPU execution time CPU clock cycles CI I I t' 
for a program = for a program X oc z cyc e Ime 

Alternatively, because clock rate and clock cycle time are inverses, 

CPU execution time CPU clock cycles for a program 
for a program Clock rate 

This formula makes it clear that the hardware designer can improve performance 
by reducing the number of clock cycles required for a program or the length of 
the clock cycle. As we will see in later chapters, the designer often faces a trade-off 
between the number of clock cycles needed for a program ancl the length of each 
cycle. Many techniques that decrease the number of clock cycles may also increase 
the clock cycle time. 

Improving Performance 

Our favorite program runs in 10 seconds on computer A, which has a 2 GHz 
clock. We are trying to help a computer designer build a computer, B, which will 
run this program in 6 seconds. The designer has determined that a substantial 
increase in the clock rate is possible, but this increase will affect the rest of the 
CPU design, causing computer B to require 1.2 times as many clock cycles as 
computer A for this program. What clock rate should we tell the designer to 
target? 

1.4 Performance 

Let's first find the number of clock cycles required for the program on A: 

. CPU clock cycles" 
CPU tlIne A = I k 

10 seconds 

C oc' rate" 

CPU clock cycles" 

cycles 
2 X 10'--

second 

cycles 
CPU clock cycles, = 10 seconds x 2 x 10' ---d = 20 x 10' cycles 

f secon 

CPU time for B can be found using this equation: 

1.2 x CPU clock cycles" 
CP U time" = ------,c---,----'-------" 

Clock rate" 

1.2 x 20 x 10' cycles 
6 seconds = 

Clock rate" 

1.2 x 20 x 10' cycles 0.2 x 20 x 10" cycles 
Clock rate" = d d 

4 x 10' cycles 

6 secoll s secoll second 

To run the program in 6 seconds, B must have twice the clock rate of A. 

Instruction Performance 

4 CHz 

The performance equations above did not include any reference to the number of 
instructions needed for the program. (We'll see what the instructions that make up 
a program look like in the next chapter.) However, since the compiler clearly gener
ated instructions to execute, and the computer had to execute the instructions to 
run the program, the execution time must depend on the number of instructions 
in a program. One way to think about execution time is that it equals the number 
of instructions executed multiplied by the average time per instruction. Therefore, 
the number of clock cycles required for a program can be written as 

CPU clock cycles = lnstructions for a program x Average clock cycles 
per IIlstructlon 

The term clock cycles per instruction, which is the average number of clock 
cycles each instruction takes to execute, is often abbreviated as CPI. Since different 
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instructions may take different amounts of time depending on what they do, 
ep! is an average of all the instructions executed in the program. CPI provides 
one way of comparing two different implementations of the same instruction 
set architecture, since the number of instructions executed for a program will, of 
course, be the same. 

Using the Performance Equation 

Suppose we have two implementations of the same instruction set architec
ture. Computer A has a clock cycle time of 250 ps and a CPI of 2.0 for some 
program, and computer B has a clock cycle time of 500 ps and a CPI of 1.2 
for the same program. Which computer is faster for this program and by how 
much? 

We know that each computer executes the same number of instructions for 
the program; let's call this number I. First, find the number of processor clock 
cycles for each computer: 

CPU clock cycles" = I x 2.0 

CPU clock cycles" = I x 1.2 

Now we can compute the CPU time for each computer: 

CPU time" = CPU clock cycles" x Clock cycle time 

= Ix 2.0 x 250ps=500xlps 

Likewise, for B: 

CPU time" = I x 1.2 x 500 ps = 600 x Ips 

Clearly, computer A is faster. The amount faster is given by the ratio of the 
execution times: 

CPU performance" 

CPU performance
ll 

Execution timen 
Execution time

A 

600 x Ips 
= 1 ) 

500 x Ips .-

We can conclude that computer A is 1.2 times as fast as computer B for this 
program. 

1.4 Performance 

The Classic CPU Performance Equation 

VVe can now write this basic performance equation in terms ofinstruction count 
(the number of instructions executed by the program ), CPI, and clock cycle time: 

CPU time = Instruction count x CPI x Clock cyde time 

or, since the clock rate is the inverse of clock cycle time: 

Instruction count x CPI CPU time 
Clock rate 

These formulas are particularly useful because they separate the three key factors 
that affect performance. VVe can usc these formulas to compare two different 
implementations or to evaluate a design alternative if we know its impact on these 
three parameters. 

Comparing Code Segments 

A compiler designer is trying to decide between two code sequcnces for a par
ticular computer. The hardware designers have supplied the following facts: 

CPI for each instruction class 

For a particular high-level language statement, the compiler writer is consid
ering two code sequences that require the following instruction counts: 

Instruction counts for each instruction claSs 

Code sequence 

1 

2 4 1 1 

Which code sequence executes the most instructions? Which will be faster? 
What is the CPI for each sequence? 

35 

instruction count The 
number of instructions 
executed by the program. 

EXAMPLE 



36 

ANSWER 

The BIG 
Picture 

Chapter 1 Computer Abstractions and Technology 

Sequence 1 executes 2 + 1 + 2 = 5 instructions. Sequence 2 executes 4 + 1 + 1 :::;: 6 
instructions. Therefore, sequence I execlltes fewer instructions. ' 

Vve can use the equation for CPU clock cycles based on instruction count 
and CPI to fincl the total number of clock cycles for each sequence: 

CPU clock cycles = L (CPI; x C,l 
i = I 

This yields 

CPUciockcycles,=(2 x 1)+(1 x 2)+(2 x 3)=2+2+6= 10 cycles 

CPU clock cycles, = (4 x I) + (I X 2) + (l X 3) = 4 + 2 + 3 = 9 cycles 

So code sequence 2 is faster, even though it executes one extra inst~·uction. 
Since code sequence 2 takes fewer overall clock cycles but has more Instruc
tions, it must have a lower CPI. The CPI values can be computed by 

CPU clock cycles 
CPI= . 

Instruction count 

CPI, 
CPU clock cycles, lQ = 7 0 
Instruction count

1 
5 _. 

CPU clock cycles, 
CPI = . -

2 InstructIOn countz 

9 6= 1.5 

Figure 1.14 shows the basic measurements at different levels in the 
computer and what is heing measured in each casco \Vc cal~ sec how these 
factors are combined to yield execution l ime measured 111 seconds per 
program: 

. _ . , _ Lnstructions X Clock cycles X Seconds 
TIme - Secondsll rogram - Program Inst ruction Clock c)'cle 

Always bear in mind that the only complete and reliubic measure of 
computer performance is time. For exa mple, changing the instruction set 
to lower the inslruclion count may lead lO an organizatjoll wi th a slower 
clock cycle t ime or higher CPI that offsets the im provement in instruction 
count. Sim ilarly, because C PI depends on type of instructions executed , 
the cocle that executes the fewest number of instructions may no t be the 

fas test. 

1.4 Performance 

Components of performance Units of measure 

CPU execution time for a program Seconds for the program 

Instruction count Instructions executed for the program 

Clock cycles per instruction (CPI) Average number of clock cycles per instruction 

Clocl~ cycle time Seconds per clocll cycle 

FIGURE 1.14 The basic components of performance and how each is measured. 

Ho'w can we determine the value of these factors in the performance equation? 
We can measure the CPU execution time by running the program, and the clock 
cycle time is usually published as part of the documentation for a computer. The 
instruction count and CPI can be more difficult to obtain. Of course, if we know 
the clock rate and CPU execution time, we need only one of the instruction count 
or the CPI to determine the other. 

We can measure the instruction count by using software tools that profile the 
execution or by using a simulator of the architecture. Alternatively, we can use 
hardware counters, which are included in most processors, to record a variety of 
measurements, including the number of instructions executed, the average CPI, and 
often, the sources of performance loss. Since the instruction count depends on the 
architecture, but not on the exact implementation, we can measure the instruction 
count without knowing all the details of the implementation. The CPI, however, 
depends on a wide variety of design details in the computer, including both the 
memory system and the processor structure (as we will see in Chapters 4 and 5), as 
well as on the mix of instruction types executed in an application. Thus, cpr varies 
by application, as well as among implementations with the Silme instruction set. 

The above example shows the danger of using only one factor (instruction count) 
to assess performance. vVhen comparing two computers, you must look at all three 
components, which combine to form execution time. If some of the factors are 
identical, like the clock rate in the above example, performance can be determined 
by comparing all the nonidentical factors. Since CPl varies by instruction mix, 
both instruction count and CPI must be compared, even if clock rates are identical. 
Several exercises at the end of this chapter ask you to evaluate a series of computer 
and compiler enhancements that affect clock rate, CPI, and instruction count. In 
Section 1.8, we'll examine a common performance measurement that does not 
incorporate all the terms and can thus be misleading. 
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Understanding 
Program 

Performance 

The perfo rmance of a program depends on the algorithm, the language, the 
compiler, the architecture, and the actual hardware. The following table sum marizes 
how these components affect the fac to rs in the CPU performance equat io n. 

Algorithm 

Programming 
language 

Compiler 

Instruction set 
architecture 

I 
Affects what? 

Instruction count, 
po ssibly CPt 

How? 

The algorithm determines the number of source program 
instructions executed and hence the number of processor 
instructions executed. The algorithm may also affect the CPI. by 
favoring slower or faster instructions. For example, if the 
algorithm uses more floating-point operations. it will tend to have 
a higherCPI. 

Instruction count, The programming language certainly affects the instruction count. 
ePI since statements in the language are translated to processor 

instructions, which determine instruction counL The language 
may also affect the CPI because of its features; for example, 
a language with heavy support for data abstraction (e.g ., Java) 
will require indIrect calls . which will use higher CPI instructions. 

Ins truction count, TIle efficiency of the compi ler affects both tile instruction count 
CPI and average cycles per instruction, since tile compiler determines 

the translation of the source language instructions into computer 
instructions. The compiler's role can be very complex and affect 
the CPI in complex ways. 

Instruction count. The instruction set architecture affects all three aspects of CPU 
clocll rate, performance, since it affects the instructions needed for a 
CPI functIon , the cost in cycles of each instruction, and the overa ll 

clock rale of the processor. 

Elaboration: Althougll you might expect that the minimum CPI is 1.0, as we' ll see 
in Chapter 4, some processors fetch and execute multiple instructions per clocl< cycle. 
To reflect that approach, some designers invert CPI to talk about IPC. or instruction per 
clock cycle. If a processor executes on average 2 instructions per clocl{ cycle. tllen it has 
an IPC of 2 and hence a CPI of 0.5. 

Check A given application written in Java runs IS seconds on a desktop processo r. A new 
Yourself Java co mp iler is released that requires only 0.6 as many instructions as the o ld 

compiler. Unfortunately, it increases the CPI by 1.1. How fast can we expect the 
application to run using this new compiler? Pick the righ t answer from the th ree 
choices below 

a. 
IS x O.6 

1.1 
8.2 sec 

b. IS x 0.6 x 1.1 = 9.9 sec 

c. 
IS x 1.1 

0.6 
27.5 sec 

1.5 The Power Wall 

II The Pow .. Wall 

Figure 1.15 shows the increase in clock rate and power of eight generations of Intel 
Illicroprocesso rs over 25 yea rs. Both clock rate and power increased rapid ly fo r 
decades, and then flat tened off recently. The reason they grew together is that they 
are correlated 1 nnd the reason for their recent slowing is that we have run into the 
practi:al power limit for cooling commodity microprocessors. 
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FIGURE 1.15 Clock rate and Power for Intel x86 microprocessors over eight generations 
~nd 25 years. The Pe ntium " made a dra matic jump in clock rate and power but less so in performa nce. 
rbe Prescott thermal problems led 10 the aba ndonment of the Pentium" line. The Core.2 line reverts to;1 
simpkr pipeline with lower d ock rates and muhiplc processors per chip. 

The dominant technology for integrated circuits is called CMOS (com plemen
tary metal oxide semico nductor). For CMOS, the primary source of power dissi 
pa ~' ion. is so-call ed dy~amic power-that iS1 power that is consumed during 
sWltclllng. The dynamiC power dissipation depends on the capacitive load ing 
of each transistor, the voltage applied , and the frequ ency that the transistor is 
switched: 

Power = Capacitive load x Voltage' x Frequency switched 
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Frequency switched is a function of the clock rate. The capacitive load per 
transistor is a function of both the number of transistors connected to an output 
(called the fallollt) and the technology, which determines the capacitance of both 
wires and transistors. 

How could clock rates grow by a factor of 1000 while power grew by only a 
factor of 3D? Power can be reduced by lowering the voltage, which occurred with 
each new generation of technology, and power is a function of the voltage squared. 
Typically, the voltage was reduced about 150/0 per generation .. ln 20 years, voltages 
have gone from SV to 1 V, which is why the increase in power IS only 30 times. 

Relative Power 

Suppose we developed a new, simpler processor that has 85% of the capacitive 
load of the more complex older processor. Further, assume that It has adJust
able voltage so that it can reduce voltage 15% compared to processor B, which 
results in a 15% shrink in frequency. What is the impact on dynamic power? 

Power,,<>-, (Capacitive iOJd x 0.85) x (Voltage x O.8Sr x (Frequency switched x 0.85) 
Capacitive load x Voltage! x Frequency switched 

Thus the power ratio is 
0.85" = 0.52 

Hence, the new processor uses about half the power of the old processor. 

The problem today is that further lowering of the voltage appears to make the 
transistors too leaky, like water faucets that cannot be completely shut off. Even 
today about 40% of the power consumption is due to leakage. If transistors started 
leaking more, the whole process could become unwieldy. 

To try to address the power problem, designers have already attached large 
devices to increase cooling, and they turn off parts of the chip that are not used 111 a 
given clock cycle. Although there are many more expen~ive ways to cool chips and 
thereby raise their power to, say, 300 watts, these techmques are too expenSIve for 
desktop computers. 

Since computer designers slammed into a power wall, they needed a new way 
forward. They chose a different way from the way they designed microprocessors 
for their first 30 years. 

Elaboration: AltllOugh dynamic power is tile primary source of power dissipation in 
CMOS, static power dissipation occurs because of leal~age current that flows even when 
a transistor is off. As mentioned above, leal~age is typically responsible for 40% of 
the power consumption in 2008. Tllus, increasing tile number of transistors increases 
power diSSipation, even if tile transistors are always off. A variety of design techniques 
and technology innovations are being deployed to control leallage, but it's hard to lower 
voltage further. 

II 
1.6 The Sea Change: The Switch from Uniprocessors to Multiprocessors 

The Sea Change: The Switch from 
Uniprocessors to Multiprocessors 

The power limit has forced a dramatic change in the design of microprocessors. 
Figure 1.l6 shows the improvement in response time of programs for desktop 
microprocessors over time. Since 2002, the rate has slowed from a factor of 1.5 per 
year to less than a factor of 1.2 per year. 

Rather than continuing to decrease the response time of a single program run
ning 6n the single processor, as of 2006 all desktop and server companies are ship
ping microprocessors with multiple processors per chip, where the benefit is often 
more on throughput than on response time. To reduce confusion between the 
words processor and microprocessor, companies refer to processors as "cores," and 
such microprocessors arc generically called multicore microprocessors. Hence, a 
"quadcore" microprocessor is a chip that contains four processors or four cores. 

Figure 1.17 shows the number of processors (cores), power, and clock rates 
of recent microprocessors. The official plan of record for many companies is to 
double the number of cores per microprocessor per scmiconduclor technology 
generation, which is about every two years (see Chapter 7). 

In the past, programmers could rely on innovations in hardware, architecture, 
and compilcrs to double performance of their programs every 18 months without 
having to change a line of code. Today, for programmers to get significant improve
ment in response time, they need to rewrite their programs to take advantage of 
multiple processors. Moreover, to get the historic benefit of running faster on new 
microprocessors, programmers will have to continue to improve performance of 
their code as the number of cores doubles. 

To reinforce how the software and hardware systems \vork hand in hand, we use 
a special section, I-InrdlwlrciSoftwnl'c Illtelfnce, throughout the book, with the first 
one appearing below. These elements summarize important insights at this critical 
interface. 

Parallelism has always been critical to performance in computing, but it was often 
hidden. Chapter 4 will explain pipelining, an elegant technique that runs pro
grams faster by overlapping the execution of instructions. This is one example of 
illstnIct;oll-leve/ parallelislll, where the parallel nature of the hardware is abstracted 
away so the programmer and compiler can think of the hardware as executing 
instructions sequentially. 

Forcing programmers to be aware of the parallel hardware and to explicitly 
rewrite their programs to be parallel had been the "third rail" of computer architec
ture, for companies in the past that depended on such a change in behavior failed 
(see Section 7.1 4 on the CD). From this historical perspective, it's startling that 
the whole IT industry has bet its future that programmers will finally successfully 
switch to explicitly parallel programming. 
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RGURE 1.16 Growth in processor performance since the mid·1980s. This chart plots performance relati ve tn Ihe VAX 1117t1U 
as measured by the SPECint benchmarks (sec Section 1.8). Prior 10 Ihe mid- 19ROs, processor perfurmance growth was largely Icdlllolug),
driven and a\'cr~lged abollt 25% per year. T he increase in gruwth to abullt 52% since then is attributable to I11me advanced architectural and 
organizational ideas. Dy 2002, this gruwth led to a difference in perforrmnce of .tbout a factor of seven. Perfurmance for floating-point 
ur iented calculations hOls increased even fas ler. Since 2002, the limits o f power, available instfllCl ion-levei parallelism, ami la ng memor), latenql 
have sluwed uniprocessor performance recently, to abo ut 20% per year. 
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Ultra SPARe T2 

(Niagara 2) 

FIGURE 1.17 Number of cores per chip, clock rate, and power for 2008 multicore micro· 
processors. 

Why has it been so hard for programmers to wri te explicitly parallel programs? 
The first reason is that parallel programming is by definition performance pro
gramming, which increases the difficulty of programming. Not only does the 
program need to be correct, solve an important problem, and provide a useful 
in terface to the people or other programs that invoke it, the program must also be 
fast. Otherwi se, if you don't need performance, just write a sequential program. 

The second reason is that fast for parallel hardware means that the p rogrammer 
must divide an application so that each processor has roughly the sa me amo unt to 

1.6 The Sea Change: The Switch from Uniprocessors to Multiprocessors 

do at the snme time, and that the overhend of scheduling and coordination doesn 't 
fritter away the potential performance benefits of parallelism. 

As an nn:tlogy, suppose the task was to write a newspaper story. Eight reporters 
working on the same story cou ld potentially write a story eight times fas ter. To 
achieve this increased speed, one would need to break lip the task so that each 
reporter had something to do at the sa me time. Thus, we must schedule the sub
tasks. If anything went wrong and just one reporte r took longer than the seven 
o thers did, then the benefits of having eight writers would be diminished. Thus, we 
must balallce the load even ly to get the desired speedup. Another danger wou ld be 
if reporters had to spend a lot of time ta lking to each other to write their sections. 
You would also fa ll short if one part of the story, sllch as the conclusion, couldn't 
be written until all of the other parts were co mpleted. Thus, care must be taken 
to reduce COll1111111licntioll nlln sYllchrollizntioll ol'erhenn. For both this analogy and 
parallel programm ing, the challenges include scheduling, load balancing, time for 
synchronizatio n, and overhead for communicatio n between the parti es. As you 
might guess, the challenge is stiffer with more reporters fo r a newspaper sto ry and 
more processors for parallel programming. 

To reflect this sea change in the industry, the next five chapters in this edit ion of 
the book each have a secti on on the implications of the parallel revolution to that 
chapter: 

• Chapter 2, Sect iOIl 2.11: ParallelislIl nnd Illst rIIet iOlls: S), lIehrolliznt iOIl. Usually 
independent pa rallel tasks need to coordinate at times, such as to say when 
they have completed their work. This chapter explains the instructions used 
by J11ulticore processors to synchronize tasks. 

• Chapter 3, Seclioll 3.6: Pnmllelisl1I nun Complller Arithmetic: Associativity. 
Often parallel programmers start from a wo rking seq uen tial program. 
A natuml quest ion to lea rn if their parallel version works is, "does it get the 
same answer?" If not, a logical conclusion is that there are bugs in the new 
version. This logic assumes that computer arithmetic is associative: you get 
the same sum when adding a m illion numbers, no matter what the order. 
This chapter explains that whi le this logic holds for integers, it doesn' t hold 
for floating-point numbers. 

• Chapter 4, Sect iOIl 4. J 0: Pamllelis/II alld Adl'allced Ills/rlletioll-Lel'el ParallelislIl. 
Given the di ffic ulty of explicitly parallel programming, tremendous effort was 
invested in the 1990s in having the hardware and the co mpiler uncover impl icit 
parallelism. This chapter describes some of these aggressive techniques, includ
ing fetchi ng and execu ting mult iple instructions simultaneously and guessing 
on thc outcomcs of decisions, and executing instructions speculatively. 
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• Chopter 5, Sectioll 5.8: i'omllelisllI olld MellIory Hiemrchies: Coche Coherellce. 
One way to lower the cost of communication is to have all processors use 
the same address space, so that any processor cnn read or write any data. 
Given that all processors today use caches to keep a temporary copy of the 
data in faster memory near the processor, it's easy to imagine that parallel 
programming would be even more difficult if the caches associated \vith each 
processor had inconsistent values of the shared data. This chapter describes 
the mechanisms that keep the data in all caches consistent. 

• Chopter 6, Sectioll 6.9: Pamllelislll olld I/O: RedlllIdollt Armys of Illexpellsive 
Disks. If you ignore input and output in this parallel revolution, the 
unintended consequence of parallel programming may be to make your 
parallel program spend most of its time waiting for I/O. This chapter 
describes RAID, a technique to accelerate the performance of storage 
accesses. RAID points out another potential benefi t of parallelism: by having 
man}' copies of resources, the s},stem can continue to provide service despite 
a failure of one resource. I-lence, RAID can improve both I/O performance 
and availability. 

In addition to these sections, there is a full chapter on parallel processing. 
Chapter 7 goes into more detail on the challenges of parallel programming; 
presents the two contrasting approaches to communication of shared addressing 
and explicit message passing; describes a restricted model of parallelism that is 
easier to program; discusses the difficulty of benchmarking parallel processors; 
introduces a new simple performance model for multicore microprocessors and 
finally describes and evaluates four examples of multicore microprocessors using 
this model. 

Starting with this edition of the book, Appendix A describes an increasingly 
popular hardware component that is included with desktop computers, the graph
ics processing unit (GPU). Invented to accelerate graphics, GPUs are becoming 
programming platforms in their own right. As you might expect, given these times, 
GPUs are highly parallel. Appendix A describes the NYIDIA GPU and highlights 
parts of its parallel programming environment. 

II Real Stuff: Manufacturing and 
Benchmarking the AMD Opteron X4 

Each chapter has a section entitled "Real Stuff" that ties the concepts in the book 
with a computer you may use every day. These sections cover the technology 
underlying modern computers. For this first "Real Stuff" section, we look at how 
integrated circuits are manufactured and how performance and power are mea
sured, with the AMD Opteron X4 as the example. 

1.7 Real Stuff: Manufacturing and Benchmarking the AMD Opteron X4 

Let's start at the beginning. The manufacture of a chip begins with silicon, a 
substance found in sand. Because silicon does not conduct electricity well, it is 
called a semiconductor. With a special chemical process, it is possible to add 
materials to silicon that allow tiny areas to transform into one of three devices: 

• Excellent conductors of electricity (using either microscopic copper or 
aluminum wire) 

• Excellent insulators from electricity (like plastic sheathing or glass) 

• Areas that can conduct or insulate under special conditions (as a switch) 

Transistors fall in the last category. A YLSI circuit, then, is just billions of combi
nations of conductors, insulators, and switches manufactured in a single small 
package. 

The manufacturing process for integrated circuits is critical to the cost of the 
chips and hence important to computer designers. Figure 1.18 shows that process. 
The process starts with a silicon crystal ingot, which looks like a giant sausage. 
Today, ingots are 8-12 inches in diameter and about 12-24 inches long. An ingot is 
finely sliced into wafers no more than 0.1 inch thick. These wafers then go through 
a series of processing steps, during which patterns of chemicals are placed on 

Silicon ingot 

Bond die to 
package 

j 
packaged dies 

Part 
tester 

Tested packaged dies 

Blank 
wafers 

Ship to 
customers 

20 to 40 
processing steps 

t 
Patterned wafers 

FIGURE 1.18 The chip manufacturing process. After being sliced from the silicon in got, blank 
wafcr.~ are Plllthrough 10 to 40 steps to create patterned wafers (sec r:igure 1.( 9 ). These patterned wilfers 
arc then tested with a wafer tester, and a lllap of the good parts is made. Then, the w;\fer.~ arc diced into dies 
(see Figure 1.9). In thi .~ figure, one wafer produced 10 dies, of which 17 passed testing. (X means the die is 
bad.) 'I'he yield of good dies in this case was 17/10, or 85%. These good dies are then bonded into packages 
and tested one lllore time before shipping the packaged parts to customer.~. One bad packaged part was 
found in this final tc.~t. 
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each wafer, crea ting the transistors, conductors, and insulators discllssed earlier. 
Today's integrated circuits contain on ly one layer of transistors but may have frllm 
two to eight levels of metal conductor, separated by layers of insulato rs. 

A single microscopic fl aw in the wafer itself or in one of the dozens of pattern
ing steps can result in that area of the wafer failing. These defects, as they are 
called, make it virtually impossible to manufacture a perfect wafer. To cope with 
imperfection, several strategies have been lIsed, but the simplest is to place many 
independent components on a single wafer. The patterned wafer is then chopped 
up, or diced, into these components, ca lled dies and more informally known as 
chips. Figure 1.19 is a photograph of a wafer containing microprocessors before 
they have been diced; earlier, Figure 1.9 on page 20 shows an individua l micro
processor die and its major components. 

Dicing enables you to discard only those dies that were unlucky enough to con 
tain the flaws, rather than the whole wafer. This concept is qua ntified by the yield 
of a process, which is defined as the percentage of good dies from the total number 
of dies on the wafer. 

The cost of an integrated circuit rises quickly as the die size increases, due both 
to the lower yield and the smaller number of dies that fit on a wafer. To reduce 
the cost, a large die is often "shrunk" by using the next generation process, which 
incorporates smaller sizes for both transistors and wires. This improves the yield 
and the die count per wafer. 

Once you've found good dies, they are connected to the input /output pin s 
of a package, using a process called bOlldillg. These packaged parts are tested a 
final time, since mistakes can occur in packaging, and then they are shipped to 
customers. 

As mentioned above. an increasingly important design constraint is power. 
Power is a challenge for two reasons. First, power must be brought in and distrib
uted around the chip; modern microprocessors use hundreds of pins just for power 
and ground! Similarly, multiple levels of interconnect are used solely for power and 
ground distribution to portions of the chip. Second, power is dissipated as heat and 
must be removed. An AMD Opteron X4 model 2356 2.0 GHz burns 120 watts in 
2008, which must be removed from a chip whose surface area is just over 1 cm 1! 

Elaboration: The cost of an integrated circuit can be expressed in three simple 
equations: 

Cost per wafer 
Cost per die ~ = -'-'-'-'''''''''''''-'-'''--;-7 

Dies per wafer x yield 

Dies per wafer == W~fe r area 
te area 

Yield ~ 1 ., 
(1 + (Defects per area x Ole area/2))-

1.7 Real Stuff: Manufacturing and Benchmarking the AMD Opteron X4 

FIGURE 1.19 A 12-lnch (300mm) wafer of AMD Opteron X2 chips, the predecessor of 
Opteron X4 chips (Courtesy AMD). The num ber of dies pcr wafer 011 100% riekl is 117. The scvcr:11 
dozen partiall y rou nded chips al Ihe boundaries of Ihe wafer arc useless; they nrc inclmi.:.·d because i l'.~ easier 
to creatc the m;l.~ks lI sed tn pattern the si licun. This dic IIses iI 90'!lanollleter tech no]ugr, which means that th e 
srnaliesilransisiors arc approximately 90 11111 in .~izc, although ther arc typica ll y somewhat sma ller than th e 
actual featurc size, which refl.:rs to thl.: sill.: of the transistors as "drawn" \'I.:rsus the fin .. ] manufactured size. 

The first equation is straightforward to derive. The second is an approximation, 
since it does not subtract the area near the border of the round wafer that cannot 
accommodate the rectangular dies (see Figure 1.19). Tile final equation is based on 
empirical observations of yie lds at integrated circuit factories, with the exponent related 
to the number of critical processing steps. 

Hence, depending on the defect rate and tile size of the die and wafer, costs are 
generally not linear in die area. 
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workload A set of 
programs run on <l 

computer that is either 
the actual collection of 
applications run by a user 
or constructed from real 
programs to approximate 
such a mix. Atypical 
workload specifies both 
the programs and the 
relative frequencies. 

benchmark A program 
selected for usc in 
comparing computer 
performance. 
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SPEC CPU Benchmark 
A computer user who rllns the same programs day in and day out would be'the 
perfect candidate to evaluate a new computer. The set of programs run would form 
a worIdoad. To evaluate two computer systems, a user would simply compare the 
execution time of the workload on the two computers. Most users, however, arc 
not in this situation. Instead, they mllst rely on other methods that measlIre the 
performance of a candidate computer, hoping that the methods will reflect how 
well the computer will perform with the user's workload. This alternative is usually 
followed by evaluating the computer using a set of benchmarks---programs 
specifically chosen to measure performance. The benchmarks form a workload 
that the user hopes will predict the performance of the actual workload. 

SPEC (System Performance Evaluation Cooperative) is an effort funded and 
supported by a number of computer vendors to create standard sets of benchmarks 
for modern computer systems. In 1989, SPEC originally created a benchmark 
set focusing on processor performance (now called SPEC89), which has evolved 
through five generations. The latest is SPEC CPU2006, which consists of a set of 12 
integer benchmarks (CINT2006) and 17 floating-point benchmarks (CFP2006). 
The integer benchmarks vary from part of a C compiler to a chess program to a 
quantum computer simulation. The floating-point benchmarks include structured 
grid codes for finite element modeling, particle method codes for molecular 
dynamics, and sparse linear algebra codes for fluid dynamics. 

Figure 1.20 describes the SPEC integer benchmarks and their execution time 
on the Opteron X4 and shows the factors that explain execution time: instruction 
count, CPl, and clock cycle time. Note that C PI varies by a factor of 13. 

To simplify the marketing of computers, SPEC decided to report a single 
number to sUlllmarize all 12 integer benchmarks. The execution time measure
ments are first normalized by dividing the execution time on a reference processor 
by the execution time on the measured computer; this normalization yields a 
measure, called the SPECm!io, which has the advantage that bigger numeric 
results indicate faster performance (i.e., the SPECratio is the inverse of execution 
time). A ClNT2006 or CFP2006 summary measurement is obtained by taking the 
geometric mean of the SPECratios. 

Elaboration: When comparing two computers using SPECratios, use the geometric 
mean so til at it gives the same relative answer no matter wllat computer is used to 
normalize the results. If we averaged tile normalized execution time values with an 
arithmetic mean, the results would vary depending on the computer we clloose as the 

reference. 

1.7 Real Stuff: Manufacturing and Benchmarking the AMD Opteron X4 

Description 

Interpreted string processing 

Clock cycle time 
(seconds x 109) 

0.4 I 
817 
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9.770 15.3 
9.650 11.8 Blocll·sorting I 0.4 I 

ec~o~m~p~re~s~s~io~n~ ________ 'i________ .1--------------1---------1---------4---------1 
I-G::Nc.u:....:c~c:::o"m:_:p:::ile"r ________ +"gC~C'-----1 1.050 1. 72 0 .4 1 __ -'-7"24-'--l __ -"8,,.0"'5..::0 __ 4-__ .=1.=1c'.1'-_1 
Combinatorial optimization I mcf 1 ____ ...:3"'3"'6~ __ ! 10.00 I 0.4 1 1 ,345 9,120 6.8 

eG",o",g"a::.:m.::ecci...:A'"-i _______ I go 1.658 11.09i ____ -=0:..:.4 ______ I __ -"72=1"-+ ---'1"'0..::,4"'9..::0 ___ 1--'1'::4':'.6"-~ 
es"'e"a~rc"h~g"e::.:n"e ..::s"eQ",u"e::.:n::ce"-__ II _ ~h m","-m:;:e:..r ___ I 2 , 783 I 0.80 I 0.4 , 890 9,330 10.5 

~e:o:h"e::sS~g"a~m~e~i~A'~i _______ lcs~Je"n~g _______ ~2~.1~7~6 ____ fi~0.~9~64i=====~0~.4~=====j===~8~3~7 =~+-:..:1~2~.1~0~0~_~ __ ~14~.~5 __ ~ 
~~::i~~a"~,c:~,,t:~n,-co_m_p_u_te_r ______ I_lib_Q_U_an_t_u_m I 1,623 1.61 I 0.4 ,1~_7 __ 1! ___ 2_0_.7_2_0 ______ 19_._8 ___ 

1 
Video compression 11264avc i 3,102 0.80 0.4 993 22,130 22.3 

, "'D"is"'cr"e"'te"e::.:'"e"'nt"" _______ I_o_m_n_et_p_p_1 587 2.94 0.4 I 690 ~'250 , ____ 9._1 __ _ 
r-simulation library 1_ 

~G::a:o:m'"e:.::s"-/ p"'a:.::th=fin::d:::.i n~g----+a'::s'"ta"r----+_i __ :..:1:.:.0:::8~2,-__ 1.79 1 _____ -::0:.=.4-'-____ +1 __ ~77:.:3~+1 __ ~7".0~2:::0 __ 1 ____ ::9.c':1 __ _ 
I_X~M:::.:.L "pa'"r-=-s'"in"g,-________ I! xa!ancbmk I 1.058 2.70 0.4 I 1,143 1 6,900 ,1 ___ ~6c:.0,,-_ 
Geometric Mean I 11.7 

FIGURE 1.20 SPECINTC2006 benchmarks running on AMD Opteron X4 model 2356 (Barcelona). As the equation on 
page 35 exp lain s, excculiolllimc is lhe prodw':l of the three factors in thi s table: instruction collnt in billions, clocks per instruct ion (CPt ), and 
clock cyell- time in na noseconds. SPECratio is simpl y the reference time, which is supp lied by SPEC, divided h)' the measured execut ion lime. 
The sin gle number quoted as SPECINTC2006 is the gcollletric mean of the SPECra tios. Figure SAO 0 11 page 542 shows tha t mcf, libquantum, 
omndpp, and xala ncbmk have relatively high C Pl.~ because the}' h,lVC high cache miss rates. 

The formula for the geometric mean is 

f " 

n In Execution time ratio .. 
L=l 

where Execution time ratio .. is tile execution time, normalized to the reference computer, 
for the jth program of a total of n in tile worl~load, and 

" II a .. means tile product a 1 x a2 x ... x at> 
;:1 

SPEC Power Benchmark 

Today, SPEC offers a dozen different benchmark sets designed to test a wide 
variety of computing environments using real applications and strictly specified 
execution rules and reporting requirements. The most recent is SPECpower. It 
reports power consumption of servers at different workload levels, divided into 
10% incremen ts, over a period of time. Figure 1.21 shows the resul ts for a server 
using Barcelona. 

SPECpower started with the SPEC benchmark for Java business applications 
(SPECJBB200S ), which exercises the processors, caches, and main memory as well 
as the Java virtual machine, compiler, garbage collector, and pieces of the operating 
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Target Load % 

100% 

90% 

80% 

70% 

60% 

50% 

40% 

30% 

20% 

10% 

0% 

Overall Sum 

L ssj ops / I power -

Performance 
(ssj ops) 

231.867 

211.282 

185.803 

163,427 

140.160 

118.324 

92.035 

70.500 

47.126 

23.066 

0 

1.283.590 

Average Power 
(Watts) 

295 

286 

275 

265 

256 

246 

233 

222 

206 

180 

141 

2.605 

493 

FIGURE 1.21 SPECpowe,_ssj2008 running on dual socket 2 .3 GHz AMD Opteron X4 2356 
(Barcelona) with 16 GB Of DDR2--6S7 DRAM and one 500 GB disk. 

system. Performance is measured in throughput, and the units are busi ness 
operations per second. Once again, to simpli fy the marketing of computers, SPEC 
boils these numbers down to a single number, called "overall ssj_ops per Watt." The 
formula for this single summarizing metric is 

( '" ) ("' ) overall ssj_ops per Watt = L, ssj_opsi / L, poweri 
,_n r: U 

where ssj_opSj is performance at each 10% increment and pmverj is power COI1-
sumed at each performance level. 

Check A key factor in determining the cost of an integrated circuit is volume. Which of 
Yourself the fo llowing are reasons why a chip made in high volume should cost less? 

I. With high volumes, the manufacturing process can be tuned to a particular 
design, increasing the yield. 

2. It is less work to design a high-volume part than a low-volume parI. 

3. The masks used to make the chip are expensive, so the cost per chip is lower 
for higher volumes. 

4. Engineering development costs are high and largely independent of volume; 
thus, the development cost per die is lower with high-volume parts. 

5. High-vo lume parts usually have smaller die sizes than low-volume parts and 
therefore have higher yield per wafer. 

1 .8 Fa llacie s and Pitfa lls 

II Fallacies and P;lfalls 

The purpose of a section on fallacies and pitfalls, which will be found in every 
chapter, is to explain some commonly held misconceptions that you might 
encounter. We call such misbeliefs [nUncies. When discussing a fa llacy, we try to 
give a counterexample. We also discuss pit[nUs, or easily made mistakes. Often pit
fa lls are generalizations of principles that are true in a limi ted context. The purpose 
of these sections is to help YOll avoid making these mistnkes in the computers you 
may design or use. Cost/performance fallac ies and pitfa lls have ensnared many a 
computer architect, including us. Accord ingly, this section suffers no shortage of 
re levant examples. We start with a pitfall that traps many designers and reveals an 
important re lationship in co mputer design. 

Pitfall: £xpect;l1g the improl'clllellt of olle nspecl of (I computer to increase ovemll 
peliorm(lllCe b)' (Ill l1lJ101Ilit proportiollal to the size of the improvement. 

This pitfa ll has visited designers of both hardware and software. A simple design prob
lem illustrates it well. Suppose a program runs in 100 seconds on a computer, with 
multiply operations responsible fo r 80 seconds of this time. How much do I have to 
improve the speed of multiplication if I want my progr1l111 to run five times filster? 

The execu tio n time of the program after making the improvement is given by 
the following simp le equation known as Amdahl 's law: 

Execution time after improvement = 
Execution time affected by improvement 
~ ___ ..,-____ = ___ c..:.:2 _____ + Execution time unaffected 

Amount of improvement 

For this problem: 

Execution time after improvement = 80 se~onds + (100 - 80 seconds) 

Since we want the performance to be five times faster, the new execution time 
sho uld be 20 seconds, giving 

80 seconds 
20 seconds = ==== + 20 seconds II 

a = 80 seconds 
II 

That is, there is 11 0 (lII/Olillt by wh ich we can en hance-multiply to achieve a fivefold 
increase in performance, if multiply accounts for only 80% of the workload. 

Science 1/11151 begil1 
lVilh lIlyths, nlld the 
criticislll of lIlyths. 

Sir Karl Popper, The 
Philosophy of SciCllce. 
1957 
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Amdahl's law A rule 
Slating that the 
performance enhance
ment possible with a 
given improvement is 
li m ited b)' the .. mount 
that the improved feature 
is used. It is ,I Cjuantita
tive version of the law of 
diminishing returns. 
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The performance enhancement possible with n given improvement is limited by 
the amo unt that the improved feature is used. This concept also yields what· we 
call the law of diminishing returns in everyday life. 

Vve can use Amdah l's law to estimate performance improvements when we 
know th e time consumed for some function and its potential speed up. Amdahl's 
law, together with the CPU performance equation. is a handy tool for evaluating 
potential enhancements. Amdahl's Jaw is explored in more detail in the exercises. 

A common theme in hardware design is a corollary of Amdahl's law: Make Ihe 
COlllll101/ case fast. This simple guideli ne reminds LIS that in many cases the frequency 
with which one event occurs may be much higher than the freguency of anothe r. 
Amdahl's law reminds us that the opportunity for im provement is affected by how 
much time the event consumes. Thus, making the com mon case fas t will tend to 
enhance performance better than optimiZing the ra re case. Ironically. the co mmon 
case is often simpler than the rare case and hence is often easier to en hance. 

Amdahl's law is also used to argue for practical limits to the number of parallel 
processors. We examine th is argu ment in the Fallacies and Pitf""s section of 
Chapter 7. 

Fallacy: Computers at low utilization lise Iittlc pOlVcr. 

Power efficiency matters at low utilizations because server wo rkloads vary. CPU 
utilization for servers at Google, for exampl e. is between 10% and 50% most of the 
time and at 100% less than 1 % of the time. Figure 1.22 shows power fo r servers 
with the best SPECpower results at 100% load, 50% load, 10% load, "nd idle. Even 
servers that are a ni), 10% utilized burn about two-thirds of their peak power. 

Since servers' workloads v"ry but use a large fraction of pea k power, Luiz 
Barroso and Urs Holzle [2007 [ argue that we should redesign hardware to achieve 
"energy-proportional computing." If future servers used, say, 10% of peak power at 
10% workload. we cou ld reduce the electricity bill of datacenters and become good 
corporate citizens in an era of increasing concern about CO~ emiss ions. 

8/ 2 2.8 GHz 305,413 276W 63% 157 W 57% 

4/ 1 2.4 GHz 143.742 132 W 110 W 85 W 65% 80W 60% 

FIGURE 1.22 SPECPower results for three servers with the best overall ssLops per watt in the fourth quarter of 
2007. Thl' m'c:rall ssLops per wa ll of the th ree servers arc 698 , 682, an d 667, respectively. The nh!1ll0T }' of the top two sl.' rvers is 16 GB and 

thl.' ho!\om is 8 GIl. 

Pitfall: US i11g a sl1bsel oIlhe pC/!onl1al1ce eql/(lI iol1 as a pel!ormal1ce melric. 

We have already shown the fa llacy of predict ing performance based on sim ply one 
of clock rate, instruction count, or CPI. Another common mistake is to use only 

1.8 Fallacies and Pitfalls 

two of the three fa ctors to compare perform"nce. Alth ough using two of the three 
f"ctors may be valid in a limited context, the concept is also e"sily misused. Indeed. 
nearly "" proposed alternatives to the use of time as the performance metric have 
Jed eventually to mis lead ing claims. distorted results. or incorrect interpretations. 

One alternative to time is MIPS (million inst ructions per second) . For a given 
program , MIPS is simply 

MIPS = Instruction count 
Execution time x 10(' 

Sin,e MIPS is an instruction execution rntc. MIPS specifics performance 
inversely to execution time; faste r computers have a higher MIPS rating. The good 
news about MIPS is that it is easy to underst"nd, and faster computers mean bigger 
M IPS, which m"tches intuition. 

There are th ree problems with using MIPS as a measure for compnring com
puters. First, MIPS specifies the instruction execution rate but does not take into 
account the capabilities of the instructions. VVe cnl1 no t compare computers with 
different instruction sets using MIPS. since the instruction counts wi ll certa inl y 
differ. Second. MIPS varies between programs on the same computer; thus, a com
puter ca nnot have a single MIPS ra ting. For exa mple. by substituting for execution 
time, we see the relationshi p between MIPS, clock rate, and CPI: 

MIPS = Instruction count = 
Instruction count x Cpl x 10" 

Clock rate 

Clock rate 
Cpl x 10" 

Recallth"t Cp l varied by 13x for SpEC2006 on Opteron X4, so MIPS does as well. 
Finally. and most im portantly. if a new program executes more instructions but 
each instruction is fa ster, MIPS can vary independently from performa nce! 

Consider the following performance measurements for a program: 

Measurement Computer A Computer B 

In struction count 10 bi llion 8 billion 
Clock rate 4 GHz 4 GHz 
CPI 1.0 1.1 

a. Which com puter has the higher MIPS rating? 

b. Which computer is fa ster? 

million instructions 
per second (MIPS) 
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A measurement o f 
progril l11 execli tion speed 
based on the number of 
mill ions of in s! ruc ti o ns. 
lvII I'S is computed as the 
instruction co unl divided 
by the product of the 
execlition time lind lOr.. 

Check 
Yourself 
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II Conc'ud;ng Remarks 

Although it is difficult to predict exactly what level of cost/performance comput
ers will have in the future, it's a safe bet that they wi ll be much better than they 
are today. To par ticipate in these advances, computer designers and programmers 
must understand a wider variety of issues. 

Both hardware and software designers construct computer systems in hierar
chicallayers, with each lower layer hiding details from the level above. This princi
ple of abstraction is fundamental to understanding today's computer systems, but it 
does not mean that designers can limit themselves to knowing a single abstrac tion. 
Perhaps the most important example of abstraction is the interface between 
hardware and low-level software, called the illstrllctioll set architectllre. Maintain 
ing the instruction set architecture as a constant enables many implementations of 
that architecture-presumably varying in cost and performance-to run identical 
so ftware. On the downside, the architecture may preclude introducing innovations 
that require the interface to change. 

There is a reliable method of determining and reporting performance by using 
the execution time of real programs as the metric. This execution time is related to 
other important measurements we can make by the following equation: 

"S",e"co=n-=d=.s = Instructions X Clock cycles x 
Program Program Instruction 

Seconds 
Clock cycle 

We wiJI use this equation and its constituent factors many times. Remember, 
though, that individually the factors do not determine performance: only the 
product, which equals execution time, is a rel iable measure of performance. 

Execution time is the only valid and unimpeachable measure of perfor
mance. Many o ther metries have been proposed and found wanting. 
Sometimes these metrics are flawed from the start b)' not reflecting exe· 
cution time; other t.imes a metric that is valid in a li mited context is 
extended and used beyond that context or without the add itional c1arifi · 
cation needed to make it "a lid. 

The key hardware technology for modern processors is silicon. Equal in impor
tance to an understanding of integrated circuit technology is an understanding of 
the expected rates of technological change. While silicon fuels the rapid advance 
of hardware, new ideas in the orga nization of computers have improved pricel 
performance. Two of the key ideas are exploiting parallelism in the program, 

1.10 Historical Perspective and Further Reading 

typically today via multiple processors, and exploiting locality of accesses to a 
memory hierarchy, ty pically via caches. 

Power has replaced die area as the most critical resource of microprocessor 
design. Conserving power while trying to increase performance has forced the 
hardware industry to switch to multicore microprocessors, thereby forcing th e 
software industry to switch to progra mming parallel hardware. 

Computer designs have always been measured b), cost and performance, as well 
as other importan t factors stich as power, reliability, cost of ownership, and scal
ab ilit y. Alth ough this chapter has focused on cost, performance, and power, the 
best d~signs will strike the appropriate balance for a given market among all the 
factors. 

Road Map for This Book 

At the bottom of th ese abstractions are the five class ic compon ents of a computer: 
datapath, control, memory, input, and ou tput (refer to Figure 1.4 ). These five 
components also serve as the framework for the rest of the chapters in this book: 

• Omnpnl": Chapters 3, 4, 7, and Appendix A 

• COlltral: Chapters 4, 7, and Appendix A 

• MellIorr: Chapter 5 

• IlIplll: Chapter 6 

• OlltPIII: Chapter 6 

As mentioned above, Chapter 4 describes how processors explo it implicit par
allelism, Chapter 7 describes the expl icitly parallelmulticore microprocessors that 
are at the hea rt of the parallel revolutio n, and Appendix A describes the highly 
parallel graphics processor chip. Chapter 5 describes how a memory hierarchy 
exploits locality. Chapter 2 describes instructi on sets-the interface between com 
pilers and the comp uter-and emphasizes the role of co mpilers and programming 
languages in using the feat ures of the instruction set. Appendix B provides a 
reference for the instruction set of Chapter 2. Chapter 3 describes how computers 
handle ar ithmetic data. ia Appendix C, on the CD, introduces logic design. 

II H;sto"ca' Po ... e,,;ve and Fu,th .. Read;ng 

For each chapter in the text, a section devoted to a historical perspective can be 
found on the CD that accompanies this book. We may trace the development of 
an idea through a series of comp uters or describe some importa nt projects, and we 
provide references in case you are interested in probing furth er. 
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The historical perspective for this chapter provides a background for some 
of the key ideas presented in this opening chapter. Its purpose is to give yo~ the 
human story behind the technological advances and to place achievements in 
their historical context. By understanding the past, you may be better able to 
understand the forces that will shape computing in the future. Each historical per
spectives section on the CD ends with suggestions for further reading, which are 
also collected separately on the CD under the section "Further Reading." The rest 
of~ Section 1.10 is found on the CD. 

Exercises 
Co ntributed by Javier Brugucra of Univcrsidadc de Santiago de COlTlpostcia 

Most of the exercises in this edition are designed so that they feature a qualitative 
description supported by a table that provides alternative quantitative parameters. 
These parameters are needed to solve the questions that comprise the exercise. 
Individual questions can be solved using any or all of the parameters-you decide 
how many of the parameters should be considered for any given exercise question. 
For example, it is possible to say "complete Question 4.1.1 using the parameters 
given in row A of the table." Alternately, instructors can cllstomize these exercises 
to create novel solutions by replacing the given parameters with your own unique 
values. 

The number of quantitative exercises varies from chapter to chapter and depends 
largely on the topics covered. More conventional exercises are provided where the 
quantitative approach does not fit. 

The relative time ratings of exercises are shown in square brackets after each 
exercise number. On average I an exercise rated [10] will take you twice as long as 
one rated [5]. Sections of the text that should be read before attempting an exercise 
will be given in angled brackets; for example, <1.3> means you should have read 
Section 1.3, Under the Covers, to help you solve this exercise. 

Exercise 1.1 
Find the word or phrase from the list below that best matches the description in the 
following questions. Use the numbers to the left of the words in the answer. Each 
answer should be used only once. 

1.11 Exercises 

1. virtual worlds 14. operating system 

2. desl(top computers 15. compiler 

3. servers 16. bit 

4. low·end servers 117. instruction 

5. supercomputers 18. assembly language 

6. terabyte 19. machine language 

7. petabyte 20. C 

8. o datacenters 1 21. assembler 

9. embedded computers 1 22. high·level language 

10. multicore processors 1 23. system software 

11. VHDL 24. application software 

12. RAM 25. cobol 

13. CPU 1 26. fortran 

1.1.1 [2] < 1.1 > Computer used to run large problems and usually accessed via a 
network 

1.1.2 [2] < 1.1 > 10"or2"'bytes 

1.1.3 [2] < 1.1 > Computer composed of hundreds to thousands of processors and 
terabytes of memory 

1.1.4 [2] < 1.1 > Today's science fiction application that probably will be available 
in near future 

1.1.5 [2 [ < 1.1 > A kind of memory called random access memory 

1.1.6 [2] < 1.1 > Part of a computer called central processor unit 

1.1. 7 [2] < 1.1 > Thousands of processors forming a large cluster 

1.1.8 [2] < 1.1 > A microprocessor containing several processors in the same chip 

1.1.9 [2] < 1.1 > Desktop computer without screen or keyboard usually accessed 
via a network 

1.1.10 [2] < 1.1 > Currently the largest class of computer that runs one application 
or one set of related applications 

1.1.11 [2] < 1.1 > Special language used to describe hardware components 
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1.1.12 [21 < 1.1 > Personal computer delivering good performance to single users 
at low cost 

1.1.13 [21 < 1.2> Program that translates statements in high-level language to 
assembly language 

1.1.14 [21 < 1.2> Program that translates symbolic instructions to binary 
instructions 

1.1.15 [21 <1.2> I-ligh-Ievellanguage for business data processing 

1.1.16 [2 1 < 1.2> Binary language that the processor can understand 

1.1.17 [2] <1.2> Commands that the processors understand 

1.1.18 [2 ]<1.2> I-ligh-Ievellanguage for scientific computation 

1.1.19 [2] <1.2> Symbolic representation of machine instructions 

1.1.20 [2] < 1.2> Interface between user's program and hardware providing a 
variety of services and supervision functions 

1.1.21 121 < 1.2> Software/programs developed by the users 

1.1.22 [21 < 1.2> Binarydigit(valueOor I) 

1.1.23 [2] <1.2> Software layer between the application software and the hard
ware that includes the operating system Jnd the compilers 

1.1.24 [21 < 1.2> I-ligh-Ievellanguage used to write application and system software 

1.1.25 [21 < 1.2> Portable language composed of words and algebraic expres
sions 1'h<]t must be translated into assembly language before run in a computer 

1.1.26 [21 <1.2> 10" or2''' bytes 

Exercise 1.2 
1.2.1 [101 < 1.3> For a color display using 8 bits for each of the primary colors 
(red, green, blue) per pixel and with a resolution of 1280 x 800 pixels, what should 
be the size (in bytes) of the frame buffer to store a frame? 

1.2.2 [5] <1.3> If a computer has a main memory of 2 GB, how many frames 
could it store, assuming the memory contains no other information? 

1.11 Exercises 

1.2.3 [5 ] < 1.3> If a computer connected to a I gigabit Ethernet network needs to 
send a 256 Kbytes file, how long it would take? 

1.2.4 [5 ] < 1.3> Assuming that a cache memory is ten times faster than a DRAM 
memory, that DRAM is 100,000 times faster than magnetic disk, and that flash 
memory is 1000 times faster than disk, find how long it takes to read a file from 
a DRAM, a disk, and a flash memory if it takes 2 microseconds from the cache 
memory? 

Exercise 1.3 
Consider three different processors PI, P2, and P3 executing the Si1me instruction 
set with the clock rates and CPIs given in the following table. 

Processor Clock rate 

P1 2 GHz 1.5 

P2 1.5 GHz 1.0 

P3 3 GHz 2.5 

1.3.1 [5] <1.4> Which processor has the highest performance? 

1.3.2 [51 <1.4> If the processors each execute a program in 10 seconds, find the 
number of cycles i1nd the number of instructions. 

1.3.3 [10] <1.4> We are trying to reduce the time by 30% but this leads to 
an increase of 20% in the CPI. What clock rate should we have to get this time 
reduction? 

For problems below, use the information in the following table. 

Processor Clock rate No. instructions . Time 

P1 2 GHz 20 X 109 75 

P2 1.5 GHz 30 X 100 105 

P3 3 GHz 90 X 109 95 

1.3.4 [10] <1.4> Find the II'C (instructions per cycle) for each processor. 

1.3.5 [51 < 1.4> Find the clock rate for 1'2 that reduces its execution time to that 
of PI. 

1.3.6 [5] < 1.4> Find the number of instructions for 1'2 that reduces its execution 
time to that of 1'3. 
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Exercise 1.4 
Consider two different implementations of the same instruction set architecture. 
There are four classes of instructions, A, B, C, and D. The clock rate and CPl of each 
implementation are given in the following table. 

1.4.1 [10) < 1.4> Given a program with 10" instructions divided into classes as 
follows: 10% class A, 20% class B, 50% class C and 20% class D, which implemen
tation is faster? 

1.4.2 [5) < 1.4> V\~,at is the global CPl for each implementation? 

1.4.3 [5) < 1.4> Find the clock cycles required in both cases. 

The following table shows the number of instructions for a program. 

Arith Store Load Branch Total 

500 50 100 50 700 

1.4.4 [5) < 1.4> Assuming that arith instructions take I cycle, load and store 5 
cycles and branch 2 cycles, what is the execution time of the program in a 2 GHz 
processor? 

1.4.5 [5] < 1.4> Find the cpr for the program. 

1.4.6 [IOj < 1.4> If the number of load instructions can be reduced by one-half, 
what is the speed-up and the CPI? 

Exercise 1.5 
Consider two different implementations, P I and P2, of the same instruction set. 
There are five classes of instructions (A, B, C, D, and E) in the instruction set. The 
clock rate and CPI of each class is given below. 

•. Pl 1.0 GHz 1 2 3 4 3 

P2 1.5 GHz 2 2 2 4 4 

b. Pl 1.0 GHz 1 1 2 3 2 

P2 1.5 GHz 1 2 3 4 3 

1.11 Exercises 

1.5.1 [51 <1.4> Assume that peak performance is defined as the fastest rate that 
a compu ter can execute any instruction sequence. What are the peak performances 
of P 1 and P2 expressed in instructions per second? 

1.5.2 15 1 < 1.4> If the number of instructions executed in a certain program is 
divided equally among the classes of instructions except for class AI which occurs 
twice as often as each of the others. W'hieh computer is faster? How much faster is it? 

1.5.3 15 1 < 1.4> If the number of instructions executed in a certai n program is 
divide9 equ all), among the classes of instructions except for class E, which occurs 
twice as often as each of the others? \.yhich computer is faster? How mlIch faster 
is it? 

The table below shows instruction -type breakdown for different programs. Using 
this data, )'ou will be exploring the performance tradeoffs with different changes 
made to a MIPS processor. 

# Instructions 

b. Program 4 1500 300 100 100 1750 

1.5.4 15) < 1.4> Assuming that computes take I cycle, loads and store instructions 
take 10 c),cles, and branches take 3 cycles, find the execution time of each program 
on a 3 GHz MIPS processor. 

1.5.5 [5 1 < 1.4> Assumi ng that computes take I cycle, loads and store instructions 
take 2 cycles, and branches take 3 cycles, find the execution time of each program 
on a 3 GHz MIPS processor. 

1.5.6 [5 1 < 1.4> Assuming that com putes take 1 cycle, loads and store instructions 
take 2 cycles, and branches take 3 cycles, what is the speed-up of a program if the 
number of compute instruction can be reduced by one-half? 

Exercise 1.6 

Compilers can have a profound impact on the performance of an ;'lpplication on a 
given processor. This problem will explore the impact compilers have on execution 
time. 
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Compiler A Complier B • • # Instructions Execution time # Instructions Execution time 

a . I 1.00E+09 ls 1.20E+09 1.4 5 

b. I 1.00E+09 0.85 1.20E+09 0.75 

1.6.1 [5) < 1.4> For the same program, two different comp ilers are used. The 
table above shows the execution time of the two di fferen t com pil ed programs. Find 
the average cp r for each program given that the processo r has a cl ock cycle ti me 
of InS. 

1 .6.2 [5) < 1.4> Assume the average Cpls fo und in 1.6. 1, bu t that the com piled 
programs rll n on two difference processors. If the execli tion times 011 the two 
processo rs arc the same, how much faster is the clock of the processor runni ng 
compiler Ns code versus the clock of the processor running com piler B's code? 

1.6.3 [51 < 1.4> A new compiler is developed that uses only 600 million inst ruc
tions and has an average CpI of 1.1. What is the speed-up of using this new com piler 
versus using Compiler A or B on the o riginal processor of 1.6. 1? 

Consider two different implementations, PI and P2, of the same instruction set. 
There are five classes of instruct io ns (A, B, C, D, and E) in the instruction set. PI 
has a clock rate of 4 GHz, and P2 has a clock ra te of 6 Gl-Iz. The average nu mber of 
cycles for each instruction class for 1' 1 and 1'2 are listed in the fo ll owing table. 

• Class cpr on P1 CPI on P2 

a. A 1 2 

B 2 2 

C 3 2 

0 4 4 

E 5 4 

• Class cpr on P1 cpr on P2 

b. A 1 2 

B 1 2 

C 1 2 

0 4 4 

E 5 4 

1 .11 Exercises 

1.6.4 151 < 1.4> Assume that pea k performan ce is defined as the fas tes t rate th at 
a comp uter (n il execute any instruction sequence. What are the peak performances 
of P I and P2 expressed in instruc tions per second? 

1.6.5 151 < 1.4> If the number of instructions executed in a certa in progra m is 
d ivided equally among the classes of instructions in Problem 2.36.4 except for 
class A, which occurs twice as often as each of the others, how much faster is P2 
than PI? 

1.6.6 · 151 < 1.4> At what freq uency does P2 have the sa ill e perfo rm ance as P I fo r 
the instruction mix given in 1.6.S? 

Exercise 1.7 

The fo llowing table shows the increase in clock rate and power of eight genera tions 
of In tel processors over 28 years. 

Processor clock rate Power 

80286 (1982) I 12.5 MHz 3.3W 

80386 (1985) 16 MHz 4.1W 

80486 (1989) 25 MHz 4.9W 

Pentium (1993) 66 MHz 10.1 W 

Pentium Pro (1997) 200 MHz 29.1 W 

Pentium 4 Willamette (2001) 2 GHz 75.3 W 

Pentium 4 Prescott (2004) 3.6 GHz 103W 

Core 2 I{etsfield (2007) 2.667 GHz 95W 

1.7.1 [51 < 1.5> What is the geomet ric mean of the ratios between co nsecutive 
generations for bo th clock rate and power? (The geo metric mean is descri bed in 
Section 1.7.) 

1.7.2 15 ) < 1.5> What is the largest relative change in clock rate and power between 
generations? 

1.7.3 151 < 1.5> How much larger is the clock ra te and power of the last generat ion 
with respect to the first generatio n? 
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Consider the following va lues for voltage in each generation. 

Processor Voltage 

80286 (1982) 5 

80386 (1985) 5 

80486 (1989) I 5 

Pentium (1993) I 5 

Pentium Pro (1997) 3.3 

Pentium 4 Willamette (2001) 1.75 

Pentium 4 Prescott (2004) 

I 
1.25 

Core 2 Ketsfield (2007) 1.1 

1.7.4 [5] < 1.5> Find the average capacitive loads, assuming a negli gible static 
power consumption. 

1.7.5 [5] < 1.5> Find the largest relative change in voltage between generations. 

1.7.6 [5] < 1.5> Find the geometric mean of the voltage ratios in the generations 
since the Pentium. 

Exercise 1.8 
Suppose we have developed new versIOns of a processor with the following 
characteristics. 

Version Voltage Clock rate 

version 1 5V 0.5 GHz 

version 2 3.3 V 1 GHz 

1.8.1 [5] < 1.5> By how much has the capacitive load been reduced between 
versions if the dynamic power has been reduced by lO%? 

1.8.2 [5] < 1.5> By how much has the dynamic power been red uced if the capaci
tive load does not change? 

1.8.3 [5] < 1.5> Assuming that the capacitive load of version 2 is 80% the capaci
tive load of version 1, find the voltage for version 2 if the dynam ic power of version 
2 is reduced b}1 40% from version 1. 

1.11 Exercises 

Supposing that the industry trends show that a new process generation scales as 
follows: 

Capacitance Voltage Clock rate Area 

1 

1.8.4 [5] < 1.5> By what factor does the dynamic power scales? 

1.8.5 J 5] < 1.5> Find the scaling of the capacitance per unit area. 

1.8.6 [5] < 1.5> Using data from Exercise 1.7, find the voltage and clock ra te of 
the Core 2 processor for the next process generation. 

Exercise 1.9 
Although the dynamic power is the primary source of power dissipation in CMOS, 
leakage current produces a static power dissipation V X l, .. l ' The sl11<1l1er the on-chip 
dimensions, the more significant is the static power. Assume the figures shown in the 
following table for static and dynamic power dissipation for several generations of 
processors . 

• Technology Dynamic power (W) Static power (W) Voltage IV) 

I :: I 
1 3.3 49 250 nm 

75 45 1.1 90 nm 

1.9.1 [5] < 1.5> Find the percentage of the total dissipated power comprised by 
static power. 

1.9.2 [5] < 1.5> If the static power depends on the leakage current, P" = V x l,,,,, 
find the leakage current for each technology. 

1.9.3 is] < 1.5> Determine the ratio of static power to dynamic power for each 
technology. 

Consider now the dynamic power dissipation of different versions of a glVen 
processor for three different voltages given in the following table. 

1.0 V 1.2 V O.BV III'========~=======T======~ ~ BOW 7QW 40W 
l-.¢=Ji------~6=5~W~----~-----~5~5~W~------------3-0-W------~ 
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1.9.4 [5[ < 1.5> Determine the static power for each version at 0.8 V, assuming a 
sta tic to dynamic power ratio of 0.6. 

1.9.5 [51 < 1.5> Find the leakage current for each version at 0.8 V. 

1.9.6 [IO[ < 1.5> Determine the larger of the two leakage currents at 1.0 V and 
1.2 V, assuming a static to dynamic power ratio of 1.7. 

Exercise 1.10 
The table below shows the instruction type breakdown of a given application 
executed on 1,2,4, or 8 processors. Using this data, you will be exploring the speed
up of applications on parallel processors. 

# Instructions per processor 

a. 1 2560 1280 256 1 4 2 
~----~------4------+----+-----~------~--~ 

2 1280 640 128 1 4 2 

4 640 320 64 1 4 2 

8 320 160 32 1 4 2 

Processors # Instructions per processor CPI 

b. 1 2560 1280 256 1 4 2 
~~--~--~--~-~~-e----+-~--~-------I~~-I 

2 1350 BOO 12B 1 6 2 

4 800 600 64 1 9 2 

B 600 500 32 1 13 2 

1.10.1 [51 < 1.4, 1.6> The table above shows the number of instructions required 
per processor to complete n program on a multiprocessor with 1, 2. 4, or 8 proces
sors. What is the total number of instructions executed per processor? What is the 
aggregate number of instructions executed across all processors? 

1.10.2 [5[ < 1.4, 1.6> Given the CPI values on the right of the table above, find 
the total execution time for this program on 1,2,4, and 8 processors. Assume that 
each processor has a 2 GHz clock frequency. 

1.10.3 [101 < 1.4 , 1.6> If the CPI of arithmetic instructions was doubled, 
what would the impact be all the execution time of the program on 1, 2, 4, or 8 
processors? 

1.11 Exercises 

The table below shows the number of instruction per processor core 011 a lllulLicore 
processor as well as the average CPI for execliting the program on 1,2, 4, or 8 cores. 
Using this data, yo u will be exploring the speed-up of applications on multicore 
processors . 

• Cores per processor Instructions per core Average CPI 

a. 1 1.00E+l0 1.2 

2 5.00E+09 1.3 

4 2.50E+09 1.5 

8 1.25E+09 l.B 

• Cores per processor Instructions per core Average CPI 

b. 1 1.00E+l0 1.2 

2 5.00E+09 1.2 

4 2.50E+09 1.2 

B 1.25E+09 1.2 

1.10.4 [10 [ < 1.4, 1.6> Assum ing a 3 GHz clock frequ ency, whal is the execution 
time of the program using 1,2 .4, or 8 cores. 

1.10.5 [ 10 I < 1.5, 1. 6> Assume that the power consumption of a processor core 
can be described by the following equation 

P 5.0mA V I ' ower = MHz 0 tage-

where the operation voltage of the processor IS described by the following 
equation 

Voltage = i- Frequency + 0.4 

with the frequ ency measured in GHz. So, at 5 GHz, the voltage wou ld be 1.4 V. Find 
the power consumption of the program executing on 1,2,4, and 8 cores assuming 
that each core is operating at a 3 GHz clock frequ ency. Likewise, find the power 
consumption of the program executing on I, 1, 4, or 8 corcs asslIming thnt each 
core is operating at 500 MHz. 

1.10.6 [10 [ < 1.5, 1.6> Find the energy required to execute the progrnm for 1,2,4, 
and 8 cores assuming that each co re has a clock frequency of 3 GI-Iz and 500 MHz. 
Assume the power consumption equatio ns from 1.10.5. 
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Exercise 1.11 
The following table shows manufacturing data for various processors. 

• Wafer diameter Dies per wafer Defects per unH area cost per wafer 

~ ____ ~15~cm~ __ ~ ____ ~9=0~ ____ 'I __ ~0~.0='=8=d=ef=e=ct=s/=c=m~' __ ~1 ______ ~'0~-----1 
r b. I 25 em 140 0.024 defects/cm~ I 20 

1.11.1 110] <1.7> Find the yield. 

1.11.2 15] < 1. 7> Find the cost per die. 

1.11.3 [10] < l.7> If the number of dies per wafer is increased by 10% and the 
defects per area unit increases by 15%, find the die area and yield. 

Suppose that, with the evolution of the electronic devices manufacturing tech
nology, the yield varies as shown in the following table. 

1.11.4 [10] < 1.7> Find the defects per area unit for each technology given a die 
area of 200 mm2

, 

1.11.5 [5] < l.7> Represent graphically the variation of the yield together with 
the variation of defects per unit area. 

Exercise 1.12 
The following table shows results for SPEC2006 benchmark programs running on 
an AMD Barcelona. 

Intr. count X 109 Execution time (seconds) Reference time (seconds) 

2118 500 9770 

336 1200 9120 

1 .12.1 [5] < 1.7> Find the CPI if the clock cycle time is 0.333 ns. 

1.12.2 [5] < l. 7> Find the SPEC ratio. 

1.12.3 [5] < 1.7> For these two benchmarks, find the geometric mea n. 

1.11 Exercises 

The following table shows data for further benchmarks. 

• Name Clock rate SPECratio 

a. sjeng 0.96 4 GHz 14.5 

b. omnetpp 2.94 4 GHz 9.1 

1.12.4 [5] < l.7> Find the increase in CPU time if the number of instruction of 
the benchmark is increased by 10% without affecting the CPI. 

1.12.5 [5] < 1.7> Find the increase in CPU time if the number of instruction of 
the benchmark is increased by 10% and the CPI is increased by 5%. 

1.12.6 [5] < l.7> Find the change in the SPECratio for the change described in 
1.12.5. 

Exercise 1.13 
Suppose that we are developing a new version of the AMD Barcelona processor 
with a 4 GI-Iz clock rate. We have added some additional instructions to the 
instruction set in such a way that the number of instructions has been reduced by 
15% from the values shown for each benchmark in Exercise 1.12. The execution 
times obtained are shown in the following table. 

Execution time (seconds) Reference time (seconds) 

450 9770 21.7 

1150 9120 7.9 

1.13.1 [10] < 1.8> Find the new CPI. 

1.13.2 [10] < 1.8> In general, these CPI values are larger than those obtained in 
previous exercises for the sa me benchmarks. This is due mainly to the clock rate 
used in both cases, 3 GHz and 4 GI-Iz. Determine whether the increase in the CPI 
is similar to that of the clock rate. If they are dissimilar, why? 

1.13.3 [5] < 1.8>By how much has the CPU time been reduced? 

The following table shows data for further benchmarks. 

Execution time (seconds) 

820 

ornnetpp 580 2.94 

Clock rate 

3 GHz 

3 GHz 
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1.13.4 [IO[ < 1.8> If the execution time is reduced by an additional 10% without 
affecting the CpI and with a clock rate of 4 GI-Iz, determine the numoer of 
instructions. 

1.13.5 [10 [ < 1.8> Determine the clock rate required to givea further 10% reduction 
in CPU time while maintaining the number of instructions and CPI unchanged. 

1.13.6 [10 [ < 1.8> Determine the clock rate if the CPI is reduced by 15% and the 
CPU time by 20% while the number of instructions is unchanged. 

Exercise 1.14 
Section 1.8 cites as a pitfall the utilization of a subset of the performance equation 
as a performance metric. To illustrate this, consider the following data for the 
execution of given instruction sequence of 106 instructions in different processors. 

PrOCBssor Clock rate 

P1 4 GHz 1.25 

P2 3 GHz 0.75 

1.14.1 [5J < 1.8> One usual fallacy is to consider the computer with the largest 
clock rate as having the large performance. Check if this is true for P 1 and 1'2. 

1.14.2 [10 J < 1.8> Another fallacy is to consider that the processor executing 
the largest number of instruction will need a larger CPU time. Considering that 
processor PI is executing a sequence of 10(' instructions and that the CPI of 
processors P I and P2 do not change, determine the number of instructions that P2 
can execute in the same time that PI needs to execute 106 instructions. 

1.14.3 [10 [ < 1.8> A common fallacy is to use MI PS (millions of instructions per 
second) to compare the performance of two different processors, and consider that 
the processor with the largest MIPS has the largest performance. Check if this is 
true for PI and 1'2. 

Another common performance figure is MFLOpS (million of floating-point 
operations per second), defined as 

MFLOpS = No. FP operations/execution time x 10" 

but this figure has the same problems as MIPS. Consider the programs III the 
following table, running on a processor with clock rate = 3 GHz. 

·"1 

1.11 Exercises 

1.14.4 [10 J < 1.8> Find the MFLOpS figures for the programs. 

1.14.5 [IOJ <1.8> Find the MIPS figures for the programs. 

1.14.6 [10] < 1.8> Find the performance for the programs and compare with 
MIPS and MFLOpS. 

Exercise 1.15 
Another pitfall cited in Section 1.8 is expecting to improve the overall performance 
of a computer by improving only one aspect of the computer. This might be true, 
but not always. Consider a computer running programs with CPU times shown in 
the following table. 

• FP instr. INT instr. LIS instr. Branch instr. Total time 

a. 35 s 85 s 50 s 30 s 2005 
~ 

b. 50 s 80 s 50 s 30 s 2105 

1.15.1 [5] <1.8> By how much IS the total time reduced if the time for FP 
operations is reduced by 20%1 

1.15.2 [5 J < 1.8> By how much is the time for INT operations reduced if the total 
time is reduced by 20%1 

1.15.3 [5J < 1.8> Can the total time can be reduced by 20% by reducing only the 
time for branch instructions? 

The following table shows the instruction type breakdown per processor of a given 
application executed in different numbers of processors. 

b. 
L 

8 80 X 106 240 X 106 160 X 106 32 X lOG 

Assume that each processor has a 2 Gl-lz clock rate. 

1.15.4 riO] <1.8> By how much must we improve the CpI of Fp instructions if 
we want the program to run two times faster? 

1.15.5 [10] < 1.8> By how much must we improve the CpI of LIS instructions if 
we want the program to run two times faster? 
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72 Chapter 1 Computer Abstractions and Technology 

1 .15.6 [51 < 1.8> By how much is the execution time of the program improved 
if the CPI of INT and FP instructions is reduced by 40% and the CP I of LIS and 
branch is reduced by 30%? 

Exercise 1.16 

Another pitfall, relating to the execution of programs in multiprocessors systems, 
is expecting improvement in performance by improving only the execution time of 
part of the routines. The following table shows the execution time of five routines 
of a program running on different numbers of processors. 

1.16.1 [101 <1.8> Find the total execution time and by how much it is reduced if 
the time of routines A, C, and E is improved by 15%. 

1 .16.2 [101 < 1.8> By how much is the total time reduced if routine B is improved 
by 10%? 

1.16.3 [101 < 1.8> By how much is the total time reduced if routine D is improved 
by 10%? 

Execution time in a multiprocessor system can be split into computing ti me for 
the routines plus routing time spent sending data from one processor to another. 
Consider the execution time and routing time given in the following table. In this 
case, the routing time is an important component of the total time. 

2 20 78 9 65 4 11 

4 12 44 4 34 2 13 

8 1 23 3 19 3 17 

16 4 13 1 10 2 22 

32 2 5 1 5 1 23 

64 1 3 0.5 1 1 26 

1.11 Exercises 

1.16.4 [ lOj < 1.8> For each doubling of the number of processors, determine the 
ratio of new to old computing time and the ratio of new to old routing time. 

1 .16.5 151 < 1.8> Using the geometric mea ns of the ratios, extrapolate to find the 
computing time and routing time in a 12S-processor system. 

1.16.6 [ lO j < 1.8> Find the computing time and routing time for a system with 
Olle processor. 

§I.l, page 9: Discussion questions: many answers are acceptable. 
§ 1.3, page 25: Disk memory: nonvolati le, long access time (mill iseconds), and cost 
$0.20- $2.00/GB. Semiconductor memory: volatile, short access time (nanoseconds), 
and cost $20-$75/GB. 
§IA, page 31: I. a: both, b: latency, c: neither. 2. 7 seconds. 
§ lA, page 38: b. 

§1.7, page 50: 1,3, and 4 are valid reasons. Answer 5 can be generally true because 
high volume can make the extra investment to reduce die size by, say, 10% a good 
economic decision, but it doesn't have to be true. 
§ 1.8, page 53: a. Computer A has the higher MIPS rating. b. Computer B is faster. 
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Chapter 2 Instructions: Language of the Computer 

Introduction 

To command a computer's hardware) YOll must speak its language. The words 
of a computer's language are called instflletiolls, and its vocabulary is called an 
instruction set. In this chapter, you wi ll see the instruction set of a real comp uter, 
both in the form written by people and in the form read by the computer. We 
introduce instructions in a top-dO\vl1 fashion . Starting fr0111 a notation that looks 
like a restricted programming language, we refine it step-by-step until )'ou see 
the real language of a real computer. Chapter 3 continues Oll r downward descent, 
unveiling the hardware for arithmetic and the representation of floating-poi nt 
numbers. 

You might think that the languages of computers would be as diverse as those 
of people, but in reality computer languages are quite similar, more like regional 
dialects than like independent languages. I-Ience, once )'ou learn one, it is easy to 
pick up others. This similarity occurs because all computers nrc constructed from 
hardware technologies based on simila r underlying principles and because there 
are a few basic operations that all computers must provide. Moreover, computer 
designers have a common goal: to find a language that makes it easy to build the 
hardware and the compiler while maximizi ng performance and minimizing cost 
and power. This goal is time honored; the following quote was written before you 
could buy a computer, and it is as true today as it was in 1947: 

It is easy to see by fOl'lllal-logicnlmethods that there exist eertaill {illst metioll 
sets} that are ill abstrnct adequate to cOlltrol nl1d calise the exeClltioll of nil)' 
sequell ce of opernt;o/lS . ... The renlly decisive collSirlerntiolls frO 111 the present 
poi1lt of l'iell', ill selecting a1l [illstruction set}, are more of a prncticaillature: 
sill/plicit)' of the eqllipll/ellt dell/allded by the {illstflletioll set j, nnd the clarity of 
its applicnlioll to the aefllally ill/portallt problellls together with the speed of its 
halldlillg of tllOse problellls. 

Burks, Goldstine, and von Neumann, 19,17 

The "simplicity o f the equipment" is as valuable a consideration for today's 
computers as it was for those of the I 950s. The goal of this chapter is to teach 
an instruction set that follows this advice, showing both how it is represented 
in hardware and the relationship between high-level progra mming languages 
and this more primitive one. Our examp les are in the C programming language; 
ta Section 2.15 on the CD shows how these would change for an object-oriented 
language like Java. 

2.2 Operations of the Computer Hardware 

By lea rnin g how to represent instructions, you will also discover the secret of 
computing: the stored-program concept. 1vloreover, you will exercise your"foreign 
language" skills by writing programs in the language of the computer and running 
them on the simulator tha t comes with this book. You will also see th e impact of 
programming languages and compiler optimization on performance. We conclude 
with a look at the historical evolution of instruction sets and an overview of other 
compuler dialects. 

The chosen instruction set comes from MIPS Technologies, which is an elegant 
example of the instruction sets designed since the 1980s. Later, we will take a quick 
look qt lwo other popular instruction sets. ARM is quite si milar to MIPS, and more 
than three billion ARM processors were shipped in embedded devices in 2008. The 
other example, the Intel x86, is inside almost all of the 330 million pCs made in 
2008. 

We reveal the MIPS instruction set a piece at a time, giving the rationale along 
with the comp uter structures. This top-down , step-by-step tutorial weaves the 
componen ts with their explanations, making the compu ter's language more palat
able. Figure 2.1 gives a sneak preview of the instruction set covered in this chapter. 

II Op .. ations of the Compute' H.,dwao'e 

Every comp uter must be able to perform arithmetic. The MIPS assembly language 
notation 

adda . b . c 

instructs a computer to add the two variables band c and to put their su m in a. 
This notation is rigid in that each MIPS arithmetic instruction performs only 

one operation and must always have exactly three variables. For example, suppose 
we want to place the sum of four variables b, c , d, and e into variable a . (In this 
section we are being deliberately vague about what a "variable" is; in the next 
section we' ll explain in detaiL ) 

The fo llowing sequence of instructions adds the four variables: 

add a . b . c 
add a. a . d 
add a , a , e 

# Th e s um o f b a nd c is pl ace d i n a . 
# Th e 5 um of b. c . a nd dis nO\, in a . 
1/ Tile s um of b. c . d , a nd e i s nOI' i n a . 

Thus, it takes three instructions to sum the four variables. 
The words to the right of the sharp symbol (II) on each line above are eOlll lllwts 

for the human reader, and the compu ter ignores them. Note that unlike other pro
gramming languages, each line of this ltlnguage can contain at most one instruction. 
Another difference from C is that comments always terminate at the end of a line. 

77 

stored-program 
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many types can be stored 
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Example 

'SO-Is7 , 'to - St9 . 'zero, 
\,0 - \,3 . \vO-\vl . Igp . Ifp. 

Ira . Sat 
Memory[Oj, Memory[4] •. . 
Memory( 4294967292) 

MIPS operands 

Comments 

Fast locations for data . In MIPS. data must be in registers to perform arithmetic. 
register ' ze ra always equals 0 , and register Sa L is re served by the assembler to 
handle large constants. 

Accessed only by data transfer instructions. MIPS uses byte addresses, so 
sequential word addresses differ by 4. Memory holds data structures, arrays, and 

I 

MIPS assembly language 

Instruction Example Meaning Comments 

Not equal test; PC·relative 

Compare 

Compare than cons tant 

FIGURE 2.1 MIPS assembly language revealed in this chapter. This information isa lso found in Colu lll ll I of the MIPS Reference 
D,lIa Ca rd at the front of this hook. 

2.2 Operations of the Computer Hardware 

The "atu ral number of opera nds for an operation like addi tion is three: the 
two numbers being added together and a place to put the sum. Requi ring every 
instruction to have exactly three operands, no more and no less, conforms to the 
philosophy of keeping the hardware simple: hardware for a va riable number of 
operands is more complicated than hardware for a fixed number. This situation 
illustrates the first of four underlying principles of hardware design: 

Desigll Prillciple 1: Simplicity favors regularity. 

We can now show, in the two examples that fo llow, the relationship of programs 
written in higher-level programming languages to programs in this more primitive 
notation. 

Compiling Two C Assignment Statements into MIPS 

This segment of a C program contains the five variables a, b, C, d, and e . Since 
lava evolved fro m C, this example and the next few work for either high-level 
programming language: 

a 
d 

b + c : 
a e ; 

The translation from C to MIPS assembly language instructions is performed 
by the cOlllpiler. Show the MIPS code produced by a compiler. 

A MIPS instruction opera tes on two source operands and places the result 
in one destination operand. Hence, the two simple statements above compil e 
directly into these two MIPS assembly language instructions: 

add a. b . C 

sUbd .a. e 

Compiling a Complex C Assignment into MIPS 

A somewhat complex statement contains the five va riables f, 9, 11, i, and j : 

f = (9 + 11) - ( i + j ); 

What might a C compiler produce? 
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ANSWER 
The compiler must break this statement into several assembly instructions, 
since only one operation is performed per MIPS instruction. The first. MIPS 
instruction calculates the sum of 9 and 11. We must place the result somewhere, 
so the compiler creates a temporary variable, called to: 

add to . g.h # temporary variable to contains 9 + h 

Although the next operation is subtract. we need to calculate the sum of i and 
j before we can subtract. Thus) the second instruction places the sum of i and 
j in another temporary variable created by the compiler, called t 1: 

add tl. i.j II temporary variable t1 contain s i + j 

Finally, the subtract instruction subtracts the second sum from the first and 
places the difference in the variable f, completing the compiled code: 

sub f . tO . tl II f gets to - tl. "Ilich is (g + 11) - (i + j ) 

Check For a given function, which programming language likely takes the most lines of 
Yourself code? Put the three representations below in order. 

l. Java 

2. C 

3. MIPS assembly language 

Elaboration: To increase portability. Java was originally envisioned as relying on a 
software interpreter. The instruction set of this interpreter is called Java bytecodes (see 
~ Section 2.15 on tile CD), whicll is quite different from the MIPS instruction set. To 
get performance close to the equivalent C program, Java systems today typically compile 
Java byte codes into the native instruction sets like MIPS. Because this compilation is 
normally done much later than for C programs, such Java compilers are often called Just 
In Time (JIT) compilers. Section 2.12 shows how JITs are used later than C compilers 
in the start-up process, and Section 2.13 shows the periormance consequences of 
compiling versus interpreting Java programs. 

II Operands of the Computer Hardware 

Unlike programs in high -level languages, the operands of arithmetic instructions 
are restricted; they must be from a limited number of special locations built directly 
in hard\vare called registers. Registers are primitives used in hardware design that 

2.3 Operands of the Computer Hardware 

are also visible to the programmer when the computer is completed) so you can 
think of registers as the bricks of computer construction. The size of a register in 
the MIPS architecture is 32 bits; groups of 32 bits occur so frequently that they are 
given the name word in the MIPS architecture. 

One major difference between the variables of a programming language and 
registers is the limited number of registers, typically 32 on current computers, 
like MIPS. (See ~ Section 2.20 on the CD for the history of the number of reg
isters.) Thus, continuing in our top-down, stepwise evolution of the symbolic 
representation of the MIPS language, in this section we have added the restriction 
that the three operands of MIPS arithmetic instructions must each be chosen from 
one of the 32 32-bit registers. 

The reason for the limit of 32 registers may be found in the second of our four 
underlying design principles of hardware technology: 

Desigll Prillciple 2: Smaller is faster. 

A very large number of registers may increase the clock cycle time simply because 
it takes electronic signals longer when they must travel farther. 

Guidelines such as "smaller is faster" are not absolutes; 31 regis ters may not be 
faster than 32. Yet, the truth behind such observations causes computer designers 
to take them seriously. In this case, the designer must balance the craving of pro
grams for more registers with the designer's desire to keep the clock cycle fast. 
Another reason for not using more than 32 is the number of bits it would take in 
the instruction format, as Section 2.5 demonstrates. 

Chapter 4 shows the central role that registers play in hardware construction; 
as we shall see in this chapter) effective use of registers is critical to program 
performance. 

Although we could simply write instructions using numbers for registers, from 
o to 31, the MIPS convention is to use two-character names following a dollar sign 
to represent a register. Section 2.8 will explain the reasons behind these names. For 
now, we will use $50 , $51 , ... for registers that correspond to variables in C and 
Java programs and $tO, $t 1, ... for temporary registers needed to compile the 
program into MIPS instructions. 

Compiling a C Assignment Using Registers 

It is the compiler's job to associate program variables with registers. Take, for 
instance, the assignment statement from our earlier example: 

f ~ (g + 11) - (i + j); 

The variables f, g, 11, i ,and j are assigned to the registers $ 5 0, $ 5 1, $ 5 2, $ 5 3, 
and $54 , respectively. What is the compiled MIPS code? 
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of access in a computer, 
usually a group of 32 bits; 
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ofa register in the MIPS 
architecture. 

EXAMPLE 



82 

ANSWER 

data transfer instruction 
A command that moves 
data between memory 
and registers. 

address A value used to 
delineate the location of 
a specific data element 
within a memory army. 

Chapter 2 Instructions: Language of the Computer 

The compiled program is very similar to the prior example, except we replace 
the variables with the register names mentioned above plus nya temporary 
registers, $tO and $t 1, which correspond to the temporary variables above: 

add StO ,Ssl,$s2 # register ItO contains g + h 
add $tl,$s3 ,$s4 # register ttl contains i + j 
sub IsO , ltO ,$tl # f gets ItO - Stl, which is (g + h)-Ii + j) 

Memory Operands 
Programming languages have simple variables that contain single data elements, as 
in these examples. but they also have more complex datil structures-arrays and 
structures. These complex data structures can contain many more datil elements 
than there are registers in a computer. How can a computer represent and access 

such large structures? 
Recall the five components of a computer introduced in Chapter 1 and repeated 

on page 75, The processor can keep only a small amount of data in registers, but 
computer memory contains billions of data elements, Hence, data structures 
(arrays and structures) are kept in memory. 

As explained above, arithmetic operations occur only on registers in MIPS 
instructions; thus, MIPS must include instructions that transfer data between 
memory and registers. Such instructions are called data transfer instructions . 
To access a word in memory, the instruction must supply the memory address . 
Memory is just a large, single-dimensional array, with the address acting as the 
index to that array, starting at 0, For example, in Figure 2,2, the address of the third 

data element is 2, and the value ofMemory[2] is 10. 

3 100 

2 10 

101 

o 

Address Data 

Processor Memory 

FIGURE 2.2 Memory addresses and contents of memory at those locations. If the.~e clements 
were words, these addresses would be incorrect, since MIPS actuaJiy uses byte addressing. with eilch word 
representing four b)'tes. Figure 2.3 shows the memory addressing for sequential word 'l(.Idresses. 

2.3 Operands of the Computer Hardware 

T.h~ data transfer instruction that copies data from memory to a register is 
t radItIOnally called lonn, The format of the load instruction is the name of the 
operation followed by the register to be loaded, then a constant and register used 
to access memory. The .sum of the constant portion of the instruction and the con
tents of the second regISter forms the memory address The actual MIl'S C • 

I
. . . . . " nallle lOt 

t liS InstructIOn IS 1 w, standing for loanword. 

Compiling an Assignment When an Operand Is in Memory 

Let's assume that A is an array.of 100 wOJ:ds and that the compiler has asso
CIated the vallables g and 11 WIth the regISters $ s 1 and $ s 2 as before, Let's 
also as,sum~ that the startmg address, or base address, of the array is in $ s 3 
Compile tIllS C assignment statement: ' 

g ~ 11 + A[B]; 

Although the~e .is a single operation in this assignment statement, one of 
the operands. IS 111 memory, so we must first transfer A[B ] to a register. The 
address of thIS array element is the sum of the base of the array A, found in 
regIster $s3, plus the numberto select element 8, The data should be placed 
m. a tempo,rary. reglste~ for.use III the next instruction. Based on Figure 2.2, the 
filSt complied IIlstructlOn IS 

ItO,B(ls3) # Tempo rary reg ItO gets A[B] 

(On the next page we'll make a slight adjustment to this instruction, but we'll 
use thIS sl~1phfied ve~sion for now. ) The following instruction can operate on 
the value m $to (whIch equals A[B]) since it is in a register. The instruction 
must add h (co ntained in Is 2) to A[ B] (HO) and put the sum in the register 
correspondmg to g (associated with $s 1): 

add Isl , ls2 , StO # g ~ h + A[B] 

The constant in a data transfer instruction (8) is called the offset, and the re -
ISter added to form the address ( $ s 3) is called the bnse register, g 
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Hardware/ 
Software 
Interface 

alignment restriction 
A requirement til;Jt data 
be aligned in memory on 
natural boundaries. 

Chapter 2 Instructions: Language of the Computer 

In addition to associating variables with registers, the compiler allocntos data 
structures like arrays and structures to locations in memory. The compiler can then 
place the proper starting address into the data transfer instructions. 

Since 8-bit bytes are useful in mallY programs, most architectures address indi
vidual bytes. Therefore. the address of a word matches the address of one of the 
4 bytes within the word. and addresses of sequential words differ by 4. For example. 
Figure 2.3 shows the actual MIPS addresses for the words in Figure 2.2; the byte 
address of the third word is 8. 

In MIPS. words must start at addresses that are multiples of 4. This require
Illent is called an alignment restriction, and many architectures have it. (Chapter 4 
suggests why alignment leads to faster data transfers.) 

Computers divide into those that use the address of the leftmost or "big end" 
byte as the word address versus those that use the rightmost or "little end" byte. 
MIPS is in the big-elldiall camp. (Appendix B. shows the two options to number 
bytes in a word.) 

Byte addressing also affects the array index. To get the proper byte address in 
the code above. the offset to be added to the base register $ s 3 /llIIst be 4 x 8. or 32. so 
that the load address will select A [B] and not A [B / 4 J. (See the rei a ted pi tfall on 
page 175 of Section 2.18.) 

12 100 

B 10 

4 101 

0 1 

Byte Address Data 

Processor Memory 

RGURE 2.3 Actual MIPS memory addresses and conlents of memory for those words. 
The changed addresses an: highlighted to contrast with Figure 2.2. Since MIPS addresses each byte, word 
adcln:.~~cs are multiples of 4: there arc ,I bytes in a word. 

2.3 Operands of the Computer Hardware 

The instruction complementary to load is traditionally called sIOl·e; it copies 
data from a register to memory. The format of a store is similar to that of a load: 
the name of the operation. followed by the register to be stored. then offset to select 
the array element. and finally the base register. Once again. the MIPS address is 
specified in part by a constant and in part by the contents of a register. The actual 
MIPS name is s". standing for store word. 

Compiling Using Load and Store 

Assume variable 11 is associated with register $ s Z and the base address of the 
array A is in $ s 3. What is the MIPS assembly code for the C assignment state
ment below? 

A[IZ] - h + A[B] ; 

Although there is a single operation in the C statement. now two of the oper
ands are in memory. so we need even more MIPS instructions. The first two 
instructions are the same as the prior example, except this time we use the 
proper offset for byte addressing in the load word instruction to select A[B]. 
and the add instruction places the sum in $t 0: 

hi 
add 

$tO . 3Z( $s3) 
$tO. $sZ , $tO 

# Temporary reg ItO gets A[B] 
# Tempo r ary reg ItO gets h + A[B] 

The final instruction stores the sum into A [ I Z]. using 48 (4 x 12) as the offset 
and register $ S 3 as the base register. 

s" $tO ,4B($s3 ) # Stores h + A[B ] back into A[I Z] 

Load word and store word are the instructions that copy words between 
memory and registers in the MlPS architecture. Other brands of computers use 
other instructions along with load and store to transfer data. An architecture with 
such alternatives is the lntel x86. described in Section 2.17. 
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N[any programs have more variables than computers have registers. Conseql'lcntiy, 
the compiler tries to keep the most frequently used variables in registers and places 
the rest in memory, using loads and stores to move variables between registers and 
memory. The process of putting less commonly used variables (or those needed 
later) into memory is called spilling registers. 

The hardware principle relating size and speed suggests that memory must be 
slower than registers. since there are fewer registers. This is indeed the case; data 
accesses are faster if data is in registers instead of memory. 

Moreover, data is more useful when in a register. A MIPS arithmetic instruc
tion can read two registers. operate on them, and write the result. A M1PS data 
transfer instruction only reads one operand or writes one operand, without oper
ating on it. 

Thus, registers take less time to access nluihave higher throughput than memory, 
making data in registers both faster to access and simpler to use. Accessing registers 
also uses less energy than accessing memory. To achieve highest performance and 
conserve energy, compilers l11ust use registers efficiently. 

Constant or Immediate Operands 

Many times a program will use a constant in an operation-for example, incre
menting an index to point to the next element of an array. In fact, more than half 
of the MIPS arithmetic instructions have a constant as an operand when running 
the SPEC2006 benchmarks. 

Using only the instructions we have seen so far, we would have to load a constant 
from memory to use one. (The constants would have been placed in memory when 
the program was loaded.) For example, to add the constant 4 to register $53 , we 
could use the code 

l w StO . AddrConstant4($sl) # ItO co nsta nt 4 

add Ss 3 . Ss3 . $tO # $53 $53 + $tO ($tO ~~ 4 ) 

assuming that $ 5 1 + Add r Co ns t a nt 4 is the memory address of the constant 4. 
An alternative that avoids the load instruction is to offer versions of the arith

metic instructions in which one operand is a constant. This quick add instruction 
with one constant operand is called ndd ill/llledinte or add i. To add 4 to register 
$ 5 3, we just write 

ad di Ss3 . $s3 . 4 II $53 ~ $53 + 4 

Immediate instructions illustrate the third hardware design principle, first 
mentioned in the Fallacies and Pitfalls of Chapter 1: 

Design Principle 3: Make the common case fast. 

2.4 Signed and Unsigned Numbers 87 

Constant operands occur frequently, and by including constants inside arithmetic 
instructions, operations are much faster and use less energy than if constants were 
loaded from memory. 

The constant zero has another role, which is to simplify the instruction set by 
offering useful variations. For example, the move operation is just an add instruc
tion where one operand is zero. Hence, MIPS dedicates a register $ze 1'0 to be hard
wired to the value zero. (As you might expect, it is register number 0. ) 

Given the importance of registers, what is the rate of increase in the number of Check 
regist~rs in a chip over time? Yourself 

l. Very fast: They increase as fast as Moore's law, which predicts doubling the 
number of transistors on a chip every 18 months. 

2. Very slow: Since programs are usually distributed in the language of the 
computer, there is inertia in instruction set architecture, and so the number 
of registers increases only as fast as new instruction sets become viable. 

Elaboration: Al though the MIPS registers in this bool< are 32 bits wide, there is a 
64-bit version of the MIPS instruction set with 32 54-bit registers. To I<eep them straight, 
they are officially called MIPS-32 and MIPS-54. In this cllapter, we use a subset of 
MIPS-32. ~ Appendix E shows the differences between MIPS-32 and MIPS-54. 

The MIPS offset plus base register addressing is an excellent match to structures 
as well as arrays, since the register can point to the beginning of the structure and the 
offset can select the desired element. We'll see SUCll an example in Section 2.13. 

The register in the data transfer instructions was originally invented to hold an index 
of an array with the offset used for the starting address of an array. Thus, the base 
register is also called the index register. Today's memories are much larger and the 
software model of data allocation is more sophisticated, so the base address of the 
array is normally passed in a register since it won't fit in the offset, as we shall see. 

Since MIPS supports negative constants , there is no need for subtract immediate in 
MIPS. 

II SIgned and Un,'gned Numb ... 

First, let's quickly review how a computer represents numbers. Humans are taught 
to think in base 10, but numbers may be represented in any base. For example, 123 
base 10 = 1111011 base 2. 

Numbers are kept in computer hardware as a series of high and low electronic 
signals, and so they are considered base 2 numbers. (just as base 10 numbers are 
called decilllal numbers, base 2 numbers are called billm')' numbers. ) 

A single digit of a binary number is thus the "atom" of computing, since all 
information is composed of binary digits or bits. This fundamental building block 

binary digi t Also 
called binary bit. One 
of the two numbers 
in base 2, 0 or 1, that 
are the components of 
information. 
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least significant bit 
The rightmost bil in a 
MIPS word. 

most significant bit 
The leftmost bit in a 
MIPS word. 
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can be one of two values, which can be thought of as several alternatives: high or 
low, on or off, true or false, or I or O. 

Generalizing the point, in any number base, the value of ith digit dis 

d x Base i 

where i starts at 0 and increases from right to left. This leads to an obvious 
way to number the bits in the word: simply use the power of the base for that 
bit. We subscript decimal numbers with ten and binary numbers with tll'O. For 
example, 

1011 two 

represents 

(! x 23) + (0 x 22 ) + (1 x 21 ) + (1 x 20 ) teo 
( 1 x 8) + ( 0 x 4 ) + (1 x 2) + (1 x l ) ten 

8 + 0 + 2 + 1 t e n 

l l len 

We number the bits 0, 1,2,3, . .. from right to left in a word. The drawing below 
shows the numbering of bits within a MIPS word and the placement of the number 

IOlltwo: 

ft~maVHH~D~nWUUUUlliUU~llWgB76 5 '.2 1 0 

10 0 0 010 0 0 010 0 0 010 0 0 010 a 0 010 a 0 010 a a all a 1 11 
(3 2 bits wide) 

Since words are drawn vertically as well as horizontally, leftmost and rightmost 
may be unclear. Hence, the phrase least significant bit is used to refer to the right
most bit (bit 0 above) and most significant bit to the leftmost bit (bit 3 1). 

The MIPS word is 32 bits long, so we can represent 2" different 32-bit patterns. 
It is natural to let these combinations represent the numbers from 0 to 232 - I 
( 4,294,967,295'<0): 

0000 0000 0000 0000 0000 0000 0000 OOOO ,wo Dum 
0000 0000 0000 0000 0000 0000 0000 0001,wo 1 ten 

0000 00 00 0000 00 00 0000 0000 0000 0010 ,wo 2l en 

1111 1111 1111 1111 1111 1111 1111 llOl t,,, 4 , 29 4 . 96 7. 293 le" 
1111 1111 1111 111 1 1111 1111 1111 1110 l,,0 4. 294. 967 . 294 " 0 
1111 1111 1111 1111 1111 1111 1111 1111 l,,, 4. 294. 967 . 295,e" 

That is, 32 -bit binary numbers can be represented in terms of the bit value times a 
power of 2 (here xi means the ith bit of x): 

2.4 Signed and Unsigned Numbers 

(x3 1 X 231) + (,\'.30 X 230) + (x29 X 229) + .. . + (xl X 21) + (xO X 2°) 

Keep in mind that the binary bit patterns above are simply representatives of 
numbers. Numbers really have an infinite number of digits, with almost all being 
o except for a few of the rightmost digits. We just don't normally show leading Os. 

Hardware can be designed to add, subtract, multiply, and divide these binary 
bit patterns. If the number that is the proper result of such operations cannot be 
represented by these rightmost hardware bits, overflolV is said to have occurred. 
It's up to the programming language, the operating system, and the program to 
determine what to do if overflow occurs. 

Computer programs calculate both positive and negative numbers, so we need a 
representation that distinguishes the positive from the negative. The most obvious 
solution is to add a separate sign, which conveniently can be represented in a single 
bit; the name for th is rep resentation is Sigfl (llld /1l(lgnitllde. 

Alas, sign and magnitude representation has several shortcom ings. First, it's 
not obvious where to put the sign bit. To the right? To the left? Early computers 
tried both. Second, adders for sign and magnitude may need an extra step to set 
the sign because we can' t know in advance what the proper sign will be. Finally, a 
separate sign bit means that sign and magnitude has both a positive and a negative 
zero, which ca n lead to problems for inattentive programmers. As a result of these 
shortcomings, sign and magnitude representation was soon abandoned. 

In the search for a more attractive alternative, the question arose as to what 
would be the result for unsigned numbers if we t ried to subtract a large number 
from a sma ll one. The answer is that it would try to borrow from a str ing of lead ing 
Os, so the resul t would have a string of leading Is. 

Given that there was no obvious better alternative, the final solution was to pick 
the representation that made the hardware simple: leadi ng Os mean positive, and 
leading Is mean negative. This convention for representing signed binary numbers 
is called two's complemellt representation: 

000000000000 0000 000000000000 0000"" - Oteo 
00000000 00000000000000000000 0001 ,wo l ,eo 
0000 00000000 0000000000000000 0010 two 2'.0 

0111 111 1 1111 111 1 1111111 11 11111 01 lWO 
01 11 1111 111 1 111 1111111 111 111 111 0lwo 
01111 11 111 11 111111 11 1111111 1 1111 lwo 
100000000 000 000 0 0000 00 00 000 0 OOOOtHO 
10000 00 00000 0000 0000 0000 0000 0001lwo 
1000 0000 0000 0000 0000 0000 0000 0010 l,,, 

111 1 1111 111 1 11111 111 111111111101 lwo 
11111 11 1 111 1 111 1 11 111 1111111111 0two -
111111 111 1111 11 1 1111 111 11 111 11 11 ,wo 

2 , 147 , 483 , 645'00 
2 .1 47 . 483 . 646l•o 
2 . 14 7 , 483 , 647 te " 
- 2 , 147,4 83 , 648 loo 
-2 ,147,483 , 647 l•o 
- 2 .147.483 . 646 leo 

- 3t en 
- 2len 

- 1 t e n 
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The positive half of the numbers, from 0 to 2,147,483,64710" (2" - I ), use the 
same representation as before. The following bit pattern ( 1000 ... OOOO,ob) rep
resents the most negative number -2,147,483,648"" (_2

31
). It is followed by a 

declining set of negative numbers: -2 ,147,483,647"" (1000 ... 0001'00) down to 

-1"n(1111 ... 1111,on)· . , 
Two's complement does have onc negative number, -2, 147 ,4S.,),648tcn > tha~ has 

no corresponding positive number. Such imbalance was also a \vorry to the inat
tentive programmer, but sign and magnitude had problems for both the program,
mer f1l1d the hardware designer. Consequently, every computer today uses two 5 

complement binary rep resentations for signed numbers. . 
Two's complement representation has the advantage that all negative numbcl:s 

have a I in the most significant bit. Consequently, hardware needs to test only thIs 
bit to see if a number is positive or negative (with the number 0 considered posi
tive). This bit is often called the sign bit. By recognizing the role of the sign bit, we 
can represent positive and negative 32-bit numbers in terms of the bIt value tlInes 

a power of 2: 

(x3 1 x _231 ) + (.00 X 231l ) + (x29 x 2") + ... + (xl X 2') + (xO X 2") 

The sign bit is multiplied by _2 31 , and the res t of the bits are then multiplied by 

positive versions of their respective base values. 

Binary to Decimal Conversion 

What is the decimal value of this 32-bit two's complement number? 

1111 1111 1111 1111 1111 1111 1111 1100" " 

Substituting the number's bit values into the formula above: 

(I x _2 31 ) + (1 X 231') + (l x 2") + ... + (1 X 2') + (0 X 2') + (0 X 2") 
;::: _231 + 230 + 22Y + ... + 22 + 0 + 0 

;::: -2, 147,483,6481<,1\ + 2,147,483,644Icn 

= -41<'11 

,,\fe'll see a shortcut to simplify conversion from negative to positive soon. 

Just as an operation on unsigned numbers can overflmv the capacity of hard
ware to represent the result, so can an operation on two's complement numbers. 
Overflow occurs when the leftmost retained bit of the binary bit pattern is not the 
same as the infinite number of digits to the left (the sign bit is incorrect): a 0 on 
the left of the bit pattern when the number is negative or a 1 when the number is 

positive. 

2.4 Signed and Unsigned Numbers 

Unlike the numbers discussed above, memory addresses naturally start at 0 and C011-

tinue to the largest address. Put another way, negative addresses make no sense. Thus, 
programs want to deal sometimes with numbers that can be positive or negative and 
sometimes with numbers that can be only positive. Some programming languages 
reflect this distinction. C, for example, names the former illtegers (declared as i nt in 
the program) and the latter 1I1lSigllCrl illtegers (uns i gned i nt). Some C style guides 
even recommend declaring the former as 5 i gned i nt to keep the distinction clear. 

Let's examine two useful shortcuts when working with two's complement 
numbers. The first shortcut is a quick way to negate a two's complement binary 
number. Simpl), invert every a to I and every I to 0, then add one to the result. This 
shortcut is based on the observation that the sum of a number and its inverted 
representation must be 111 ... 111,\\10' which represents -1. Since x + x = -1, 
therefore x + x + I = a or x + I = -x. 

Negation Shortcut 

Negate 2tcll ' and then check the result by negating -2 tCl1' 

2"" = 0000 0000 0000 0000 0000 0000 0000 00 I a,,,",, 

Negating this number by inverting the bits and adding one, 

+ 
1111111 1 111111111111111111111101 t ,·,0 

1 tl"/O 

11111111111111111111111111111110 two 
- 2 t en 

, 

Hardware/ 
Software 
Interface 

EXAMPLE 
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Going the other direction, 

11111111111111111111111111111110"" 

is first inverted and then incremented: 

+ 
00000000000000000000000000000001,,," 

1 two 

00000000000000000000000000000010',,0 

2ten 

Our next shortcut tells llS hmv to convert a binary number represented in II bits 
to a number represented with more than II bits. For example, the immediate field 
in the load, store, branch, add, and set on less than instructions contains a two's 
complement 16-bit number, representing -32,768"" (_2 15

) to 31,767"" (2" - I). 
To add the immediate field to a 32-bit register, the computer must convert that 
16-bit number to its 31-bit equivalent. The shortcut is to take the most significant 
bit from the smaller quantity-the sign bit-and replicate it to fill the new bits of 
the larger quantity. The old bits are simply copied into the right portion of the new 
word. This shortcut is commonly called sigll extellsioll. 

Sign Extension Shortcut 

Convert 16-bit binary versions of 211!1I and -2t~n to 32-bit binary numbers. 

The 16-bit binary version of the number 2 is 

0000 0000 00 00 00 10 t "0 ~ 2'00 

It is converted to a 32-bit number by making 16 copies of the value in the most 
significant bit (0) and placing that in the left-hand half of the word. The right 

half gets the old value: 

00000000000000000000000000000010 t ,,0 

2.4 Signed and Unsigned Numbers 

Let's negate the 16-bit version of 2 using the earlier shortcut. Thus, 

0000 0000 0000 00 10 t ,,0 

becomes 

11111111 1111 1101 t ,,0 
+ I two 

111111111111111 0 two 

. Creating a 32-bit version of the negative number means copying the sign bit 
16 times and placing it on the left: 

1111111111111111111111111111111O tw o ~ -2 te" 

This trick works because positive two's complement numbers really have an 
infinite number of Os on the left and negative two's complement numbers have an 
infinite number of ls. The binary bit pattern representing a number hides leading 
bIts to fit the WIdth of the hardware; sign extension simply restores some of them. 

Summary 

The main point of this section is that we need to represent both positive and neg
ative integers within a computer word, and although there are pros and cons to any 
optIOn, the overwhelming choice since 1965 has been two's complement. 

What is the decimal value of this 64-bit two's complement number? Check 

111l1l 1l1 1l1 1l1l1 11l 1l 111l1l1l1 11 1l1 111l1l1l1l 1l 1l1l1 1l11l 111000"" Yourself 

1) -4 te " 

2) - 8 teo 

4) 18.4 46 .744. 073 .709.551,609'00 

Elaboration: Two's complement gets its name from tile rule til at tile unsigned sum 
of an n-bit number and its negative is 2n; hence, tile complement or negation of a two's 
complement number x is 2n - x. 
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one's complement 
A notation that represents 
the most negative value 

by 10 ••• OOO\WO and the 
most positive value by 
01 ... ll \wo' leaving 
an equal number of 
negatives and positives 
but ending up with 
two zeros, one positive 

(00 ... OO\W(» and one 
negative (II .. . II two)' 

The term is also used to 
mean the invers io n of 
eve r}' bit in a pattern: 0 to 
1 and 1 to O. 

biased nota tion 
A notation that reprcst:nts 
the most negative value 
by 00 ... OOO\WO and 
the most positive va lue 

by 1 ) ... Illwo' with 0 
typically having the value 
10 ... OOllm' thereby 
biasing the number such 
that the number plus the 
bias has a nonnegative 
representation. 

Chapter 2 Instructions: Language of the Computer 

A third alternative representation to two's complement and sign and magnitude is 
called one's complement. The negative of a one's complement is found by inverting eaell 
bit, from 0 to 1 and from 1 to 0, Wllich helps explain its name since the complement of 
x is 2n _ x-i. It was also an attempt to be a better solution than sign and magnitude , 
and several early scientific computers did use the notation. This representation is 
similar to two's complement except that it also has two Os: 00 ... OOtwo is positive 
o and 11 .. . litwo is negative O. The most negative number, 10 ... OOOtwo, represents 
-2,147 ,483,647 Ien • and so the positives and negatives are balanced. One's complement 
adders did need an extra step to subtract a number, and hence two's complement 

dominates today. 
A final notation, which we will 1001< at when we discuss floating point in Cilapter 3, 

is to represent the most negative value by 00 .. . OOOtwo and the most positive value 
by 11 ... 11

twO
' with 0 typically having the value 10 ... OOtwo. This is ca lled a biased 

notation , since it biases the number such that the number plus the bias has a nonneg

ative representation. 

Elaboration: For signed decimal numbers, we used "- " to represent negative because 
there are no limits to the size of a decimal number. Given a fixed word size, binary and 
hexadecimal (see Figure 2.4) bit strings can encode the sign; Ilence we do not normally 
use ~+" or "-" with binary or hexadecimal notation. 

II Re"...,senling '_uct;.n. 'n the CompU'" 

We are now ready to explain the difference between the way humans instruct 
computers and the way computers see instructions. 

Instructions are kept in the computer as a series of high and low electron ic 
signals and may be represented as numbers. In fact, each piece of an instruction 
can be considered as an individual number, and placing these numbers side by side 

forms the instruction. 
Since registers are referred to by almost all instructions, there must be a C011-

vention to map register names into numbers. In MIPS assembly language, registers 
$ 5 0 to $ 5 7 map onto registers 16 to 23, and registers $tO to H 7 map onto registers 
8 to 15. Hence, $50 means register 16, $51 means register 17, $52 means register 
18, ... , $tO means register 8, $t1 means register 9, and so on. We'll describe the 
convention for the rest of the 32 registers in the following sections. 

2.5 Representing Instructions in the Computer 

Translating a MIPS Assembly Instruction into a Machine Instruction 

Let:s do the next step in the refinement of the MIPS language as an example. 
We II show the real MIPS language version of the instruction represented 
symbolically as 

add $tO , $51, $52 

first as a combination of deci mal numbers and then of binary numbers. 

The decimal representation is 

o 17 18 8 a 32 

Each of these segments of an instruction is called a field. The first and last fields 
(contalllll1g.0 and 32 in this case) in combination lell the MIPS computer that 
thIS II1structlon performs addition. The second field gives the number of the reg
Ist~r that IS the first source operand of the addition operation ( 17 = $ 5 1), and the 
tlmd field gives the other source operand for the addition (18 = $ 52). The fourth 
field contains the number of the register that is to receive the sum (8 = HO). The 
fifth field is unused in this instruction, so it is sel to O. Thus, this instruction adds 
register $ 5 1 to register $ 5 2 and places the sum in register $ t O. 

This instruction can also be represented as fields of binary nu mbers as 
opposed to deci mal: 

000000 10001 10010 01000 00000 100000 

G bits 5 bits 5 bits 5 bits 5 bits 6 bits 

This layout of the instruction is called the instruction format . As you can see 
from countll1g the number of bits, this MIPS instruction takes exactly 32 bits-the 
same size as a da la word. In keeping with our des ign principle that simplicity favors 
regularity, all MIPS instructions are 32 bits long. 

To distinguish it from assembly language, we call the numeric version of instruc
tions machine language and a sequence of stich instructions IIlnchille corle. 

It would appear that you would now be reading and writing long, ted ious str ings 
of bmary numbers. We avoid that tedium by using a higher base than binary that 
converts. eaSily mto bll1ary. SlI1ce almost all computer data sizes are multiples of 4, 
hexadeCimal (base 16) numbers are popular. Since base 16 is a power of2, we can 
trIVIally convertby replacing each group of fo ur binary d igits by a single hexadeci
mal dIgit, and vICe versa. Figure 2.4 converts between hexadecimal and binary. 
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instruct ion format 
A form of represen tation 
of nn inst ruction 
composed of fields of 
binary numbers. 

mach ine language 
Binary representation 
used for communica tion 
within a computer system. 

hexadecimal 
Numbers in base 16. 
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Hexadecimal Hexadecimal Hexadecimal Hexadecimal 

FIGURE 2.4 The hexadecimal·binary conversion table. Just replace one hcxaclccim<ll digit by the corresponding four binary 
digits, and vice versa. If the length of the binary nllmber is not a multiple of 4, go from right \I) left. 

EXAMPLE 

ANSWER 

Because we frequently deal with different number bases, to avoid confusion \~e 
will subscript decimal numbers with tell, binary numbers \~ith 111'0, and hexadeCi 
mal numbers with hex. (If there is no subscript, the default IS base 10.) By the way, 
e and Java use the notation OXIlJlllll for hexadecimal numbers. 

Binary to Hexadecimal and Back 

Convert the following hexadecimal and binary numbers into the other base: 

eca8 6420"" 

000 1 0011 0101 0111 1001 1011 1101 1111 t,·" 
Using Figure 2.4, the answer is just a table lookup olle way: 

41~ 
1110 1100 10 10 1000 0110 0100 0010 OOOOt,·w 

And then the other direction: 

MIPS Fields 

MIPS fields are given names to make them easier to discuss: 

ap rs rt rd shilmt 

G bits 5 bits 5 bits 5 bits 5 bits 

fun ct 

6 bits 

2.5 Representing Instructions in the Computer 

Here is the meClning of each name of the fields in MIPS instructions: 

• ope Basic operation of the instruction, traditionally called the opcode. 

• rs: The first register source operand. 

• rt: The second register source operand. 

• I'd: The register destination operand. [t gets the result of the operation. 

• sha1/lt: Shift amount. (Section 2.6 explains shift instructions and this term; it 
will not be llsed until then, and hence the field contains zero in this section. ) 

• fllllet: Function. This field, often called the fllllClioll code, selects the specific 
variant of the operation in the op field. 

A problem occurs when an instruction needs longer fields than those shown 
above. For example, the load word instruct ion must specify two registers and a 
constant. [f the address were to use one of the 5-bit fields in the format above, 
the constant within the load word instruction would be limited to on ly 25 or 32. 
This constant is used to select elements from arrays or data structures, and it often 
needs to be much larger than 32. This 5-bit field is too small to be useful. 

Hence, we have a conflict bel\veen the desire to keep all instructions the same 
length and the desire to have a single instruction format. This leads us to the final 
hardware design principle: 

Desigll Prillciple 4: Good design demands good compromises. 

The compromise chosen by the M[PS designers is to keep all instructions the 
same length, thereby requiring different kinds of instruction formats for different 
kinds of instructions. For example, the format above is called R-type (for register) 
or R-forlllnt. A second type of instruction format is called I-type (for immediate) 
or I-fOr/lint and is used by the immediate and data transfer instructions. The fields 
of [-format are 

op ,. 5 rt cons tilnL or ilddre s s 

6 bits 5 bits 5 bits 16 bits 

The 16-bit address means a load word instruction can load any word within a 
region of ±2 lS or 32,768 bytes (±2 13 or 8192 words) of the address in the base 
register rs. Similarly. add immediate is limited to constants no larger than ±2 15

. 'ATe 
see that more than 32 registers would be difficult in this format, as the rs and rt 
fields would each need another bit, making it harder to fit everything in one word. 

Let's look at the load word instruction Ii'om page 83: 

$t0 . 32($s3) # Temporary reg StO gets A[8] 
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apcode The field that 
denotes the operation and 
format of an instruction. 



98 

EXAMPLE 

Chapter 2 Instructions: Language of the Computer 

Here, 19 (for $s3) is placed in the rs field, 8 (for HO) is placed in the rt field, and 
32 is placed in the address field. Note that the meaning of the rt field has changed 
for this instruction: in a load word instruction, the rt field specIfies the destlllntlOll 
register, which receives the result of the load. 

Although multiple formats complicate the hardware, we can reduce the complex
ity by keeping the formats similar. For example, the first three fields of the R-type and 
I-type formats are the same size and have the same names; the length of the fourth 
field in I-type is equal to the sum of the lengths of the last three fields ofR-type. 

In case YOll were wondering, the formats are distinguished by the values 1I1 the 
first field: each format is assigned a distinct set of values in the first field (op) so 
that the hardware knows whether to treat the last half of the instruction as three 
fields (R-type) or as a single field (I-type). Figure 2.5 shows the numbers used in 
each field for the MIPS instructions covered here. 

Instruction 

FIGURE 2.5 MIPS instruction encoding. In the table above, "reg" means a register number between 
o and 31, "address" means a 16-bit address, and "n.a." (not applicable) means this field does not appear in this 
format. Note that add lind s ub instructions have the same va lue in the 01' field; the hardware uses the runet 
field to decide the variant of the operation: add (32) or subtract (34). 

Translating MIPS Assembly Language into Machine Language 

We can now take an example all the way from what the programmer writes to 
what the computer executes. If HI has the base of the array A and $ 5 2 corre
sponds to 11, the assignment statement 

A[300] - h + A[300] : 

is compiled into 

lw 
add 
5\'1 

$tO, 1200(ltl)# Temporary reg itO gets A[300] 
$tO,$s2,$tO # Temporary reg $tO gets h + A[ 300] 
$tO.1200($tl) # Stores h + A[300] back into A[300] 

What is the MIPS machine language code for these three instructions? 

2.5 Representing Instructions in the Computer 

For convenience, let's first represent the machine language instructions using 
decimal numbers. From Figure 2.5, we can determine the three machine lan
guage instructions: 

The 1 w instruction is identified by 35 (see Figure 2.5) in the first field (op). 
The base register 9 ($ t I) is specified in the second field (rs), and the destination 
register 8 (HO) is specified in the third field (rt). The offset to select A[300 ] 
(1200 = 300 x 4) is found in the final field (address). 

The add instruction that follows is specified with 0 in the first field (op) and 
32 in the last field (funct). The three register operands (18,8, and 8) are found 
in the second, third, and fourth fields and correspond to $52, HO, and $10 . 

The sw instruction is identified with 43 in the first field. The rest of this final 
instruction is identical to the 1 w instruction. 

Since 1200,,,, = 00000100 1011 0000',,0' the binary equivalent to the decimal 
form is: 

100011 01001 I 01000 0000 0100 1011 0000 

000000 10010 I 01000 01000 I 00000 I 100000 

101011 01001 -I 01000 0000 0100 1011 0000 

Note the similarity of the binary representations of the first and last instruc
tions. The only difference is in the third bit from the left, which is highlighted here. 

Figure 2.6 summarizes the portions of MIPS machine language described in this 
section. As we shall see in Chapter 4, the similarity of the binary representations 
of related instructions simplifies hardware design. These similarities are another 
example of regularity in the MIPS architecture. 
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MIPS machine language 

Example Comments 

FIGURE 2.6 MIPS a rchi t ecture re vealed t hrough Secti on 2.5 . The two M IPS instruction formals so far arc It and I. The {irst 
Hi bits arc the same: both con tain an 01' field, giving the base operation; all rs field, giving one or the so urces; and th e rl ficld, which specifics 
the o ther source operand, except for lnad word, where it specifics the dcstin:llion registe r. R-formnt d ivides the lasl 16 bils in to an rli field, 
spec ifying Ih i.' destination register; the 51/(/1111 field, which Section 2.6 explains; and the fimcl fi eld, which specifics the speci fi c opera tion o f 
R-forma\ inslruoiollS. I-forlllil t combines the lasl 16 bi ts inlo a single m/rfrm field. 

The BIG 
Picture 

Today's compUlers arc buill on two key principles: 

I. Instructio ns arc represented as numbers. 

2. Programs arc stored in memory to be read or written,justlikc numbers. 

-rhese principles lead to the srored-progmm concepl; ils invention lei Ihe 
compuling genie oul of ils bOllle. Figure 2.7 shows the power of Ihe concepl; 
specifically, memory can contain the source code for an editor program, U1C 

corresponding compiled machinc code, Ihe lexllhal the compiled program is 
using, and even the compiler thaL generated the machine code. 

One consequence of instructions as numbers is Lhal programs are often 
shipped as files of binary numbers. The commercial implicalion is Lh ut 
compulers can inherit ready-made software provided Ihey are compatible 
wilh an existing insLruction scI. Such "binary computibili ty" often leads 
industry 10 align around a small number of insLruction SCI archilectures. 

2.5 Representing Instructions in the Computer 

Memory 

:-;c~~~n~j~g-~r~g-r;;l 
: (machine code) I __ ___ ___ _ ____ J 

-----------~ 

1 Editor program II 

l (machine code) __ __ ____ _ __ _ ._J 

!-- --C~o~-;,;;;-----. 
Processor , (machine code) l ______ ___ _ . __ J 

J----- --- ---( 
: Payroll data l 
~ _ ____ _______ J 

I--~:o~~:x~ --I 
~ ______ __ ___ _ J 
J--------------. 
) Source code in C : 

l _f~r_e~~r:r ~~~~a~_J 

FIGURE 2.7 The stored-program concept. Stored programs .. lIow a computer that perfo rms 
account ing 10 become. in the blin k o f an eyl', a computer that hel ps an aUlhor wri te ;1 book. Thl' switch hap
pens simply by loading memory wi th programs alltl dOli;! and th en telling the computer to beg in cxcl:uting OIl 

a given lucation in memory. Trea ting in struct ions in the sam e way as data grea tl y simplifies botb the mcmor)' 
hardware and the software of computer systems. Specifica ll y, the memory technology needed for data com 
also be used for programs, and progra ms like comp ilers. for insta nce. ca n translate ((Ide \o,< ri tlt,'n in a nota tion 
far more cOllvenielll fo r huma ns into code that the com pu ter can understand. 

What M IPS instruction does this represent? Chose from one of the fo ur options 
below. 

I. add $50 , $51, $52 

2. add $52, $50, $51 

3. add $5 2 , $5 1, $50 

4. 5ub $52, $50 , $5 1 

Check 
Yourself 
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"COllt rarill'ise," 
cOlllillllcriTiveerilenee, 
"if it was so, it mig/II 
be; (II1ri if it were 50, 

it lVollld be; bllt as it 
iSI1't, it nill'l. That's 
logic." 

Lewis Carroll , Alice's 
Advelltures ill 
\>Volldcrlalld, 1865 

Chapter 2 Instructions: Language of the Computer 

II Log;.,. Opent;ons 

Although the first computers operated on full words, it soon became clear that it 
was useful to operate on fields of bits within a word or even on individual bits. 
Exa mining characters within a word, each of which is stored as 8 bits, is one 
example of such an operation (see Section 2.9).lt follows that operations were added 
to programming languages and instruction set architectures to simplify, among 
other things, the packing and unpacking of bits into words. These instructions 
are called logical operations. Figure 2.8 shows logical operations in C, java, and 
MIPS. 

Logical operations C operators Java operators MIPS instructions 

Shift left « « I 511 
Shift right » ») I srl 

Bit·by-bit AND & & I and, andi 

Bil·by·bit OR I I I or. or i 
Bit·by·bil NOT - - I nor 

FIGURE 2.B C and Java logical operators and their corresponding MIPS Instructions. MIPS 
implements NOT using a NOR with one operand being zero. 

The first class of such operations is called shifts. They move all the bits in a word 
to the left or right, filling the emptied bits with as. For example, if register $ 5 a 
contained 

000 0 0000 000 0 0000 0000 0000 0000 100 1 lwo ~ gten 

and the instruction to shift left by 4 was executed, the new value would be: 

0000 0000 0000 0000 0000 0000 1001 OOOOlWO~ 144 ten 

The dual of a shift left is a shift right. The actual name of the two MIPS shift 
instructions arc called shift left logical (5 11) and shift right logical (5 r 1 ). The following 

2.6 Logical Operations 

instruction performs the operation above, assuming that the original value was in 
register $50 and the result should go in register H2: 

5 11 H2 . $5 0. 4 U reg $t2 ~ reg $50 « 4 bits 

We delayed explaining the shallltfieid in the R-format. Used in shift instructions, 
it stands for shift nt/lOlIlI!. Hence, the machine language version of the instruction 
above is 

00 " ,I ,d shamt funct 

o o 16 10 4 o 

The encoding of s 11 is a in both the op and funct fields, rd contains 10 ( register 
H 2 ), rt con tains 16 ( reg ister $ 5 a ) , and shamt contains 4. The rs field is unused 
and thus is set to o. 

Shift left logical provides a bonus benefit. Shifting left by i bits gives the 
same result as mUltiplying by 2" just as shifting a decimal number by i digits is 
equivalent to multipl)' ing by 10'. For example, the above s 11 sh ifts by 4, which 
gives the sa me result as multiplying by 2" or 16. The first bit pattern above 
represents 9, and 9 x 16= 144, the value of the seco nd bit pattern. 

Another useful operation that isolates fields is AND. (We capitalize the word 
to avoid confusion between the operation and the English conjunction.) AND is a 
bit-by-bit operation that leaves a I in the result on ly if both bits of the operands are 
I. For example, if register $ t2 contains 

00 00 0000 000 0 0000 00 00 110111 00 0000"" 

and register $ t 1 contains 

0000 0000 0000 0000 00111100 0000 OOOOl',O 

then, after executing the MIPS instruction 

and $tO . HI. $t2 II reg $tO reg $tl & reg $t2 

the value of register $tO would be 

0000 0000 0000 0000 0000 1100 0000 0000"'0 
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AND A logical bil-b)'
bit operation with two 
operands that calculates 
a I only ir lhere is II [ in 
both operands. 
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OR A logical bil-by-
bit operation with two 
operands that calculates 
a 1 if there is a I in cit/,eI" 
operand. 

NOT A logical bit-by-
bit opera tion with one 
operand that inverts the 
bits; that is, it replaces 
every I with a 0, and every 
a with a 1. 

NOR A logical bil-by
bit operation with two 
oper<lnds that calculates 
the NOT of the OR of the 
two operands. That is, it 
cillculatcs a 1 only if there 
is a 0 ill holf, operands. 
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As YO ll can see, AND can apply a bit pattern to a set of bits to force Os where there 
is a 0 in the bit pattern. SlIch a bit pattern in conjunction with AND is traditionally 
called a mask, since the mask "conceals" some bits. 

To place a value into one of these seas of Os, there is the dual to AND, called OR. 
It is a bit-by-bit operation that places a I in the result if eitileroperand bit is a J. To 
elaborate, if the registers $ t I and $ t2 are unchanged from the preceding example, 
theresult of the MIPS instruction 

or $tO . $t l, $t2 # reg itO reg $tl I r eg $t2 

is this value in register HO: 

00000000 0000000000 11 1101 1100 OOOO two 

The final logical operation is a contrarian. NOT takes one operand and 
places a I in the result if one operand bit is a 0, and vice versa. In keeping with the 
three-operand format, the designers of MIPS decided to include the instruction 
NOR (NOT OR) instead of NOT. If one operand is zero, then it is equivalent to 
NOT: A NOR 0 = NOT (A OR 0) = NOT (A). 

If the register $ t I is unchanged from the preceding example and register $ t3 
has the value 0, the result of the MIPS instruction 

nor $tO , $t l, St3 # reg itO - - (reg It I I reg It3) 

is this value in register HO: 

1III III I III I III III 0000 l l llll l lli two 

Figure 2.8 above shows the relationship between the C and Java operators and 
the MIPS instructions. Constants are useful in AND and OR logical operations 
as well as in arithmetic operations, so MIPS also provides the instructions nlld 
illlllledinte (andi) and or illlllledinle (ori). Constants are rare for NOR, since its 
main lise is to invert the bits of a single operand; thus, the MIPS instruction set 
architecture has no immediate version. 

Elaboration: The full MIPS instruction set also includes exclusive or (XOR), Wllich 
sets tile bit to 1 when two corresponding bits differ, and to 0 when they are the same. 
C allows bit fields or fields to be defined within words, both allowing objects to be 
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packed within a word and to match an externally enforced interface such as an I/O 
device. All fields must fit within a single word. Fields are unsigned integers that can be 
as silort as 1 bit. C compilers insert and extract fields using logical instructions in MIPS: 
and,or, s ll, and sr1. 

Which operations can isolate a field in a word? Check 

I. AND Yourself 

2. A shift left followed by a shift right 

lI ,nsl,.ct.ons fo, MalOng Decls'ons 

What distinguishes a computer from a simple calculator is its ability to make deci
sions. Based on the input data and the values created during computation. different 
instructions execute. Decision making is commonly represented in programming 
languages using the if statement, sometimes comb ined with go 10 statements and 
labels. MIPS assembly language includes two decision-making instructions, simi
lar to an ifstatemcnt with a go to. The first instruction is 

beq regi ste r' l, r'egi ster2 , Ll 

This instruction means go to the statement labeled Ll if the value in regi sterl 
equals the value in regi ste r 2. The mnemonic beq stands for bmllcil ifeqllnl. The 
second instruction is 

bne registerl, regi ster2 , Ll 

It means go to the statement labeled Ll if the value in regi sterl does 1101 equal 
the vallie III regl S ter2. The mnemonic bne stands for bmllcil ifllol eqllnl. These 
two instructions arc traditionally called conditional branches . 

The III ilil)' of nil 

automatic computer 
lies ill Iile possibility of 
lIsi1lg n give1l seq lle1lce of 
illstnicli011S repeatetfl)~ 
the 11I111/uer aftillIes it is 
ilemled beillg depelldew 
IIpolllhe resllils of Ihe 
complltnrio1/. ... This 
choice call be made 
10 depelldllpoll Iile 
sign of n lll1111bcr 
(zero beillg reckolled 
ns pIllS for machine 
plllposes). COllseqllellll)l 
we illfrodlfcc nil 

[illslrllctioll} (I he 
collditi01wl trallsfer 
(illslrlle/ioll}) which Ivil/. 
depelldillg ollihe sigll of 
n gil'eIl1l1111lbel~ mllse 
tile proper aile of 111'0 

rol1lilles 10 be C!.teclIted. 

Burks, Goldstine, and 
VOIl Neumann , J947 

conditional branch 
An instruction that 
requires the cOI11Jxlrison 
or two va lues and that 
allows for a subsequent 
transrer of control to 
a new address in the 
program based 011 

the outcome of Ihe 
comparison. 
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Compiling if-then-e/se into Conditional Branches 

In the following code segment, f, g, 11, i, and j are variables. If the five vari
ables f through j correspond to the five registers $ S 0 through $ S 4, what is the 
compiled MIPS code for this C ifstatement? 

if (i ~~ j) f ~ 9 + h; else f ~ 9 - h; 

Figure 2.9 is a flowchart of what the MIPS code should do. The first expres
sion compares for equality, so it would seem that we would want the bri.lnch if 
registers are equal instruction (beq) . In general, the code will be more efficient 
if we test for the opposite condition to branch over the code that performs the 
subsequent tlIell part of the if(the label El se is defined below) and so we use 
the branch if registers are Ilot equal instruction (bll e) : 

bne $s3.$s4.Else # go to Else if i _ j 

The next assignment statement performs a single operation, and if all the 
operands are allocated to registers, it is just one instruction: 

add $sO.$sl,$s2 II f ~ 9 + h (s k i pped if i _ j) 

We now need to go to the end of the if statement. This example introduces 
another kind of branch, often called an IIIlCOllditiollnl bmllcii. This instruc
tion says that the processor always follows the branch. To distinguish between 
conditional and unconditional branches, the MIPS name for this type of 
instruction is jlllllP, abbreviated as j (the label Ex it is defined below). 

j Ex it II go to Exit 

The assignment statement in the else portion of the if statement can again 
be compiled into a single instruction. We just need to append the label E 1 s e 
to this instruction. We also show the label Ex it that is after this instruction, 
showing the end of the if-tlIell-else compiled code: 

Else : s ub $sO . $sl . $s2 
Exit: 

# f ~ 9 - h (sk i pped if i j ) 

2.7 Instructions for Making Decisions 

i = j 
i - -j ? 

E1 se : 

f - g+h i - g - h 

Exit : 

FIGURE 2.9 illustration of the options in the if statement above. The left box cnrrespond s to 

the thell part of the if statement, and the right box correspo nds to the else part. 

Notice that the assembler relieves the compiler and the assembly language pro
grammer from the tedium of calculating addresses for branches, just as it does for 
calculating data addresses for loads and stores (see Section 2.12). 

Compilers frequently create branches and labels where they do not appear in 
the programming language. Avoiding the burden of writing explicit labels and 
branches is one ben efit of writing in high-level programming languages and is a 
reason coding is faster at that level. 

Loops 

Decisions are important both for choosing between two alternatives-found in if 
statements-and for iterating a computation-found in loops. The same assembly 
instructions are the building blocks for both cases. 

Compiling a while Loop in C 

Here is a traditional loop in C: 

IVl1ile (sa ve[i ] ~~ k) 
i +~ 1; 

Assume that i and k correspond to registers $ s 3 and $ s 5 and the base of the 
array save is in $s6 . What is the MIPS assembly code corresponding to this 
C segment? 

Hardware/ 
Software 
Interface 
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at the end) and without 
branch targets or branch 
labels (except possibly at 
the beginning). 
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The first step is to load s ave [i ] into a temporary register. Before we can load 
save [; ] into a temporary register, we need to have its address. Befor~\Ve can 
add i to the base of array save to form the address, we must multiply the 
index i by 4 due to the byte addressing problem. Fortunately, we can use shift 
left logical, since shifting left by 2 bits multiplies by 2' or 4 (see page 103 in the 
prior section). We need to add the label Loop to it so that we can branch back 
to that instruction at the end of the loop: 

Loop : 511 H1.$s3 . 2 II Te mp reg HI ~ i * 4 

To getthe address of 5 a ve [i ], we need to add H I and tile base of save in $ 5 6: 

add HI. HI , $56 # $tl ~ ad dr ess o f save [ i ] 

Now we can use that address to load 5 a ve [ i ] into a temporary register: 

hi $tO , O($U) # Te mp r eg $tO ~ s ave[i] 

The next instruction performs the loop test, exiting if save [i ] ~ k: 

bne HO , $s5. Exit II go to Exit if save[ i] ~ k 

The next instruction adds 1 to i : 

addi $53 ,$ 53 ,1 Ili~i-l-1 

The end of the loop branches back to the while test at the top of the loop. We 
just add the Ex it label after it, and we're done: 

j 

Exit : 

Loo p # go to Loo p 

(See the exercises for an optimization of this sequence.) 

Such sequences of instructions that end in a branch are so fundamental to compiling 
that they are given their own buzzword: a basic block is a sequence of instructions 
without branches, except possibly at the end, and without branch targets or branch 
labels, except possibly at the beginning. One of the first early phases of compilation is 
breaking the program into basic blocks. 

The test for equality or inequality is probably the most popular test, but some
times it is useful to see if a variable is less than another variable. For example, a for 
loop may want to test to see if the index variable is less than o. Such comparisons are 
accomplished in MIPS assembly language with an instruction that compares two 

2.7 Instructions for Making Decisions 

registers and sets a third register to 1 if the first is less than the second; otherwise, it is 
set to O. The MIPS instruction is called set all less tllnll, or sIt. For example, 

slt StO . $53 , $s4 # ItO ~ 1 if $53 < $5 4 

means that register $tO is set to 1 if the value in register $ 5 3 is less than the value 
in register $ 5 4; otherwise, register H 0 is set to O. 

Constant operands are popular in comparisons, so there is an immediate ver
sion of the set on less than instruction. To test if register $ 5 2 is less than the con
stant 10, we can just write 

s iti ItO . $52 , 10 II itO 1 i f $52 < 10 

MIPS compilers :Ise the. 5 It, s It i , be q, bne, and the fixed value of 0 (always 
avadable by readlllg register $zero) to create all relative conditions: equal, not 
equal, less than, less than or equal, greater than, greater than or equal. 

Heeding von Neumann's warning about the simplicity of the "equipment," the 
MIPS a.rchit~cture doesn't include branch on less than because it is too compli
cated; either It would stretch the clock cycle time or it would take extra clock cycles 
per instruction. Two faster instructions are more useful. 

CO~lparison instructions must deal with the dichotomy between signed and 
Illlsigned numbers. Sometimes a bit pattern with a I in the most significant bit 
rep.resents a negative number and, of course, is less than any positive number. 
whICh must have a 0 in the most significant bit. With unsigned integers. on the 
other hand, a 1 in the most significant bit represents a number that is Inrger than 
any that begins with a o. (We'll soon take advantage of this dual meaning of the 
most significant bit to reduce the cost of the array bounds checking.) 

MIPS offers two versions of the set on less than comparison to handle these 
alternatives. Set all less tlwlI (s 1 t) and set 011 less tlInll illlllledinte (sIt i) work with 
signed integers. Unsigned integers are compared using set 011 less th(m IIllsigl1ed 
(sIt u) and set all less tlwn illlllledinte lInsigned (s It i u). 

Hardware/ 
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Signed versus Unsigned Comparison 

Suppose register $ s 0 has the binary number 

1111 1111 1111 111 1 1111 1111 1111 1111 '»0 

and that register $ s 1 has the binary number 

0000 0000 0000 0000 0000 0000 0000 0001 ,,,0 
. . 1 

What are the values of registers $tO and $t 1 after these two JI1structlOns. 

s lt 
s ltu 

$tO, IsO, $sl II s igned comparison 
$tl , Is O, $s l II un s igned comparison 

The value in register $ 5 a rep resents -lien if it is an integer and 4,294,9~7.2.95 tcn 
if it is an unsigned integer. The value in register $ S 1 represents .lten til either 

. h I I I' -I < I and regIster $t 1 has casco Then register $ to as t lC va ue , SlI1ce lI:n tell ' • 

the value 0, since 4,294,967,295 Icn > I ten" 

Treating signed numbers as if they were unsigned gives us a low cost way of 

I I · 'f 0 < .< v which matches the index out-of-bounds check for arrays. The 
Clec (lng I - X J' • . 1'1 I . b 
key is th<1t negative integers in two's complement not~t1?n lo?k 1 (~ ~l ge num ers 
in unsigned notation; that is, the most significant bIt IS a SIgn bIt 111 the former 
notation but a large part of the number in the latter. Thus, an unSIgned companson 
of x < yalso checks if x is negative as well as If x IS less than y. 

Bounds Check Shortcut 

Use this shortcut to reduce an index-out-of-bounds check: jump to 
I nd ex OutOf Bo ll nd s if $ s 1 ~ $t 2 or if $ s 1 is negative. 

The checking code just uses S 1 tu to do both checks: 

slt u ItO,S s l , $t 2 II $tO- O i t $sl ) =l e ngth o r $sl <O 
be q $t O,$ zero , Inde xOutOtBounds lIit bad, goto Error 

2.7 Instructions for Making Decisions 

Case/Switch Statement 

Most programming languages have a case or switch statement that allows the pro
grammer to select one of many alternatives depending on a single value. The simplest 
way 10 implement sIVitch is via a sequence of conditional tests, turning the sIVitch 
statement into a chain of if-theil-else statements. 

So metimes the alternatives may be more efficiently encoded as a table of 
addresses of alternative instruction sequences, called a jump address table or jump 
table, and the program needs only to index into the table and then jump to the 
appropriate sequence. The jump table is then just an array of words containing 
addresses that correspond to labels in the code. The program loads the appropriate 
entry from the jump table into a register. It then needs to jump using the address 
in the register. To support such situations, computers like MIPS include a jlllllP 
register instruction (j r), meaning an unconditional jump to the address specified 
in a register. Then it jumps to the proper address using this instruction, which is 
described in the next section. 

Although there are many statements for decisions and loops in programming 
languages like C and Java, the bedrock statement that implements them at the 
instructio n set level is the conditional branch. 

Elaboration: If you have heard about detayed branches, covered in Chapter 4, don't 
worry: the MIPS assembler makes them invisible to tile assembly language programmer. 
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jump address table 
Also called jump table. 
A table of addresses of 
alternative instruction 
sequences. 
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I. C has many sta tements for decisions and loops, while MIPS has few. Which of Check 
the following do or do not explain this imbalance? Why? Yourself 

I. More decision statements make code easier to read and understand. 

2. Fewer decision statements simplify the task of the underlying layer that is 
responsible for execution. 

3. rvrore decision statements mean fewer lines of code, which generally reduces 
coding time. 

4. Nlore decision statements mean fewer lines of code, which generally results 
in the execution of fewer operations. 
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procedure A stored 
subroutine that performs 
a specific task based on 
the parameters with 
which it is provided. 
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Il. Why does C provide two sets of operators for AND (& and &&) and two sets of 
operators for OR (J and Ill, while MIPS doesn't? 

l. Logical operations AND and OR implement & and I, while conditional 
branches implement && and II· 

2. The previous statement has it backwards: && and II correspond to logical 
operations, while & and I map to conditional branches. 

3. They are redundant and mean the same thing: && and II are simply inherited 
from the programming language B, the predecessor of C. 

_ Supporting Procedures in Computer III Hardware 

A procedure or function is one tool programmers lise to structure programs, both 
to make them easier to understand and to allow code to be reused. Procedures 
allow the programmer to concentrate on just one portion of the task at a time; 
parameters act as an interface behveen the procedure and th e rest of the program 
and data, since they can pass values and return results. We describe the equivalent 
to procedures in Java in Section 2.15 on the CD, but Java needs everything from a 
computer that C needs. 

You can think of a procedure like a spy who leaves with a secret plan, acquires 
resources, performs the task, covers his or her tracks, and then returns to the point 
of origin with the desired result. Nothing else should be perturbed once the mission 
is complete. Moreover, a spy operates on only a "need to know" basis, so the spy 
can't make assumptions about his employer. 

Similarly, in the execution of a procedure, the program must follow these six 

steps: 

1. Put parameters in a place where the procedure can access them. 

2. Transfer control to the procedure. 

3. Acquire the storage resources needed for the procedure. 

4. Perform the desired task. 

5. Put the result value in a place whei"e the calling program can access it. 

6. Return control to the point of origin, since a procedure can be called fro111 
several points in a program. 

2.8 Supporting Procedures in Computer Hardware 

As mentioned above, registers are the fastest place to hold data in a computer, 
so we want to use them as much as possible. MIPS software follows th e following 
convention for procedure calling in allocating its 32 registers: 

• $ a 0- $ a 3 : four argument registers in which to pass parameters 

• $vO-$v1 : two value registers in which to return values 

• $ r a : one return address register to return to the poin t of origin 

In addition to allocating these registers, MIPS assembly language includes an 
instruction just for the procedures: it jumps to <In address and simultaneously 
saves the address of the following instruction in register $ I' a. The jump-and-Iink 
instruction (j a 1) is simply written 

jal Procedul'eAddl'ess 

The link portion of the name means that an address or link is formed that points to 
the calling site to allow the procedure to return to the proper address. This "link," 
stored in register $ ra (register 31), is called the return address. The return address 
is needed because the same procedure could be called from several parts of the 
program. 

To support such situations, computers like MIPS use jlllllP register instruction 
(j r), introduced above to help with case statements, meaning an unconditional 
jump to the address specified in a register: 

jl' $ra 

Jump register instruction jumps to the address stored in register $ r a-which is 
just what we want. Thus, the calling program, or caller, puts the parameter values 
in $ a 0- $ a 3 and uses j a I X to jump to procedure X (sometimes named the caIlee) . 
The callee then performs the calculations, places the results in $vO and $vl, and 
returns control to the caller using j r $ra . 

Implicit in the stored-program idea is the need to have a register to hold the 
?ddr~ss of the current instruction being executed. For historical reasons, this reg
ISter IS almost always called the program counter, abbreviated PC in the MIPS 
architecture, although a more sensible name would have been illstrllctioll nddrcs5 
register. The j a I instruction actually saves PC + 4 in register $I'a to link to the 
following instruction to set up the procedure return. 
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jump-and-link 
instruction An 
instruction that jumps 
to an address and 
simultaneously saves the 
address of the fo llowing 
instruction in a register 
(Sri! in MIPS). 

return address A link to 
the ca lling sile that allows 
a procedure to return 
to the proper address; 
in tvlIPS it is stored in 
register $ I'll. 

caller The program that 
instigates a procedure and 
provides the necessary 
parameter values. 

callee A procedure that 
executes a series of stored 
instrllctions based on 
parameters provided by 
the caller and then returns 
contralto the caller. 

program counter 
(PC) The register 
containing the address of 
the instruction in the pro
gram being executed. 
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stack A data structure 
for spilling registers 
organized as il last-i n
first-out queue. 

s tack pointer A value 
denoting the most 
recently allocated address 
in a s tack that shows 
where registers should 
be spilled or where old 
register values ca ll be 
found. In MIPS, it is 
register Ssp . 

push Add element to 
stack. 

pop Remove element 
fro m stack. 
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Using More Registers 

Suppose a compiler needs more registers for a procedure than the four a;gument 
and two return value registers. Since we must cover Oll f tracks after our mission 
is complete. any registers needed by the caller must be restored to the values that 
they co ntained before the procedure was invoked. TIllS situation IS an example In 

which we need to spi ll registers to memory. as mentioned in the Hardware/Software 
Intelfnce section. . 

The ideal data structure for sp illing registers is a stack-a last-Ill-first-out 
queue. A stack needs a pointer to the most recently allocated address in the stack 
to show where the next procedure should place the registers to be spi lled or where 
old register values are found . The stack pointer is adjusted by one word for each 
register that is saved or restored. MIPS software reserves register 29 for the stack 
pointer. giving it the obvious name Ssp. Stacks are so popular that they have their 
own buzzwords for transferring data to and from the stack: placmg data onto the 
stack is called a push . and removing data from the stack is called a pop . 

By historical precedent. stacks "grow" from high er addresses to lower addresses. 
This convention means that you push values onto the stack by subtractmg from 
the stack pointer. Adding to the stack pointer shrinks the stack. thereby popping 
values off the stack. 

Compiling a C Procedure That Doesn't Call Another Procedure 

Let's turn the example on page 79 from Section 2.2 into a C procedure: 

int l eaCexample (in t g, int 11, i nt i, int j ) 
I 

i nt f; 

f - (g + 11) - (i + j) ; 

r e t ur n f · 

What is the compiled MIPS assembly code? 

The parameter variables g. h. i. and j correspond to the argun:ent registers 
la O. Sal. la2 . and la3 . and f corresponds to $5 0. The compi led program 
starts with the label of the procedure: 

l e af_exa mpl e : 

2.8 Supporting Procedures in Computer HardWare 

The next step is to save the registers used by the procedure. The C assign ment 
statement in the procedure body is identical to the example on page 79. which 
uses two temporary registers. Thus, we need to save three registers: $ S 0, $ to , 
and $ t 1. We "push" th e old values onto the stack by creating space for three 
words ( 12 bytes) on the stack and then store them: 

addi Ssp, $s p , - 12 
51'/ I tl, 8($sp) 
51'/ ItO , 4(lsp) 
5" $50, O(lsp) 

# adj us t stack t o make room for 3 items 
# save registe r $t l f or use after"ards 
# save register ItO fo r use after"ards 
# save registe r IsO for use after"ards 

Figure 2. 10 shows the stack before. during. and after the procedure cal l. 
The next three statements correspond to the body of the procedure. which 

follows the example on page 79: 

add $tO , $aO , lal # reg i ste r ItO cont a i ns g + h 
add Itl . la2 , $a 3 # regi s t e l' Itl co ntai ns i + j 
s ub $sO , ItO , H l II f - HO - It l, 11hi ch i s (g + 11 )-( i + j) 

To return the value of f , we copy it into a return value register: 

add $vO , lsO , lze ro # r et urns f (IvO - IsO + 0 ) 

Before returning. we restore the three old values of the registers we saved by 
"popping" them fro m the stacl" 

lw Is O, O($sp) 1/ restol' e r egister Is O for ca 11 e r 
lvl HO , 4($sp) II I'estore register ItO for calle r 
l w It I. 8(lsp) II re s tore reg i ster ttl for calle r 
addi $s P, $sp , 12 1/ adjust stack to de l et e 3 item s 

The procedure ends with a jump register using the return address: 

jl' Ira 1/ jump back to calling routine 

In the previous example. we used temporary registers and assumed their old 
values must be saved and restored. To avoid saving and restoring a register whose 
value is never used. which might happen with a temporary register. MIPS softwa re 
separates 18 of the registers into two groups: 

• HO- st9 : ten temporary registers that are Ilotpreserved by the call ee (called 
procedure) on a procedure call 

• 15 0-157 : eight saved registers that must be preserved on a procedure call (if 
used . the callee saves and restores them) 

This simple convention reduces register spilling. In the example above. since the 
caller does not expect registers ItO and $t 1 to be preserved across a procedure call. 
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we can drop two stores and two loads from the code. We st ill mllst save and restore 
$sO, since the callee must assume that the caller needs its value. 

High address 

ISp- t----- - -j 

Low address 
a. 

t---------I I sp- t---- -----i 
Contents of register 1 t 1 

Conlents of register S LO 

$ s p- Contents of register S s 0 

b. c. 

FIGURE 2.10 The values of the stack pointer and the stack (a) before, (b) during, and (c) 
after the procedure call. The stack puinte r always points In the "top" of the sta ck, or the last word in 
the slack in this dr;lwing. 

Nested Procedures 

Procedures that do not call others are called lenf procedures. Life would be simple if 
all procedures were leaf procedures, but they aren't. Just as a spy might employ other 
spies as part of a mission. who in turn might use even more spies, so do procedures 
invoke other procedures. Moreover, recursive procedures even invoke "clones" of 
themselves. Just as we need to be careful when using registers in procedures, more 
care must also be taken when invoking nonleaf procedures. 

For example, suppose that the main program calls procedure A with an argument 
of 3, by placing the value 3 in to register SaO and then using j a I A. Then suppose 
that proced ure A calls procedu re B via j a I B with an argument of?, also placed in 
SaO. Since A hasn't finish ed its task yet, there is a conA ict over the use of regis ter 
SaO. Sim ilarl y, there is a conAict over the return address in register $ra, since it 
now has the return address for B. Unless we take steps to prevent th e problem, this 
conflic t will eliminate procedure A's ability to return to its caller. 

O ne solution is to push all the other registers that must be preserved onto 
the stack, just as we d id with the saved registers. The caller pushes any argument 
registers ($aO- $a3) or temporary registers (HO- $t9) that are needed after 
the call. The callee pushes the return address register $ ra and any saved registers 
(SsO- $ s 7) used by the callee. The stack poi nter $ s p is adjusted to account for the 
number of registers placed on the stacie Upon the return, the registers are restored 
from memory and the stack pointer is readjusted. 

2.8 Supporting Procedures in Computer Hardware 

~i~~rn~ng a Recursive C Procedure, Showing Nested Procedure 

Let's tackle a recursive procedure that calculates facto rial: 

i nt fact (int n) 
I 

if ( n < I) return (I); 

e l se return ( n * fact( n - I»; 

What is the MIPS assembly code? 

The pa rameter variable n corresponds to t·l, . 
'1 e argument regIster $ a ° The 

compl cd program starts with the label of the procedure and tl . 
registers on the stack, the return address and $ a 0: ,len saves two 

fac t : 

addi $sp . Ssp. - 8 II adjust stack for 2 items 
s\·/ $ra . 4 ($s p) II save t he re tur n address 
s\·/ $aO ,O ($s p ) II save the arg umen t n 

The first time fact is call d . dd ' f TI . .' e : sri saves an a ress III the program that called 
n ~c It. le next two IIlstructlOns test whether n is less than I , going to Ll if 

s l ti $tO , $aO,1 # tes t for n < I 
beq HO . $zel'o . Ll II i f n >- I, go to Ll 

~f n ~ lets thaI; I, fa c t returns 1 by putting 1 in to a value reg ister: it adds 1 to 
adn paces t ll at sum III $1'0 . It then pops the two saved values off the st'!CI ' 

an Jumps to t le return address: . " 

ad di 
addi 
jr 

$v O, $zero.1 II return I 
$s P ,$sp . 8 # pop 2 i tems off st ack 
Ira # ret ur n to ca ll er 

Before pop~ing 11~0 items off the stack, we could have loaded $aO and $ ra. Since 
$ a 0r"nd $ I a don t change when n is less than I, we skip those instructions. 

I n IS not less than I, the argument n is decremented and then f act 
called agalll WIth the decremented value: IS 

Ll : add i 
jal 

SaO .SaO, - 1 
fact 

# n >- I : argument gets (n - I ) 
II call fact >lith (n - I) 
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point to the stat ic area. 

Chapter 2 Instructions: Language of the Computer 

The nex t instruction is where f a c t returns. Now the old return address and 
old argument arc restored, along wi th the stack pointer: 

h i 
lvl 
ad di 

taO . O($sp l 
$ra . 4( $s p l 
$sp . $sp . 8 

II r etul' n f rom ja l: I' es t o l'e a r gumen t n 
# r es to re t he r e t u rn a ddr ess 
# adjust s ta ck pointer t o pop 2 i t ems 

Next. the value register $1'0 gets the product of old argum ent taO and the 
current vallie of the vi.lluc register. We assume a multiply instruction is avail
able, even though it is not covered until Chapter 3: 

mul $v O. $a O. $vO # r et ur n n * fa ct ( n - I I 

Finally, fa c t jum ps again to the return address: 

jr $ra f r et ur n to the c a l l er 

A C va riable is generally a location in storage, and its interpretation depends both on 
its type and stomge elnss. Examples includ e integers and characters (s ee Section 2.9). 
C has two storage classes: autoll/atic and static. Automatic variables are local to a 
procedure and are disca rded when the procedure exits. Static variables exist ,Kross 
exits from and entries to procedures. C variables declared outside all procedures 
are considered static, as are any variables declared using the keyword stntic. The 
rest are au tomatic. To simplify access to static data, MIPS software reserves another 
register, called the global pointer, or $gp. 

Figure 2.11 summarizes what is preserved across a procedure call. Note that sev
eral schemes preserve the stack, guaranteeing that the caller will get the same data 
back on a load from the stack as it stored onto the stacie The stack above $ 5 P is 
preserved simply by making sure the callee does not write above $sp ; $sp is itself 
preserved by the callee adding exactly the same amount that was subtracted from it; 
and the other registers are preserved by saving them on the stack (if they are used) 
and restoring them from there. 

Preserved Not preserved 

Saved registers: So sO- S s 7 Temporary registers: $ to- 't t 9 

Stack pOinter register: Ssp Argument registers: SaO-Sa3 

Return address register: S ra Return value registers: $ ... 0 $v 1 
Staci{ above the stacl{ pointer Stack below tile stack pointer 

FlGURE 2.11 What is and what is not preserved across a procedure call. If the soft lY'lre rd ies 
on the frame poin ter register or on the gl oba l pointer register, di scussed in the (ollowing sllbsections, thc)' 
arc also preservcd. 

2.8 Supporting Procedures In Computer Hardware 

Allocating Space for New Data on the Stack 

The final complexity is that the stack is also used to store variables tha t are local 
10 the procedure but do not fit in registers, sllch ~ s 10c~ 1 ~rrays or structures. The 
segment of the stack containing ~ procedure's saved registers and local variables is 
called a procedure frame or activation record . Figure 2. I 2 shows the state o f the 
stack before, during, and after the procedure call. 

Some MIPS software uses a frame pointer (Hp) to point to th e first word of 
the frame of a procedure. A stack pointer might change during the procedure, and 
so refe rences to a local variable in memory might have different offsets depending 
on where they are in the procedure, making the procedure harder to understand. 
Alternatively, a fram e pointer offers a stable base register within a procedure for 
local memory-references. Note that an activation record appears on the stack 
whether or not an explicit frame pointer is used. We've been avoiding using $ f p by 
avoiding ch~nges to $ sp within a procedure: in allr examples, the slack is adjusted 
only on entry and exit o f the procedure. 

High address 

Ifp- f---- - - --i Ifp_ 

$sp- f-- ----i 
Sfp- Saved argument 

$ sp- f--------l 

registers (if any) 

Saved relu rn address 

Saved saved 
registers (if any) 

Local arrays and 
$s p- structures (if any) 

Low address 
a. b. c. 

FIGURE 2.12 Illustration of the stack allocation (a) before, (b) during, and (c) after the 
pr~cedure call. The [r,ame pointer (Sfp) point s 10 the fi rst word oflhe frame, often a saved argUlIH .. nt 
register, and the slack pOinter ('j, S p) po ints to the top of th e stack. The stack is adjusted to make room for 
all the saved rc~ i s lc ~s , alld ,anr memory-resident loca l variables. Since thc Slile !.: pointer Illay change during 
progra m exccu.tl on, J~ s caSler for programmers to reference va riables via th e stabl e frank' poi nter, alt hough il 
cou ld be donc Just Wll h the slack pointer ,Ind a li ttle add ress 'lri thmctic. If 111I.'rc arc no local \'ariablcs on Ihe 
stack withi n a procedure. the compiler will save tim e by I lOt sCHing and res toring th c frame point er. When a 
~ratn l' pO!llIc: is llsed , it is .initialized Llsing the address in los!) on <1 ca ll , and $ 5 P is restored lIsing 10 rp. This 
IIl fOrlll iltlon IS also found In Column .:I of the MIPS Ucferencc Dala Card at the front of this Unlll;. 
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procedure frame Also 
ca ll ed activation record. 
The scgm C:.' ll t of the stack 
containing a procedure's 
saved registers and local 
variab les. 

frame pointer A value 
deno ting the locnti on or 
the saved registers and 
IOGII variab les for a givL'1l 
procedure. 
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text segment The 
segment of a UNIX object 
file that contains the 
machine language code 
for routines in the source 
file. 
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Allocating Space for New Data on the Heap 
In addition to automatic variables that arc local to procedures} C programl11~rs need 
space in memory for static variables and for dynamic data structures. Figur,e 2.13 
shows the MIPS convention for allocation of memory. The stack starts 111 the 
high end of memory and grows down. The first part of the low end of memory is 
reserved, followed by the home of the MIPS machine code, traditionally called the 
text segment. Above the code is the stntic dntn segll/ellt, which is the place for con
stants and other static variables. Although arrays tend to be a fixed length and thus 
are a good match to the static data segment, data structures like linked lists t~nd to 
grow and shrink during their lifetimes. The segment for such data stru~tures IS t,ra
ditionally called the iIenp, and it is placed next in memory. Note that tillS allocatIOn 
allows the stack and heap to grow toward each other, thereby allowing the efficient 
lise of memory as the two segments wax and wane. 

$s p- 7fFf fFfc h !'~ 

$gp - 1000 8000", 
1000 0000", 

pc - 0040 0000", 

a 

, 
, 

, 

Slack 
I 

! 
Dynamic data 

Static data 

Texl 

Reserved 

FIGURE 2.13 The MIPS memory allocation for program and data. These addresses are 
only a software convention, and not part of the MIPS architecture. The stack pointer is initialized to 
7 ff r f f f Ch~ x and grows down toward the data segment. AI the other end, the program code ("tex.t") starts 
at 0011 0 O OO Oh!! ~ . The static data starts at 1000 OOOOhe x. Dynamic data, allocated by ma 11 DC 111 C and 
by nel ... in Java, is next. It grows up toward the stack in an area called the heap. The glob:ll pointer, Sgp, is 
set to all address to make it cas)' to access data. It is initialized \0 1000 800 0 n!! ~ so that It ca n access from 
1000 OOOO lle,; to 1000 f ffr he~ using the positive and negative 16-bit orrsets from Sgp. This information 
is also found in Column <I of the tvllPS Reference Data Card at the front of this book. 

C allocates and fl'ees space on the heap with explicit functions. rna 11 oc ( ) allo
cates space on the heap and returns a pointer to it, and free() releases space on 
the heap to which the pointer points. Memory allocation is controlled by programs 
in C, and it is the source of many common and difficult bugs. Forgetting to free space 
leads to a "memory leak," which eventually uses up so much memory that the oper
ating system may crash. Freeing space too early leads to "dangling pointers," which 
can cause pointers to point to things that the program never intended. Java uses 
automatic memory allocation and garbage collection just to avoid such bugs. 

2.8 Supporting Procedures in Computer Hardware 

Figure 2.14 summarizes the register conventions for the MIPS assembly language. 

Register number Usage 
Preserved on 

call? 

RGURE 2.14 MIPS register conventions. Register J, called $ a t, is reserved for the assembler (see 
Section 2.12), and registers 26-27, called $ kO- $ k 1, are reserved for the operating system. This information 
is also found in Column 2 of the MIPS Reference Data Card <It the front of this book. 

Elaboration: What if there are more than four parameters? The MIPS convention is 
to place the extra parameters on the stacl{ just above tile frame pOinter. TI18 procedure 
then expects the first four parameters to be in registers $ a 0 through $ a 3 and the rest 
in memory, addressable via the frame pointer. 

As mentioned in the caption of Figure 2.12, the frame pOinter is convenient because all 
references to variables in the staci{ within a procedure wilillave the same offset. The frame 
pOinter is not necessary, Ilowever. The GNU MIPS C compiler uses a frame pointer, but the 
C compiler from MIPS does not; it treats register 30 as another save register 1$ s 8). 

Elaboration: Some recursive procedures can be implemented iteratively without using 
recursion. Iteration can significantly improve performance by removing the overhead associ
ated wittl procedure calls. For example, consider a procedure used to accumulate a sum: 

int sum lint n, int acc) I 
i f( n ) O) 

return surn(n - 1, acc + n) ; 
else 

return acc; 

Consider the procedure call sum ( 3 , 0). This will result in reoursive calls to 
sum(2 . 3), surn( l ,5), and surnIO,6), and then tile result 6 will be returned four 
times. This recursive call of sum is referred to as a tail call. and this example use of tail 
recursion can be implemented very efficiently (assume $ a 0 ~ nand $ a 1 ~ ace): 

su m: slti$aO , l II test if n < ~ 0 
beq$aO. $zero, slim exit II go to sum_exit if n <~ 0 
add$a1, $a1. $aO II add n to acc 
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addi$aO. taO. - 1 II subtract 1 fro m n 
j sum II go to s um 

sum_ex it : 
add$vO. $a l. $zero II retur n value acc 
jr $ ra II return to caller 

Check Which of the following statements about C and Java are generally true? 

Yourself I. C programmers manage data explicitly. while it's automatic in Java. 

2. C leads to more pointer bugs and memory leak bugs than does Java. 

!(@ I = > (WOIV opell 
tab at bar is great) 

Fourth line of the 
keyboard poem "Hatless 
Atlas," 1991 (some 
give names to ASCII 
characters: "!" is "wow," 
"(" is open, "I" is bar, and 
so on). 

II CommunIcatIng with People 

Computers were invented to crunch numbers, but as soon as they became com
mercially viable they were used to process text. Most computers today offer 8-bit 
bytes to represent characters, with the American Standard Code for Informa
tion Interchange (ASCII) being the representation that nearly everyone follows. 
Figure 2.15 summarizes ASCII. 

FIGURE 2.15 ASCII representation of characters. Note that upper- and lowercase letters differ by exactly 32; tbis obscrvation can lead 
to shortcuts in checking or changing upper- and lowercase. Values not shown include formatting characters. Forexample, 8 represents a backspace, 
9 represents a tab character, and 13 a carriage return. Another useful value is 0 for null, the value the programming language C uses to mark thc 
end of a string. This information is also found in Column 3 of the MIPS Reference Data Card at the front of this book. 

2.9 Communicating with People 

Base 2 is not natural to human beings; we have 10 fingers and so find base 
10 natural. Why didn't computers use decimal? In fact, the first commercial 
computer did offer decimal arithmetic. The problem was that the computer still 
used on and off signals, so a decimal digit was simply represented by several 
binary digits. Decimal proved so inefficient that subsequent computers reverted 
to all binary, converting to base 10 only for the relatively infrequent input/output 
events . 

ASCII versus Binary Numbers 

We could represent numbers as strings of ASC[] digits instead of as integers. 
How much does storage increase if the number I billion is represented in 
ASCII versus a 32-bit integer? 

One billion is 1,000,000,000, so it would take 10 ASCII digits, each 8 bits long. 
Thus the storage expansion would be (10 x 8)/32 or 2.5. In addition to the 
expansion in storage, the hardware to add, subtract, multiply, and divide such 
decimal numbers is difficult. Such difficulties explain why computing profes
sionals are raised to believe that binary is natural and that the occasional dec
imal computer is bizarre. 

A series of instructions can extract a byte from a word, so load word and store 
word are sufficient for transferring bytes as well as words. Because of the popularity 
of text in some programs, however, MIPS provides instructions to move bytes. Load 
byte (1 b) loads a byte fTom memory, placing it in the rightmost 8 bits of a register. 
Store byte (sb) takes a byte from the rightmost 8 bits of a register and writes it to 
memory. Thus, we copy a byte with the sequence 

lb HO,O($spl 
sb HO .O($gpl 

II Read byte from source 
II Write byte to dest i nat i on 

Hardware/ 
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Signed versus unsigned applies to loads as well as to arithmetic. The fllllctioll of 
a signed load is to copy the sign repeatedly to fill the rest of the register-called 
sign extellsion-but its pllrpose is to place a correct representation of the number 
within that register. Unsigned loads simply fill with Os to the left of the data, si nce 
the number represented by the bit pattern is unsigned. 

When loading a 32-bit word into a 32-b it register, the point is moot; signed and 
unsigned loads are identical. MIPS does offer two flavors of byte loads: lonrl uyte 
(1 b) treats the byte as a signed number and thus sign-extends to fill the 24 left
most bits of the register, while loarl uyte IInsiglleri (1 bu) works with unsigned 
integers. Since C programs almost always use bytes to represent characters rather 
than consider bytes as very short signed integers, 1 bu is used practically exclusively 
for byte loads. 

Characters are normally combined into strings) which have a variable number 
of characters. There are three choices for representing a string: (I) the first position 
of the string is reserved to give the length of a string, (2) an accompanying variable 
has the length of the string (as in a structure), or (3) the last position of a string is 
indicated by a character used to mark the end of a string. C uses the third choice, 
terminating a string with a byte whose value is 0 (named null in ASCII). Thus, 
the string "Cal" is represented in C by the followin g 4 bytes, shown as decimal 
numbers: 67, 97,108, O. (As we shall see, Java uses the first option.) 

Compiling a String Copy Procedure, Showing How to Use C Strings 

The procedure strcpy copies string y to str ing x using the null byte 
termination convention of C: 

void st rcpy (char x [J, ch ar y[J) 
I 

i n t i; 

i - 0; 
\"hi1 e «(x[iJ 
i +- 1 ; 

y[ i J) !- '\0 ' ) /* copy & tes t byte */ 

What is the MIPS assembly code? 

2.9 Communicating with People 

Below is the basic MIPS assembly code segment. Assume that base addresses 
for arrays x and yare found in laO and $a I, while i is in IsO . s trcpy adjusts 
the stack pain ter and then saves the saved register $ sO on the stack: 

st r cpy : 
addi 
S\" 

$s p, $sp ,- 4 
IsO, O($sp) 

, a d j ust s tack f o r 1 more item 
1/ save IsO 

To initialize i to 0, the next instruction sets $ s 0 to 0 by adding 0 to 0 and plac
ing that sum in $ s 0: 

ad d IsO,lzera,lzero' i - 0 + 0 

This is the beginning of the loop. The address of y [ i J is first formed by add
ing i toy[]: 

Ll: add H1,IsO , Ial 1/ addre ss of y [iJ in HI 

Note that we don't have to multiply i by 4 since y is an array of uytes and not 
of words, as in prior examples. 

To load the character in y [ i J, we use load byte unsigned, which puts the 
character into H2: 

1bu H2 , O(H ]) II H2 - y [iJ 

A similar address calculation puts the address of x [i J in H3, and then the 
character in $ t 2 is stored at that address. 

ad d 
s b 

H3, IsO , $aO 
H2, 0( H3) 

, addre ss of x [iJ in It3 
II x[ iJ - y[iJ 

Next, we exit the loop if the character was 0, That is, we exit if it is the last 
character of the string: 

beq H 2 ,$ ze ro,L 2 1/ if y[iJ - - D, go to L2 

If not, we increment i and loop back: 

addi 
j 

$s O, $sO ,l 
Ll 

Iii i+ 1 
1/ go to Ll 
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If we don't loop back, it was the last character of the string; we restore $ S 0 and 
the stack pointer, and then return. 

L2: hi $sO. O($Sp) 1/ y [i 1 0: end of str in g . Re-
store o l d $sO 

addi 
j ,-

$sp . $sp . 4 
$ ,-a 

1/ po p 1 word off st a ck 
1/ return 

String cop ies usually use pointers instead of arrays in C to avoid the operations 
on i in the code above. See Section 2.14 for an explanation of arrays versus 
pointers. 

Since the procedure s t r cpy above is a leaf procedure, the compiler could allo
cate i to a temporary register and avoid saving and restoring $50 . Hence, instead 
of thinking of the $t registers as being just for temporaries, we can think of them as 
registers that the callee should use whenever convenient. When a compiler finds a leaf 
procedure, it exhausts all temporary registers before using registers it must save. 

Characters and Strings in Java 

Ullicode is a universal encoding of the alphabets of most human languages. 
Figure 2. I 6 is a list of Unicode alphabets; there are almost as many nlphnbets in 
Unicode as there are useful sYlIlbols in ASCII. To be more inclusive, Java uses 
Unicode for characters. By default, it uses 16 bits to represent a character. 

The MIPS instruction set has explicit instructions to load and store such 16-b it 
quantities, called Iwlfwords. Load hal f (I ill loads a halfword from memory, placing 
it in the rightmost 16 bits of a register. Like load byte, land hnlf(1 h) treats the 
halfword as a signed number and thus sign-extends to fill the 16 leftmost bits of the 
register, while londlwlfll'ordllllsiglled (I ilu) works with unsigned integers. Thus 
I il u is the more popular of the two. Store half (s ill takes a half word from the 
rightmost 16 bits of a register and writes it to memory. We copy a halfword with 

, 

the sequence 

lil u HO . O($sp) 
sh HO .O ($gp) 

1/ Read halfword ( 16 bits) from source 
1/ Hr ite hal f wo r d (16 bits) to de sti nat io n 

Strings are a standard Java class with special built-i n support and predefined 
methods for concatenation, comparison, and conversion. Unlike C, Java includes a 
word that gives the length of the st ring, similar to Java arrays. 

Elaboration: MIPS software tries to I<eep the stack aligned to word addresses. allowing 
the program to always use I " and Sl< (whicll must be aligned) to access the stack. This 
convention means that a c h a r variable allocated on the stack occupies 4 bytes, even 
though it needs less. However, a C string variable or an array of bytes will pacl{ 4 bytes per 
word, and a Java string variable or array of Sllorts packs 2 halfwords per word. 

, . ,-

- ....... 

2.9 Communicating with People 

Latin Mafayalam Tagbanwa General Punctuation 

Greel( Sinhaia 1{llmer SpaCing Modifier Letters 

Cyrillic Thai Mongolian Currency Symbols 

Armenian Lao Umbu Combining Diacritical Marks 

Hebrew TIbetan Tai Le Combining Marks for Symbols 

Arabic Myanmar I(angxi Radicals Superscripts and Subscripts 

syriac Georgian Hiragana Number Forms 

Thaana Hangul Jamo I(atakana Mathematical Operators 

Devanagari Ethiopic Bopomofo Matl1ematical Alphanumeric Symbols 

Bengali Cherokee I<anbun Braille Patterns 

Gurmukhi Unified Canadian Shavian Optical Character Recognition 
Aboriginal Syllabic 

Gujarati Ogham Osmanya Byzantine Musical Symbols 

Driya Runic Cypriot Syllabary Musical Symbols 

Tamil Tagalog Tai Xuan Jing Symbols Arrows 

Telugu Hanunoo Yijing Hexagram Symbols Box Drawing 

Kannada Buhid Aegean Numbers Geometric Shapes 

F IGURE 2.16 Example a lphabets in Unicode. Unicode version 4.0 bas more than 160 "blocks," 
hich is tbeir name for a collection of symbols. Each block is a multiple of 16. ror example, Greek starts at 
370ha , and Cy rillic at O'100h~J. The first three columns show 48 blocks that correspond to human languages 
n roughly Unicode numerical order. The lasl column has 16 blocks Ihal are muhilingual and are not in order. 

w 
0 
i 
A 16·bil encoding, called UTr·16, is the defa ult . A va riable· length encoding. called UTr·8, keeps the ASCiI 
ubsel as eight bils and uscs 16-32 bits for Ihc OIhcr characters. UTF·32 uses 32 bits per character. 10 Ica rn 
lOre, scc 1I'1I'1I'.Imicorlc.org. 

, 
n 

l. Which of the fo llowing statements about characters and strings in C and Java Check 
a re true? Yourself 

I 
s 

I. A st ring in C takes about half the memory as the same string in Java. 

2. Strings are just an informal name for single-dimension arrays of characters 
in C and Java. 

3. Strings in C and Java use null (0) to mark the end of a string. 

4. Operations on strings, like length, are faster in C than in Java. 

I. Wh ich type of variable that can contain 1 ,000,OOO,000"n takes the most memory 
pace? 

1. i nt inC 

2. st ring inC 

3. string in Java 
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MIPS Addressing for 32·Bit Immediates 
and Addresses 

Although keeping all MIPS instructions 32 bits long simplifies the hardware. there 
are times where it would be convenient to have a 32-bit constant or 32-bit address. 
This section starts with the general solution for large constants. and then shows the 
optimizations for instruction addresses used in branches and jumps. 

32·Bit Immediate Operands 

Although constants are frequently short and fit into the 16-bit field . sometimes they 
are bigger. The MIPS instruction set includes the instruction lond "pper illlllledinte 
(1 u i) specifically to set the upper 16 bits of a constant in a register. allowing a 
subsequent instruction to specify the lower 16 bits of the constant. Figure 2.17 
shows the operation of 1 u i . 

Loading a 32·Bit Constant 

What is the MIPS assembly code to load this 32-bit constant into register $sO' 

00 00 000 0 001 1 1101 0000 1001 0000 0000 

First. we would load the upper 16 bits. which is 61 in decimal. using 1 ui: 

l ui $s O. 61 # 61 de c imal - 0000 0000 0011 1101 bi na ry 

The value of register $ s a afterward is 

000 0 0000 001 1 1101 000 0 0000 0000 000 0 

The next step is to insert the lower 16 bits. whose decimal value is 2304: 

o ri $sO. $50. 2304 # 2304 decimal - 0000 10 01 0000 0000 

The final value in register $sO is the desired value: 

00 0 0 00 00 0011 110 1 00 00 1001 0000 00 00 

2.10 MIPS Addressing for 32-8it Immedlates and Addresses 

The machine language version of 1 u i 

0011 11 00000 

HO . 255 

01000 

U i t O i s regi ster 8 : 
0000 0000 I III II I I 

Contents of register $tO after executing lui HO , 255 : 

I 00000000 I III IIII 0000 0000 0000 0000 

129 

FIGURE 2.17 The effect of the 1 ui instruction. The instruction 1 u i transfl,.'rs the 16-bil immedia te constant I1cld value into the 
leftmost 16 bils of the regist er. filling the lower 16 bits with Os. 

Either the compiler or the assembler must break large constants into pieces and 
then reassemble them into a register. As you might expect. the immediate field's 
size restriction may be a problem for memory addresses in loads and stores as well 
as for constants in immediate instructions. If this job falls ta the assembler. as it 
does for MIPS software. then the assembler must have a temporary register avai l
able in which to create the long values. This is a reasan for the register $at. which 
is reserved for the assembler. 

Hence, the symbolic representation of the MIPS machine language is no longer 
limited by the hardware, but by whatever the creator of an assembler chooses to include 
(see Section 2.12 ). We stick close to the hardware to explain the arch itecture of the 
computer, noting when we use the enhanced language of the assembler that is not 
found in the processor. 

Elaboration: Creating 32-bit constants needs care. The instruction add ; copies the 
leftmost bit of the 16-bit immediate field of the ins truction into the upper 16 bits of a 
word . Logical or immediate from Section 2.6 loads Os into the upper 16 bits and hence 
is used by the assembler in conjunction with 1 u i to create 32-bit constants. 

Addressing in Branches and Jumps 

The MIPS jump instructions have the simplest addressing. They use the final MIl'S 
instruction format. called the I-type. which consists of 6 bits for the operation field 
and the rest af the bits for the address field. Thus. 

j 1000 0 # go t a l ocat i an 10000 

could be assembled into this format (i t's actually a bit more complicated. as we 
will see): 

Hardware/ 
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PC-relative addressing 
An addressing regime 
in which the address is 
the Sllm of the program 
counter (PC) and a con
stant in the instruction. 

Chapter 2 Instructions: Language of the Computer 

2 10000 

6 bits 26 bits 

where the value of the jump opcode is 2 and the jump address is 10000. 
Unlike the jump instruction, the conditional branch instruction must specify 

two operands in addition to the branch address. Thus, 

bne $sO , $sl ,Exit # go to Exit if IsO _ $s l 

is assembled into this instruction, leaving only 16 bits for the brunch address: 

5 16 17 Exit 

G bits 5 bits 5 bits 16 bits 

If addresses of the program had to fit in this 16-bit field, it would mean that 
no program could be bigger than 2", which is far too small to be a realistic option 
today. An alternative would be to specify a register that would always be added to 
the branch address, so that a branch instruction would calculate the following: 

Program counter; Register + Brunch address 

This sum allows the program to be as large as 2" and still be able to use conditional 
branches, solving the branch address size problem. Then the question is, which 
register? 

The answer comes from seeing how conditional branches are used. Conditional 
branches are found in loops and in if statements, so they tend to branch to a 
nearby instruction. For example, about half of all conditional branches in SPEC 
benchmarks go to locations less than 16 instructions away. Since the program 
counter (PC) contains the address of the current instruction, we can branch within 
± 2 15 words of the current instruction if we use the PC as the register to be added 
to the address. Almost all loops and ifstatements are much smaller than 2" words, 
so the PC is the ideal choice. 

This form of branch addressing is called PC-relative addressing. As we shall see 
in Chapter 4, it is convenient for the hardware to increment the PC early to point to 
the next instruction. Hence, the MIPS address is actually relative to the address of 
the following instruction (PC + 4) as opposed to the current instruction (PC). 

Like most recent computers, MIPS uses PC-relative addressing for all condi
tional branches, because the destination of these instructions is likely to be close to 
the branch. On the other hand, jump-and-link instructions invoke procedures that 
have no reason to be near the call, so they normally use other forms of addressing. 
Hence, the MIPS architecture offers long addresses for procedure calls by using the 
I-type format for both jump and jump-and-link instructions. 

Since all MIPS instructions are 4 bytes long, MIPS stretches the distance of the 
branch by having PC-relative addressing refer to the number of words to the next 
instruction instead of the number of bytes. Thus, the 16-bit field can branch four 
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times as far by interpreting the field as a relative word address rather than as a 
relatIve byte address. Similarly, the 26-bit field in jump instructions is also a word 
address, meamng that It represents a 28-bit byte address. 

Elaboration: Since the PC is 32 bits, 4 bits must come from somewhere else for 
Jumps. The MIPS Jump Instruction replaces only the lower 28 bits of tile PC, leaving 
the upper 4 bits of the PC unchanged. The loader and linl<er (Section 2.12) must be 
careful to aVOid placing a program across an address boundary of 256 MB (64 '11' 
. t r ) th . . ml Ion 
inS ruc. J~ns ; 0 ,erwlse, aJump must be replaced by ajump register instruction preceded 
by other instructions to load the full 32-bit address into a register. 

Showing Branch Offset in Machine Language 

The while loop on page 107-108 was compiled into this MIPS assembler code: 

Loop :sl l $t l. $s3 , 2 
add HI, HI , $s6 
lw $tO,O($tl) 
bne $tO . $s5 . Exit 
addi $s3 . $s3 .1 
j Loop 

Exit : 

# Te mp reg It 1 - 4 * i 
# $tl - address of save[i] 
# Tem p reg ItO - save[ i] 
# go to Exit i f save [i ] _ k 
Ili-i+l 
II go to Loop 

If we assume w~ place the loop starting at location 80000 in memory, what is 
the MIPS mach me code for this loop? 

The assembled instructions and their addresses are: 

80000 

80004 

80008 

80012 

80016 

80020 

80024 

0 I 

=iJ 
5 

1 
8 I 
2 I 

... 

0 I 
9 i 
9 

1 
8 

I 19 

19 I 9 I 2 
22 I 9 I 0 
8 1 0 

21 I 2 
19 I 1 

20000 

I 0 

I 32 
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Remember that MIPS instructions have byte addresses, so addresses of 
sequential words differ by 4, the number of bytes in a word. The bne instruc
tion on the fourth line adds 2 words or 8 bytes to the address of the followillg 
instruction (80016), specifying the branch destination relative to that following 
instruction (8 + 80016) instead of relative to the branch instruction (12 + 80012) 
or using the full destination address (80024). The jump instruction on the last 
line does use the full address (20000 x 4 = 80000), corresponding to the label 
Loop. 

Most conditional branches are to a nearby location, but occasionally they branch 
far away, farther than can be represented in the 16 bits of the conditional branch 
instruction. The assembler comes to the rescue just as it did with large addresses 
or constants: it inserts an unconditional jump to the branch target, and inverts the 
condition so that the branch decides whether to skip the jump. 

Branching Far Away 

Given a branch on register $ 5 a being equal to register $ 5 1, 

beq $50, $51, Ll 

replace it by a pair of instructions that offers a much greater branching distance. 

These instructions replace the short-address conditional branch: 

L2 : 

bne 
j 

$50, $51, L2 
Ll 

MIPS Addressing Mode Summary 

Multiple forms of addressing are generically called addressing modes. Figure 2.18 
shows how operands are identified for each addressing mode. The MIPS address
ing modes are the following: 

1. Immediate ndrlressillg. where the operand is a constant within the instruc
tion itself 

2. Register nddressillg, where the operand is a register 
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1. Immediate addressing 

Immediate 

2. Register addressing 

[ op [ rs rt rd [.[funCI[ Registers 

Register 

3. Base addressing 

Address Memory 

4. PC-relative addressing 

Address 

I 
Memory 

I 
PC [~ Word 

5. Pseudodirect addressing 

r opl Address I Memory 

I 10 PC Word 
I t 

~IGURE 2.18 lIIust~a~lon of the five MIPS addressing modes. The operands are shaded in color. 
rite operand of mode 3 IS m memory, whereas the operand for mode 2 is a register. Note that versions of load 
and store access bytes, half words, or words. For mode 1, the operand is 16 bits of the instruct ion itself. Mode.~ 
4 and 5 address instructions in memory, with mode 4 adding a In-bit address shifted left 2 bits to the PC and 
mode 5 concatenating a 26-bit address shifted left 2 bits with the" upper bits of the Pc. 

3. Base or dispincelllent ndd"essillg, where the operand is at the memory loca
tIOn whose address 1S the sum of a register and a constant in the instruction 

4. PC-relntive nddressing, where the branch address is the sum of the PC and a 
constant in the instruction 

5. Pselldodirect nddressil1g, where the jump address is the 26 bits of the instruc
tion concatenated with the upper bits of the PC 
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Although we show MIPS as having 32-bit addresses, nearly all microprocessors 
(including MIPS) have 64-bit address extensions (see ~ Appendix E). These exten
sions were in response to the needs of software for larger programs. The process of 
instruction set extension allows architectures to expand in such a way that is able to 
move software compatibly upward to the next generation of architecture. 

Note that a single operation can use more than one addressing mode. Add, for 
example, uses both immediate (addi) and register (ad d) addressing. 

Decoding Machine Language 
Sometimes you are forced to reverse-engineer machine language to create the origi
nal assembly language. One example is when looking at "core dump." Figure 2.19 
shows the MIPS encoding of the fields for the MIPS machine language. This figure 
helps when translating by hand between assembly language and machine language. 

Decoding Machine Code 

What is the assembly language statement corresponding to this machine 

instruction? 

00a f B0 20 he x 

The first step in converting hexadecimal to binary is to find the op fields: 

IB it s : 31 28 26 5 2 0) 
0000 0000 1010 1111 1000 0000 0010 0000 

We look at the op field to determine the operation. Referring to Figure 2.19, 
when bits 31-29 are 000 and bits 28-26 are ODD, it is an R-format instruction. 
Let's reformat the binary instruction into R-format fields, listed in Figure 2.20: 

op 
000000 

rs 
00101 

rt 
Ollll 

rd 
10000 

shamt 
00000 

funct 
100000 

The bottom portion of Figure 2. 19 determines the operation of an R-format 
instruction. In this case, bits 5-3 are 100 and bits 2-0 are 000, which means 
this binary pattern represents an add instruction. 

We decode the rest of the instruction by looking at the field values. The 
decimal values are 5 for the rs field, 15 for rt, and 16 for rd (shamt is unused). 
Figure 2.14 shows that these numbers represent registers $ a 1, $t 7, and $ sO . 
Now we can reveal the assembly instruction: 

add $sO . $a 1.$t7 
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op(31:26) 

28-26 0(000) 1(001) 2(010) 3(011) 4(100) 5(101) 6(110) 7(111) 

31-29 
0(000) R-fo rma t Bltz/gez jump jump & 1 ink brancll eq branch blez bgtz 

ne 

1(001) add addill set less set 1 ess andi or i xo ri l oad uppe r 
immediate than imm. t ha n i mrn . innnediate 

unsigned 
2(010) HB F 1 P t 

3(OlX) I I 
4(100) 1 oild byte load half h/l load t'/ol'd load byte l oad h/r 

unsigned ha 1 f 
uns i gned 

5(101) store byte store hal f 51·11 sto re l'lord ! 5 1-I I' 

6(110) load 1 inked llKI 
"lo rd 

7(111) 5 to re cond o 5 1'IC 1 
I \'lord 

op(31:26)=010000 (TLB). r5(25:21) 

23- 21 0(000) 1(001) 2(010) 3(011) 4(100) 5(101) 6(110) 7(111) 

25-24 
0(00) mfcO c f cO I mteO ctcO 
1(01) 

2(10) 

3(11) 

op(31:26)=OOOOOO (R·format). funct(5:0) 

2- 0 0(000) 1(001) 2(010) 3(011) 4(100) 5(101) 6(110) 7(111) 

5- 3 

0(000) slliftleft sll i ft right ~SllV s r 1 v s rav 
1 09 i Cil 1 1 og i cill 

1(001) jump regi ster j a I r sysca l l br eak 
2(010) mfhi mth i mflo mtlo 
3(011) mult multu div divu I 
4(100) add addu subtract subu and or xo r notor(nor) 
5(101) set l.t , set 1. t. 

I uns i gned 
6(110) I 
7(111) I 

RGURE 2.19 MIPS instruction encoding. This nota tion gives the \fa lLie of a field br row and by column. For example. Ihe top portion 
of the figure shows load "lord in row number ,I ( JOO,wo for bit s 31-29 of the inst ruction ) and column number 3 (OJ I, \\,u for hits 28-26 of Ihe 
instruction), so the corresponding v<I\ue of Ihc op field (bits 31-26) is 1000 ll,wll' Underscore meilns Ihe field is used ebcwhere, For exa mple, 
R - fo rrna t in row 0 ilnd column 0 (op = 000000(\\,0) is defined in the bullam pan of the figure. Hence, s li b t ra C t in row" <lnd column 2 
of thc,bollam ,scction me?ns that the funci field (bits 5-0) of the instruction is 10001OIWO and Ihe op field (bils 31-26) is OOOOOOI\\W The 
fl oat 1 ng pOl nt voliue In row 2. column I is defined in Figure 3.18 in Chapler 3, B I tz/gez is the opcode for four instructions found in 
Appendix B: bl tz . bgez. bl tza 1, and bgeza 1, This chapter describes instructions given in full name using color, white Chapter 3 describes 
instructions given in mnemonics using color, Appendix. B covers all instruclions. 
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Fields comments 

32 bits I 

RGURE 2.20 MIPS instruction formats. 

Figure 2.20 shows all the MIPS instruction formats. Figure 2.1 on page 78 shows 
the MIPS assembly language revealed in tillS chapter. The remalllll1g hidden pOl tlon 
of MIPS instructions deals mainly with arithmetic and real numbers, which are 

covered in the next chapter. 

Check I. What is the range of addresses for conditional branches in MIPS (K = 1024)? 

Yourself I. Addresses between 0 and 64K - I 

2. Addresses between 0 and 256K - I 

3. Addresses up to about 32K before the branch to about 32K after 

4. Addresses up to about 128K before the branch to about 128K after 

II . What is the range of addresses for jump and jump and link in MIPS (M = J024K)? 

J. Addresses between 0 and 64M - I 

2. Addresses between 0 and 256M - I 

3. Addresses up to about 32M before the branch to about 32M after 

4. Addresses up to about 128M before the branch to about 128M after 

5. Anywhere within a block of 64M addresses where the PC supplies the upper 

6 bits 

6. Anywhere within a block of 256M addresses where the PC supplies the upper 

4 bits 

III. What is the MIPS assembly language instruction corresponding to the machine 

instruction with the value 0000 OOOOh,'? 

1. j 

2. R- fo rmat 

3. ad di 

4. s 11 

5. mfcO 
6. Undefined opcode: there is no legal instruction that corresponds to 0 

2.11 Parallelism and Instructions: Synchronization 

Parallelism and Instructions: 
Synchronization 

Parallel execution is easier when tasks are independent, but often they need to cooperate. 
Cooperation usually means some tasks are writing new va lues that others must read. 
To know when a task is finished writing so that it is safe for another to read, the tasks 
need to synchronize. If they don't synchronize, there is a danger of a data race, where 
the results of the program can change depending on how events happen to occur. 

For'example, recall the analogy of the eight reporters writing a story on page 
43 of Chapter I. Suppose one reporter needs to read all the prior sections before 
writing a conclusion. Hence, he must know when the other reporters have fini shed 
their sections, so that he or she need not worry about them being changed after
wards. That is, they had better synchronize the writing and reading of each section 
so that the conclusion will be consistent with what is printed in the prior sections. 

In computing, synchronization mechanisms are typically built with user-level 
software routines that rely on hardware-supplied synchronization instructions. In 
this section, we focus on the implementation of lock and Hillock synchronization 
operations. Lock and unlock can be used straightforwardly to create regions where 
onlya single processor can operate, called mutual excfllsiotJ, as ,,,,ell as to implement 
more complex synchronization mechanisms. 

The critical ability we require to implement s)olChronization in a multiprocessor is 
a set of hardware primitives with the ability to ntolllicnlly read and modity a memory 
location. That is, nothing else can interpose itself between the read and the write of ti,e 
memory location. Without such a capability, the cost of building basic synchroniza
tion primitives will be too high nnd will increase as the processor count increases. 

There are a number of alternative formulations of the basic hardware primi
tives, all of which provide the abilit), to atomically read and modity a location, 
together with some way to tell if the read and write were performed atomically. In 
general, architects do not expect users to employ the basic hardware primitives, but 
instead expect that the primitives will be used by system programmers to build a 
synchronization library, a process that is often complex and tricky. 

Let's start with one such hardware primitive and show how it can be used to 
build a basic synchronization primitive. One typical operation for building syn
chronization operations is the atomic exchange or atomic swap. which interchanges 
a value in a register for a value in memory. 

To see how to use this to build a basic synchronization primitive, assume that 
we want to build a simple lock where the value 0 is used to indicate that the lock 
is free and I is used to indicate that the lock is unavailable. A processor tries to set 
the lock by doing an exchange of I, which is in a register, with the memory address 
corresponding to the lock. The value returned from the exchange instruction is I if 
some other processor had already claimed access and 0 otherwise. In the latter 
case, the value is also changed to I , preventing an)' competing exchange in another 
processor from also retrieving a O. 
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For example, consider two processors that each try to do the exchange simulta
neously: this race is broken, since exactly one of the processors wi ll perform the 
exchange fi rst, returning 0, and the second processor will return I when it does the 
exchange. The key to using the exchange primitive to implement synchronization 
is that the operation is atomic: the exchange is indivisible, and two simultaneous 
exchanges will be ordered by the hardware. It is impossible for two processors 
trying to set the synchronization variable in this manner to both think they have 
simultaneously set the variable. 

Implementing a single atomic memory operation introduces some challenges in 
the design of the processor, since it requires both a memory read and a write in a 
single, uninterruptible instruction. 

An alternative is to have a pair of instructions in which the second instruction 
returns a value showing whether the pair of instructions was executed as if the pair 
were atomic. The pair of instructions is effectively atomic if it appears as if all other 
operations executed by any processor occurred before or after the pair. Thus, when 
an instruction pair is effectively atomic, no other processor can change the value 
between the instruction pair. 

In MIPS this pair of instructions includes a special load called a load /iI/ked and 
a special store called a store cOlldit;ollal. These instructions are used in sequence: 
if the contents of the memory location specified by the load linked are changed 
before the store conditional to the same address occurs, then the store conditional 
fails. The store conditional is defined to both store the value of a register in mem
ory alld to change the val ue of that register to a 1 if it succeeds and to a 0 if it fails. 
Since the load linked returns the initial value, and the store conditional returns I 
only if it succeeds, the following sequence implements an atomic exchange on the 
memory location specified by the contents of $ s 1: 

try : add 
11 
sc 
beq 
a dd 

HO, $zero . $s4 
Hl.O( $s)) 
HO ,O( $sl) 
HO.$ ze r o . t ry 
$s4 . $ze r o , H l 

: copy exchange val ue 
:l oad lin ked 
: s tore c o ndi t ional 
:branch store fai l s 
:pu t l oa d va l ue i n $s4 

At the end of this sequence the contents of $ s4 and the memory location speci
fied by $ s 1 have been ato mically exchanged. Any time a processo r intervenes and 
modifies the value in memory between the 11 and sc instructions, the sc returns 
o in $tO, causing the code sequence to try again. 

Elaboration: Although it was presented for multiprocessor synchronization, atomic 
exchange is also useful for the operating system in dealing with multiple processes 
in a single processor. To mal<e sure nothing interferes in a single processor, the store 
conditional also fails if the processor does a context switch between the two instructions 
(see Chapter 5). 

2.12 Translating and Starting a Program 

Since the store conditional will fail after either another attempted store to the load 
linked address or any exception . care must be taken in choosing which instructions are 
inserted between the two instructions. In particular, only register-register instructions 
can safely be permitted; otherwise. it is possible to create deadlock situations where 
the processor can never complete the s c because of repeated page faults. In addition, 
the number of instructions between the load linked and the store conditional should be 
small to minimize the probability that either an unrelated event or a competing processor 
causes the store conditional to fail frequently. 

An advantage of tile load linl(ed/store conditional mechanism is tllat it can be used 
to build other syncllronization primitives, such as atomic compare and swap or atomic 
fetch-and-increment, which are used in some parallel programming models. These involve 
more instructions between tile 11 and the SC . 

When do you use primitives like load linked and store conditional? 

I. When cooperating threads of a parallel program need to synchronize to get 
proper behavior for reading and wri ting shared data 

2. When cooperating processes on a uniprocessor need to synchronize for 
reading and writ ing shared data 

Translating and Starting a Program 

This section describes the four steps in transforming a C program in a file on disk 
into a program running on a computer. Figure 2.21 shows the translation hierar
chy. Some systems combine these steps to reduce translation time, but these are the 
logical four phases that programs go through. This section follows this translation 
hierarchy. 

Compiler 

The compiler transforms the C program into an assembly laugllnge progralll, a 
symbolic form of what the machine understands. High-level language programs 
take many fewer lines of code than assembly language, so programmer productiv
ity is much higher. 

In 1975, many operating systems and assemblers were written in assembly lan
guage because memories were small and compilers were inefficient. The 500,000-
fold increase in memory capacity per single DRAM chip has reduced program size 
concerns, and optimizing compilers today can produce assembly language pro
grams nearly as good as an assembly language expert, and sometimes even better 
for large programs. 

Check 
Yourself 

assembly language 
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library routine (machine language) 

Executable: Machine language program 

FIGURE 2.21 A translation hierarchy for C. A high-lc\·c1languagc program is first compiled into 
an assembly language program and then assembled into an object module in machine language. The Iin~cr 
combines multiple modules with library routines to resolve all references. The loader then places the machine 
code inlo the proper memory locations for execution by the processor. '10 speed up the tran slation process, 
some steps are skipped or combined. Some compilers produce object modules directly, and some systems lI SC 

linking loaders that perform Ihe last two sleps. To identify the type of file, UNIX foll ows a suffix convention 
for files: C source files arc named x . c , assembly files arc x . s , object files ;Ire named x . 0, statically linked 
library routines are x . a, dynamical ly linked library routes are x . so, and executable files by default are called 
it . ou t. MS-DOS lIses the suffixes .C, .ASI·I, . OBJ , . II B, . Dll. and . DE to the same effect 

Assembler 

Since assembly language is an interface to higher-level software, the assembler can also 
treat common variations of machine language instructions as if they were instructions 
in their own right. The hardware need not implement these instructions; however, 
their appearance in assembly language simplifies translation and programming. Such 
instructions are called pseudoinstructions. 

As mentioned above, the MIPS hardware makes sure that register $zel'a always 
has the value o. That is, whenever register Izera is used, it supplies a 0, and the 
programmer cannot change the value of register Izera . Register $ze r o is used 

2.12 Translating and Starting a Program 

to create the assembly language instruction mov e that copies the contents of one 
register to another. Thus the MIPS assembler accepts this instruction even though 
it is not found in the MIPS architecture: 

move HO,H I # r egis te r Ita gets reg i s te r It I 

The assembler converts this assembly language instruction into the machine lan
guage equivalent of the following in struction: 

add $tO ,lz e r o ,S tl # r eg i ster ItO gets a + r eg i ste r It I 

Ti,e MIPS assembler also converts b 1 t (branch on less than) into the two 
instructions 51 t and bne mentioned in the example on page 128. Other examples 
include bgt, bge , and b 1 e. It also converts branches to faraway locations into a 
branch and jump. As mentioned above, the MIPS assembler allows 32-bit constants 
to be loaded into a register despite the 16-bit limit of the immediate instructions. 

In summary, pseudo instructions give MIPS a richer set of assembly language 
instructions than those implemented by the hardware. The only cost is reserving 
one register, $a t , for use by the assembler. If you are going to write assembly pro
grams, use pseudoinstructions to simplify your task. To understand the MIPS 
architecture and be sure to get best performance, however, study the real MIPS 
instructions found in Figures 2.1 and 2. I 9. 

Assemblers will also accept numbers in a variety of bases. In addition to binary 
and decimal , they usually accept a base that is more succinct than binary yet con
verts easily to a bit pattern. MIPS assemblers use hexadecimal. 

Such fea tures are convenient, but the primary task of an assembler is <lssembly 
into machine code. The assembler turns the assembly language program into an 
object file, which is a combination of machine language instructions, data, and 
information needed to place instructions properly in memory. 

To produce the binary version of each instruction in the assembly language 
program, the assembler must determine the addresses corresponding to all labels. 
Assemblers keep track of labels used in branches and data transfer instructions 
in a symbol table. As you might expect, the table contains pairs of symbols and 
addresses. 

The object file for UNIX systems typically contains six distinct pieces: 

• The object file hender describes the size and position of the other pieces of the 
object file. 

• The text segll/ellt contains the machine language code. 

• The stntic nntn segll/elll contains data allocated for the life of the program. 
(UNIX allows programs to use both stntic rintn, which is allocated throughout 
the program, and dYllaTllic nntn, which can grow or shrink as needed by the 
program. See Figure 2.1 3.) 

• The re/omtioll ill/orlllntioll identifies instructions and data words tha t depend 
on absolute addresses when the program is loaded into memory. 
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• The symbol table contains the remaining labels that are not defined, such as 

external references. 

• The debllggillg informatioll contains a concise description of how the mod
ules were compiled so that a debugger can associate machine instructions 
with C source files and make data structures readable. 

The next subsection shows how to attach such routines that have already been 

assembled, such as library routines. 

Linker 
What we have presented so far suggests that a single change to one line of one proce
dure requires compiling and assembling the whole program. Complete retransla
tion is a terrible waste of computing resources. This repetition is particularly 
wasteful for standard library routines, because programmers would be compiling 
and assembling routines that by definition almost never change. An alternative is 
to compile and assemble each procedure independently, so that a change to one 
line would require compiling and assembling only one procedure. This alternative 
requires a new systems program, called a link editor or linker, which takes all 
the independently assembled machine language programs and "stitches" them 

together. 
There are three steps for the linker: 

1. Place code and data modules symbolically in memory. 

2. Determine the addresses of data and instruction labels. 

3. Patch both the internal and external references. 

The linker uses the relocation information and symbol table in each object 
module to resolve all undefined labels. Such references occur in branch instruc
tions, jump instructions, and data addresses, so the job of this program is much 
like that of an editor: it finds the old addresses and replaces them with the new 
addresses. Editing is the origin of the name "link editor;' or linker for short. The 
reason a linker is useful is that it is much faster to patch code than it is to recompile 

and reassemble. 
If all external references are resolved, the linker next determines the memory 

locations each module will occupy. Recall that Figure 2.13 on page 120 shows 
the MIPS convention for allocation of program and data to memory. Since the 
files were assembled in isolation, the assembler could not know where a module's 
instructions and data would be placed relative to other modules. When the linker 
places a module in memory, all absoillte references, that is, memory addresses that 
are not relative to a register, must be relocated to reflect its true location. 

The linker produces an executable file that can be run on a computer. Typically, 
this file has the same format as an object file, except that it contains no unresolved 
references. It is possible to have partially linked files, such as library routines, that 
still have unresolved addresses and hence result in object files. 

2.12 Translating and Starting a Program 

Linking Object Files 

Link the two object files below. Show updated addresses of the first few 
instructions of the completed executable file. We show the instructions in 
assembly language just to make the example understandable; in reality, the 
instructions would be numbers. 

Note that in the object files we have highlighted the addresses and symbols 
tl)at must be updated in the link process: the instructions that refer to the 
addresses of procedures A and B and the instructions that refer to the addresses 
of data words X and Y. 

Object file header I I 
Name I Procedure A I 

Text size 100hex I 
Data size 20hex I 

Text segment Address Instruction 

0 hI SaO , O{sgp) 

4 I j a I 0 
.. . . .. I 

Data segment 0 I X ) 

. .. .. . 
Relocation information Address I Instruction type Dependency 

0 11·/ I X 

4 j a 1 B 

Symbol table Label Address 

X I -
B I -

Object file header I 
Name Procedure B 

Text size 200hex 

Data size 30hex 
Text segment Address Instruction 

0 S\-I Sal. O( Sgp) 

4 ja I 0 
... . .. 

Data segment 0 I y) 

.. . 
Relocation information Address Instruction type 

I 
Dependency 

0 S \'I Y 

4 I jill A 

Symbol table Label I Address 

y I -
A I -
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Procedure A needs to find the address for the variable labeled X to put in the 
load instruction and to find the address of procedure B to place in the oj a 1 
instruction. Procedure B needs the address of the variable labeled Y for the 
store instruction and the address of procedure A for its j a 1 instruction. 

From Figure 2.13 on page 120, we know that the text segment starts at 
address 40 OOOO"ex and the data segment at 10 00 OOOOhex' The text ofproce
dure A is placed at the first address and its data at the second. The object file 
header for procedure A says that its text is 1 aohex bytes and its data is 20hcx bytes, 
so the starting address for procedure B text is 40 01 00he » and its data starts 

at 10 00 002 0he x-

Executable file header I I 
I Text size I 300l1ex 

I Data size I 50hex 

Text segment I Address I Instruction 

OOllOOOOOhex I 1 N SaO , 8000 Ile x($gpl 

00400004he :< I j a 1 40 OlOO IH~x 

... I .. . 
00400100hex 5\'1 $ aI , 80201U:' x($gp) 

OO ti D 0104hex jill 40 OOOO I! c>x 

... ... 
Data segment Address 

1000 OOOO hex ( X ) 

.. ' ... 

1000 0020 l1ex ( y ) 

... ... 

Figure 2.13 also shows that the text segment starts at address 40 OOO Ohe, 
and the data segment at 1000 OOO Ohex' The text of procedure A is placed at the 
first address and its data at the second. The object file header for procedure A 
says that its text is 100"" bytes and its data is 20,,,, bytes, so the starting address 
for procedure B text is 40 01 00"ex ' and its data starts at 10 00 0020 hex ' 

Now the linker updates the address fields of the instructions. It uses the 
instruction type field to know the format of the address to be edited. We have 

two types here: 

2.12 Translating and Starting a Program 

1. The j a 1 s are easy because they use pseudodirect addressing. The j a 1 at 
address 4 0 0004 he, gets 40 01 00 he, (the address of procedure B) in its 
address field, and the j a 1 at 4 0 01 04hex gets 40 OO OOhox (the address of 
procedure A) in its address field. 

2. The load and store addresses are harder because they are relative to a 
base register. This example uses the global pointer as the base register. 
Figure 2.13 shows that $gp is initialized to 1000 8000 hex ' To get the 
address 1000 OOOO hex (the address of word X), we place 8000 hex in the 
~ddress field of 1 w at address 40 OOOO "e, ' Similarly, we place 8 020 hex 
1I1 the address field of s wat address 40 01 00 he, to get the address 
1000002 0hex (the address of word Y). 

Elaboration: Recall that MIPS instructions are word aligned, so j a 1 drops the 
right tw~ bits to increase the instruction's address range. Thus, it use 26 bits to 
create a 28-bit byte address. Hence, the actual address in the lower 26 bits of the 
j a 1 instruction in this example is 10 004 0hex, rather than 40 01 OO"ex ' 

Loader 

Now that the executable file is on disk, the operating system reads it to memory and 
starts it. The loader follows these steps in UNIX systems: 

1. Reads the executable file header to determine size of tl,e text and data segments. 

2. Creates an address space large enough for the text and data. 

3. Copies the instructions and data from the executable file into memory. 

4. Copies the parameters (if any) to the main program onto the stack. 

5. Initializes the machine registers and sets the stack pointer to the first free 
location. 

6. Jumps to a start-up routine tl,at copies tl,e parameters into the argument 
registers and calls the main routine of the program. When the main routine 
returns, the start-up routine terminates the program with an e x i t system call. 

Sections B.3 and B.4 in Appendix B describe linkers and loaders in more detail. 

Dynamically Linked Libraries 

The first part of this section describes the traditional approach to linking libraries 
before the program is run. Although this static approach is the fastest way to call 
library routines, it has a few disadvantages: 
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• The library routines become part of the executable code. If a new version of 
the library is released that fixes bugs or supports new hardware devices, the 
statically linked program keeps using the old version. 

• It loads all routines in the library that are called anywhere in the executable, 
even if those calls are not executed. The library can be large relative to the 
program; for example, the standard C library is 2.5 MB. 

These disadvantages lead to dynamically linked libraries (DLLs) , where the 
library routines are not linked and loaded until the program is run. Both the pro
gram and library routines keep extra information on the location of non local pro
cedures and their names. In the initial version of DLLs, the loader ran a dynamic 
linker, using the extra information in the file to find the appropriate libraries and 
to update all external references. 

The downside of the initial version of DLLs was that it still linked all routines 
of the library that might be called, versus only those that are called during the 
running of the program. This observation led to the lazy procedure linkage version 
of DLLs, where each routine is linked only after it is called. 

Like many innovations in our field , this trick relies on a level of indirection. 
Figure 2.22 shows the technique. It starts with the nonlocal routines calling a set of 
dummy routines at the end of the program, with one entry per nonlocal routine. 
These dummy entries each contain an indirect jump. 

The first time the library routine is called, the program calls the dummy entry 
and follows the indirect jump. It points to code that puts a number in a register to 
identify the desired library routine and then jumps to the dynamic linkerlloader. 
The linkerlloader finds the desired routine, remaps it, and changes the address in 
the indirect jump location to point to that routine. It then jumps to it. When the 
routine completes, it returns to the original calling site. Thereafter, the call to the 
library routine jumps indi rectly to the routine without the extra hops. 

In summary, DLLs require extra space for the information needed for dynamic 
linking, but do not require that whole libraries be copied or linked. They pay a good 
deal of overhead the first time a routine is called, but only a single indirect jump 
thereafter. Note that the return from the library pays no extra overhead. Microsoft's 
Windows relies extensively on dynamically linked libraries, and it is also the default 
when executing programs on UNIX systems today. 

Starting a Java Program 

The discussion above captures the traditional model of executing a program, 
where the emphasis is on fast execution time for a program targeted to a specific 
instruction set architecture, or even a specific implementation of that architecture. 
Indeed, it is possible to execute Java programs just like C. Java was invented with 
a different set of goals, however. One was to run safely on any computer, even if it 
might slow execution time. 

2.12 Translating and Starting a Program 

Text Text 

j a 1 jal 

C1I" 1~ 1\'1 
j r j " 

Data Dala 

Text 

Text 

DLL routine 

j r 

a. First call to DLL routine b. Subsequent calls to DLL routine 

FIGURE 2.22 Dynamically linked library via lazy procedure linkage. (;1) Steps for thc first 
rimc;\ ,;dl is m<lde to the DLL routine. (b ) The steps to find th e routine, rem<lp it, and link it are skipped 011 

su bsequent ca lls. As we will sec in Chapter 5, the operating system may ilvuid copying the desired routine b)' 
remapping it using \'inual memory management. 

Figure 2.23 shows the typical translation and execution steps for Java. Rather 
than compile to the assembly language of a target computer, Java is co mpiled first 
to instructions that are easy to interpret: the Java bytecode instruction set (see 
tal Section 2.15 on the CD). This instruction set is designed to be close to the 
Java language so that this compilation step is triv ial. Virtually no optimizations 
are performed. Like the C compiler, the Java compiler checks the types of data 
and produces the proper operation for each type. Java programs are distributed 
in the binary version of these bytecodes. 

A software interpreter, called a Java Virtual Machine (JVM), can execute Java 
bytecodes. An interpreter is a program that simulates an instruction set architec
ture. For example, the MIPS simulator used with this book is an interpreter. There 
is no need for a separate assembly step since either the translation is so simple that 
the compiler fills in the addresses or JVM finds them at runtime. 
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Check 
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Java program 

Java library routines (machine language) 

Just In Time 
compiler 

Java Virtual Machine 

Compiled Java methods (machine language) 

FIGURE 2.23 A translation hierarchy for Java. A Java program is first compiled into a binary version 
of Java b)'lccodcs, with all addresses defined by the compiler. The lavil program is now ready to run on the 
interpreter, called the Java Virtual Machine (JVM). The /VM links 10 desired methods in the Java library while 
the program is ru nning. '10 achieve grealer performance, the JVM can invoke the JlT compiler, which selectively 
compiles mcthods imo the nativc m<lcitinc language of the m,lChinc on wh ich it is running. 

The upside of interpretation is portability. The availability of software Java vir
tual machines meant that most people could write and run Java programs shortly 
after Java was announced. Today, Java virtual machines are found in hundreds of 
millions of devices, in everything from cell phones to Internet browsers. 

The downside of interpretation is lower performance. The incredible advances 
in performance of the I980s and I990s made interpretation viable for many 
important applications, but the factor of 10 slowdown when compared to tradi
tionally compiled C programs made Java unattractive for some applications. 

To preserve portability and improve execution speed, the next phase of Java 
development was compilers that translated IVil ile the program was running. Such 
lust In Time compilers (lIT) typically profile the running program to find where 
the "hot" methods are and then compile them into the native instruction set on 
which the virtual machine is running. The compiled portion is saved for the next 
time the program is run, so that it can run faster each time it is run. This balance 
of interpretation and compilation evolves over time, so that frequently run Java 
programs suffer little of the overhead of interpretation. 

As computers get fa ster so that compilers can do more, and as researchers invent 
betters ways to compile lava on the Oy, the performance gap between lava and C or 
c++ is closing. til Section 2.15 on the CD goes into much greater depth on the 
implemen tat ion of Java, Java bytecodes, IVM, and JIT compilers. 

Which of the advantages of an interpreter over a translator do you think was most 
important for the designers of lava? 

1. Ease of writing an interp reter 

2. Better error messages 

3. Smaller object code 

4. Machine independence 

2.13 A C Sort Example to Put It All Togothor 

III A C Sor. Example to Put H All Toge.he, 

On~ danger of showing assembly language code in snippets is that you will have 
no Idea what a full assembly language program looks like. In this section , we derive 
the MIPS code from two procedures written in C: one to swap array elements and 
one to sort them. 

void swapCint vEl , i nt k) 
I 
int temp; 
t emp - v[k]; 
v[ k) = v[k+I]; 
v[ k+I] = temp; , 

FIGURE 2:24 A. C procedUre that swaps two locations In memory. This su bsection uses this 
procedure III a sortmg example. 

The Procedure s w a p 

Let's start with the code for the procedure swa p in Figure 2.24. This procedure 
SImply swaps two loca tions in memory. When translating from C to assembly lan
guage by hand, we follow these general steps; 

l. Allocate registers to program variables. 

2. Produce code for the body of the procedure. 

3. Preserve registers across the procedure invocation. 

This section de:cribes the s>lap procedure in these three pieces, concluding by 
puttmg all the p,eces together. 

Register Allocation for S w a p 

As mentioned on pages 112- 113, the IvlfPS convention on parameter passing is to 
use reglst~rs $aO, $al: $a2,. and $a3 . Since swap has just two parameters, v and 
k, they wlil be found m regISters $aO and $a 1. The only other variable is t emp, 
whIch we assoCIate WIth regIster $ to since sViap is a leaf procedure (see page 11 6). 
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This register allocation corresponds to the variable declarations in the first part of 
the s;,ap procedure in Figure 2.24. • 

Code for the Body of the Procedure sl-Iap 

The remaining lines of C code in s wa pare 

temp ~ v[kJ: 
v[kJ ~ v[k+IJ: 
v[k+IJ ~ temp: 

Recall that the memory address for MIPS refers to the byte address, and so words 
are really 4 bytes apart. I-fence we need to multiply the index k by 4 before adding it 
to the address. Forgettillg t/lnt seql/el/tia/word addresses differ by 4 illstead of by 1 is 
(j C01llltIOI' mistake j'l assembly InllgLUlge programming. Hence the first step is to get 
the address of v [k J by mUltiplying k by 4 via a shift left by 2: 

# r eg $tl ~ k * 4 
# reg $tl ~ v + (k * 4) 

s l1 
add 

$t1. $a1. Z 
$tl . $aO,$t1 

# r e g $tl has t he add r ess of v[k J 

Now we load v [k J using $t I, and then v [k+ I J by adding 4 to $t 1: 

hi 
1;, 

HO. O(Hll 
HZ, 4( H I) 

# r eg $tO (temp) ~ v[kJ 
# reg $tZ ~ v[k + IJ 
# refers to next element 

Next we store HO and HZ to the swapped addresses: 

5\'/ 

sw 

HZ , O(HI) 
$tO, 4(HI) 

II v[kJ ~ reg HZ 
# v[k+IJ ~ reg $tO (temp) 

of v 

Now we have allocated registers and written the code to perform the operations 
of the procedure. What is missing is the code for preserving the saved registers used 
within sIva p. Since we are not using saved registers in this leaf procedure, there is 

nothing to preserve. 

The Full swap Procedure 
We are now ready for the whole routine, which includes the procedure label and 
the return jump. To make it easier to follow, we identify in Figure 2.25 each block 
of code with its purpose in the procedure. 

The Procedure S 0 r t 
To ensure that you appreciate the rigor of programming in assembly language, 
we'll try a second, longer example. In this case, we'll build a routine that calls the 
swap procedure. This program sorts an array of integers, using bubble or exchange 
sort, which is one of the simplest if not the fastest sorts. Figure 2.26 shows the C 

2.13 A C Sort Example to Put It All Together 

Procedure body 

S\"/ il p: S I I H I. Sal. 2 /I reg HI ... k * 4 
add 'HI. SaO, H I (1 reg S t 1 '" v + ( k * 4 ) 

111 stO . O(stl I 
it reg 'HI has the address of ... (k] 
f.I r eg $tO (temp) - v[k) 

hi 1t2 .4 (st l l fI reg H2 "" v [k + 1] 
II refers to next e l eillent oi v 

sw H2 ,0 ( stll f! v[k)" reg H2 
5 \'/ stO , 4(Hl) ft v[k+1) = reQ H O (terna) 

Procedure return 

if' Ira 1/ return t o call in9 routin e 

RGURE 2.25 MIPS assembly code of the procedure swap in Figure 2.24. 

version of the program. Once again, we present this procedure in several steps) 
concluding with the full procedure. 

vo id so rt (tnt vel. f li t n) 
I 

i nt i . j : 
f or ( i = 0 : i < n: 

for (j - i-I: 
s l'l ap(v . j): 

i +- 1) I 
) - 0 && v[j] ) v[j + I] : j . • II I 

RGURE 2.26 A C procedure that performs a sort on the array v. 

Register Allocation for 50 r t 

The two parameters of the procedure sort, v and n,are in the parameter registers 
$ a 0 and $ a I , and we assign register $ s a to i and register $ 5 I to j. 

Code for the Body of the Procedure 50rt 

The procedure body consists of two nested for loops and a call to 5wa p that 
includes parameters. Let's unwrap the code from the outside to the middle. 

The first translation step is the first for loop: 

for (i - 0: i < 11: i +~ I) I 

Recall that the C for statement has three parts: initialization, loop test, and itera
tion increment. It takes just one instruction to initialize i to 0, the first part of the 
for statement: 

move $sO, $zero 
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(Remember that move is a pseudo instruction provided by the assembler for the 
convenience of the assembly language programmer; see page 141.) It also takes 
just one instruction to increment i ) the last part of the for statement: 

add i $50 . $50 . 1 

The loop should be exited if i < n is lIot true or. said another way. should be exited 
if i 2< n. The set on less than instruction sets register It 0 to I if $ 5 0 < $ a 1 and to 0 
otherwise. Since we want to test if $ 5 0 2 $ a 1, we branch if register $tO is O. This 
test takes two instructions: 

forltst : slt StO , SsO . Sal II reg StO ~ 0 i f $50 2< Sal (i 2< n) 
beq StD . Sze r o , exitl II go to ex i tl if SsO 2 Sal (i2<n) 

The bottom of the loop just jumps back to the loop test: 

j forl tst II j um p to test of outer l oo p 

ex i tl : 

The skeleton code of the first forloop is then 

move SsO , 
for l tst : s l t StD . 

beq StD . 

$zero lI i~ O 

SsO . Sal II r eg StO ~ 0 i f SsO 2< Sal ( i2n ) 
$zera .exitl II go to exitl i f $502< $al (i 2<n ) 

(body of first fal" loop) 

addi 
j 

exit! : 

SsO . $50 . I 
farltst 

Il i+~ 1 
II jump to test of outer loop 

Voila! (The exercises explore writing faster code for similar loops. ) 
The second for loop looks like this in C: 

for (j ~ i-I; j >~ 0 && v[ jJ > v[j + IJ; j - I ) I 

2.13 A C Sort Example to Put It All Together 

The second test exits if v [ j J > v [ j + I J is lIot true, or exits if v [j J ,;; 
v [j + I J . First we create the address by multiplying j by 4 (since we need a byte 
address) and add it to the base address of v: 

511 HI . $5 1. Z II reg H I 
add HZ, SaO , HI II r eg HZ 

Now we load v [j J: 

lw 1t3 . O(ltZ) 1/ reg 1t3 

j * 4 
v+(j*4) 

~ v[jJ 

Since we know that the second element is just the following word, we add 4 to the 
address in register $t Z to get v [j + 1 J: 

H4 . 4(HZ) II reg H4 v [ j + IJ 

The test of v [j J ,;; v [j + I J is the same as v [j -t- I J 2< v [j J, so the two 
instructions of the exit test are 

sIt 
beq 

HO. 1t4 . 1t3 
St~ . $zero . exitZ 

1/ reg StO ~ 0 if St4 ~ St3 
1/ go to ex it Z i f St4 ~ $t3 

The bottom of the loop jumps back to the inner loop test: 

j forZtst 1/ j ump to test of in ner loop 

Combining the pieces, the skeleton of the second for loop looks like this: 

addi $si. $50 , -I 1/ j ~ i - I 
forZtst : sIti StD . Ss i. 0 1/ reg StO ~ 1 i f Ssl < 0 (j < 

bne HO . Szero . exitZ 1/ go to exitZ if $51 < 0 (j < 
511 H i. $si. Z 1/ reg Itl ~ j * 4 
add HZ , SaO . HI II reg ItZ ~v+(j*4) 
1\, H3 . O( HZ) II I"eg 1t3 ~ v[j J 
hi H4 . 4(HZ) II reg H4 v[j + IJ 
sIt stD . H4 . 1t3 II reg $tO ~ 0 if st4 ~ 1t3 
beq HO , Szero . exitZ II go to exitZ if H4 ~ St3 

0) 
0) 

The initialization portion of this loop is again one instruction: (body of seco nd for loop) 

ad di $51 , $50 . -1 II j ~ i-I 

The decrement of j at the end of the loop is also one instruction: 

add i $51, $51 . -111 j -~ 1 

The loop test has two parts. We exit the loop if either condition fails. so the first test 
must exit the loop if it fails (j < 0): 

forZtst : s Iti stD . $si. 01/ reg $tO ~ I if $51 < 0 (j < 0) 
bne $tO . Izera , exitZ 1/ go to exitZ i f $51 < 0 (j < 0) 

This branch will skip over the second condition test. If it doesn't skip. j 2< o. 

addi $s i. $si. -I II j -~ I 
j forZtst 1/ jump to test of inner l oop 

exitZ : 

The Procedure Call in so r t 

The next step is the body of the second for loop: 

swap(v , j) ; 

Calling s<lap is easy enough: 

ja l S\,ap 
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Passing Parameters in sor t 
The problem comes when we want to pass parameters because the s o r t procedure 
needs the values in registers Sa 0 and Sa L yetthe sIV a p procedure needs to have its 
parameters placed in those same registers. One solution is to copy the parameters 
for sort into other registers earlier in the procedure, making registers SaO and 
$ a 1 available for the call of s OIa p. (This copy is faster than saving and restoring on 
the stack.) We first copy SaO and Sa l into Ss2 and $5 3 during the procedure: 

move $52. SaO 
move $53 . Sa l 

# copy parameter SaO in to $52 
# copy parameter Sal int o $53 

Then we pass the parameters to swap with these two instructions: 

mov e $a O. $5 2 
move Sal. $51 

# fi rs t swap pa r ameter i s v 
# sec ond sIV ap pa rame t e r i s j 

Preserving Registers in so r t 
The only remaining code is the saving and restoring of registers. Clearly, we must 
save the return address in register Ir a, since s or t is a procedure and is called itself. 
The so rt procedure also uses the saved registers $ sO, $ 5 1, $ 5 2, and $ 5 3, so they 
must be saved. The prologue of the so r t procedure is then 

addi $S p.$ s p.- 20 II ma ke ro om all s ta c k fa ,' 5 reg; st er s 

'" Ira . 16 (S s p ) /I save $ra all s t ack 

S\'J $s3.l 2 ($ sp ) II s ave $53 on stac k 

5\" $52 . 8($ s p ) II s ave $52 all sta c k 

S\'J $51. 4 ($Sp ) II save $sl all stac k 

S\-/ Ss O. O($s p) /I sa ve $50 all s t ack 

The tail of the procedure simply reverses all these instructions, then adds a j r to 

return. 

The Full Procedure so r t 
Now we put all the pieces together in Figure 2.27, being careful to replace references 
to registers SaO and Sa l in theforloops with references to registers Ss2 and Ss3. 
Once again, to make the code easier to follow, we identify each block of code with 
its purpose in the procedure. In this example, nine lines of the so ,' t procedure in 
C became 35 lines in the MIPS assembly language. 

Elaboration: One optimization that works with tl1i5 example is procedure in lining. 
Instead of passing arguments in parameters and invol<ing the code with a j a 1 instruction, 
the compiler wou ld copy the code from the body of tile SI'lap procedure where tile ca ll 
to S\'/ap appears in the code. lnlining would avoid four instructions in this example. The 
downside of the inlining optimization is that the compiled code would be bigger if the 
in lined procedure is called from several locations. Such a code expansion might turn 
into lower performance if it increased the cache miss rate; see Chapter 5. 

Move parameters 

Outer loop 

Inner loop 

Pass parameters 
and ca ll 

Inner loop 

Outer loop 

sort: addi 
$\1 

S>I 

51'1 

5\'1 

$\1 

move 
move 
move 

forltst : 
beq 

add; 
fo r2tst : 

bne 
, 11 
add 
hi 
1\'1 
,1 t 
beq 

move 
move 
j a 1 
add; 
j 

exit2 : addi 
j 

ex i tl: 11'1 
l w 
l w 
l w 
h i 
add; 

j r 

2.13 A C Sort Example to Put It All Together 

Saving registers 

Ssp . s sp . - 20 /I make room on s tack for 5 reg i 5 ters 
Sra . 16( Ssplfl save $ora on stac k 
Ss3 . 12(Sspl II save Ss3 on stack 
Ss2 . 80s plfJ save Ss2 on stack 
$s 1. 4 ( Ss pl/l save Sst on stuck 
SsO . O(Ss pl/J save SsO on stack 

Procedure b dy o 

Ss2 , $aO fI copy paramete r SaO i nto '£s2 (sa ve s aO ) 
Ss3 . Sal II copy parame t e r Sa l in to $s3 (sa ve Sil l ) 

$sO . Szero ll i-O 
sltst O. $50, Ss3{1 reg'H0 - O i fSs05Ss3( ; 5nJ 
stO , Sze ro , ex i t1l1gotoexitl i fSs05Ss3( i 5n) 
S'I . S,O . -llIj-i - I 
, Hi HO . $'1 . 0 II reg stO - l i f "I < 0 Ij < 0) 
HO , Sze ro . ex i t2f1 go t o ex i t 2 i f 1.51 < 0 (j < 0 ) 
st!. 1051 . 2# reg H I - j * 4 
St2 . Ss2 . St1ff regst2 - v+(j*4) 
st 3 . 01st2)11 reg st3 - v[j] 
St4 .4 I H 2)lIreg st4 - v[j + l ] 
HO . st 4 , H3 II reg HO - 0 i f st4 5 st3 
HO . Szer o . ex; t211 go to exi t2 if $t4 5 st3 
SaO. Ss2 f) 1st pu rumeter of s ~/ap is v (o l d SaO) 
Sal , Ssl i/ 2nd par ameter of s ~/ ap i s j 

sl'/ap /I SI'/a p code shown in Figure 2.25 

$,1. Ssl. - III j - - I 
f or2tst 
SsO , SsO, 1 
fo rlt s t 

/I j ump to test of inn er l oop 

fI jump to test of oute r l oop 

Restoring registers 

SsO , O(Ss p) 1/ restore SsO f rom st ack 
105 1. 4( Ss p)1f restore Ss l f rom stac k 
$s2. 8 (S sp)1I restore $s2 from stack 
Ss3. 12( Ss p l fI res tore Ss3 fro m stack 
Sra. 16(Ss p) IIresto reSrafromstack 
Ssp . Ssp . 20 1/ resto re stack po i nter 

Procedure return 

S" /I ret ur n t ocal 1ing rout ine 

RGURE 2.27 MIPS assembly version of procedure s ort in Figure 2.26. 
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Figure 2.28 shows the impact of compiler optimization on sort program perfor
mance, compile time, clock cycles, instruction count, and CPI. Note that unopti
mized code has the best CPI, and 01 optimization has the lowest instruction 
CQunt, but 03 is the fastest, reminding us that time is the only accurate measure of 

program performance. 
Figure 2.29 compares the impact of programming languages, compilation 

versus interpretation , and algorithms on performance of sorts. The fourth col
umn shows that the unoptimized C program is 8.3 times faster than the inter
preted Java code for Bubble Sort. Using the JIT compiler makes Java 2.1 times 
faster than the unoptimized C and within a factor of 1.13 of the highest optimized 
C code. ( [I] Section 2.15 on the CD gives more details on interpretation versus 
compilation of Java and the Java and MIPS code for Bubble Sort.) The ratios 
aren't as close for Quicksort in Column 5, presumably because it is harder to 
amortize the cost of runtime compilation over the shorter execution time. The 
last column demonstrates the impact of a better algorithm, offering three orders 
of magnitude a performance increases by when sorting 100,000 items. Even 
comparing interpreted Java in Column 5 to the C compiler at highest optimization 
in Column 4, Quicksort beats Bubble Sort by a factor of 50 (0 .05 x 2468, or 123 
times faster than the unoptimized C code versus 2.41 times faster ). 

Elaboration: The MIPS compilers always save room on the stack for the arguments 
in case they need to be stored, so in reality they always decrement $ s p by 16 to mal,e 
room for all four argument registers (16 bytes). One reason is that C provides a va ra rg 
option that allows a pointer to picl{, say, the third argument to a procedure. When the 
compiler encounters tIle rare vararg, it copies the four argument registers onto the 
stack into tile four reserved locations. 

gcc optimization 
Relative 

performance 
Clock cycles 

(millions) 
Instruction count 

(millions) 

FIGURE 2.28 Comparing performance, Instruction count, and CPI using compiler optimi· 
zation for Bubble Sort. The programs sorted 100,000 words with the array initialized 10 random values. 
These programs were run on a Pentium:\ with a clock rate of 3.06 GHz and a 533 MHz system bus with 2 Gll 
of pe2 100 DDR SDRAM. It used Linux version 2.4.20. 
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Bubble Sort relative 
performance 

Quicksort relative 
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Speedup Quicksort 
vs. Bubble Sort 

FIGURE 2.2~ Performance of two sort algorithms in C and Java using Interpretation and optimizing compilers relative 
to un~ptiml~ed, C version. The last column shows the advantage in performance of Quicksort over Aubbh: Sort fur each language and 
exec.utJOn option. rhese programs were run on {he same systcm as Figurc 2,2B. The IV!'\'1 is Sun version 1.3,1 , and {he jiT is Sun Hotspo{ 
versIOn 1.3.1. 

III Arrays versus pm"le .. 

A challenge for any new C programmer is understanding pointers. Comparing 
assembly code that uses arrays and array indices to the assembly code that uses 
poi~ters offers insights about pointers. This section shows C and MIPS assembly 
versIOns of two procedures to clear a sequence of words in memory: one using 
array indices and one using pointers. Figure 2.30 shows the two C procedures. 

The purpose of this section is to show how pointers map into MIPS instructions, 
and not to endorse a dated programming style. We'll see the impact of modern com
piler optimization on these two procedures at the end of the section. 

Array Version of Clear 

Let's start with the array version, c I ea r 1, focusing on the body of the loop and 
ignoring the procedure linkage code. We assume that the two parameters a r ray and 
s i z e are found in the registers $ a a and $ a! , and that i is allocated to register $t O. 

The initialization of i , the first part of the fm'loop, is straightforward: 

move $tO. $zero 1/ i ~ a (register $tO ~ 0) 

To set a r ray [ i J to a we must first get its address. Start by multiplying i by 4 to 
get the byte address: 

loop!: sll HI, $tO , 2 IIH1~i*4 

Since the starting address of the array is in a register, we must add it to the index 
to get the address of a r ray [ i J using an add instruction: 

add H2,$aO . Hl 1/ $t2 ~ address of array[iJ 

Finally, we can store 0 in that address: 
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clearl(int array[J. int s ize ) 
[ 

i nt ; ; 
forC;=O;; 

array[i] 
< size ; ; += 1) 

0: 

clearZ(int *array, int size) 
[ 

int *p: 
for (p = &array[Ol: p < 

&array[s;ze] ; p = p + 1) 

*p = 0: 

FIGURE 2.30 Two C procedures for setting an array to all zeros. C 1 ear 1 uses indices, while 
c 1 ea r 2 uses pointers. The second procedure needs some explanation for those unfamiliar with C. The 
address of a variable is indicated by &, and the object pointed to by a pointer is indicated by *. The declara
tions declare thaI a r ray and p arc pointers to integers. The first part of the for loop in c 1 ea r 2 assigns 
the address of the first element of a r rily to the pointer p. The second part of the for loop tests to sec if the 
pointer is pointing beyond the last clement of il r ray. Incrementing a pointer by one, in the last part of the 
for loop, means moving the pointer to the next sequential object of its declared size. Since D is a pointer to 
integers, the compiler will generate MIPS in structions to incremcnt p by four, thc number ofbytcs in a MIPS 
integer. The assignment in the loop places 0 in the objeCl pointed to by p. 

s\·/ $zero. O(ItZ} 1/ array[i] ~ 0 

This instruction is the end of the body of the loop, so the next step is to increment i : 

addi ItO . StO.1 I/ i ~i+l 

The loop test checks if i is less than size: 

slt 
bne 

$t3 . $tO.Sal 1/ $t3 ~ (i < size) 
St3.Szero , 100p l II if (i < size) go to loopl 

We have now seen all the pieces of the procedure. Here is the MIPS code for 
clearing an array using indices: 

move itO, $zero II i 0 
loopl: sll ItI,HO,Z 1/ Stl i * 4 

add HZ, $aO, Stl 1/ StZ address of array[i] 

sw Szero . O( HZ} 1/ array[i] ~ 0 
add i $tO.StO.1 II i ~ i + I 
slt St3. $tO . Sal II St3~ ( i < size) 

bile H3. $zero . 1 oopl II if ( i < s ize) go to loopl 

(This code works as long as size is greater than 0; ANSI C requires a test of size 
before the loop, but we'll skip that legality here.) 

2.14 Arrays versus Pointers 

Pointer Version of Clear 

The seco nd procedure that uses pointers allocates the two parameters a rray and 
size to the registers $ a 0 and S a I and allocates p to register St O. The code for 
the second procedure starts with assigning the pointer p to the address of the first 
elemen t of the array: 

move itO, SaO 1/ p ~ address of array[O] 

The next code is the body of the for loop, which simply stores 0 into p: 

l'oopZ: s\·/ $zero. O( ItO} 1/ Memory[p] ~ 0 

This instruction implements the body of the loop, so the next code is the iteration 
increment, which changes p to point to the next word: 

addi HO,HO .4 IIp=p+4 

Incrementing a pointer by I means moving the pointer to the next sequential 
object in C. Since p is a pointer to integers, each of which uses 4 bytes, the compiler 
incremen ts p by 4, 

The loop test is next. The first step is calculating the address of the last element 
of a r r ay . Start with multiplying s i ze by 4 to get its byte address: 

s 11 StI , $al,Z 1/ Stl ~ size * 4 

and then we add the product to the starting address of the array to get the address 
of the first word after the array: 

add HZ,$aO.HI 1/ StZ ~ address of array [ s i ze ] 

The loop test is simply to see if p is less than the last element of a r ray: 

sIt St3 . $tO,StZ 1/ $t3 ~ (p<&array[size]) 
bne H3,$zel'0.100pZ 1/ if (p <&array[size]) go to 100pZ 

With all the pieces completed, we can show a pointer version of the code to zero 
an array: 

move $tO.$aO 
100pZ : swSzero . O(StO} 
addi $tO . HO .4 
sll Stl,Sal.Z 
add HZ,$aO . HI 
slt St3.StO.StZ 
bne St3.$zero, 100p2 

1/ p ~ address of array[O ] 
II MemDl'Y[p] ~ 0 
Ilp ~ p+4 

1/ St l size * 4 
1/ $t2 ~ add ress of array[size] 
1/ St3 ~ (p <&array[size ] ) 
1/ if (p <&array[s i ze]) go to l oopZ 

As in the first example, this code assumes 5 i z e is greater than o. 
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move 
loopl : sll 

add 

S\'I 

addi 

sit 
bne 

$tO . Szero 

Itl . 1t0 . 2 
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Note that this program calculates the address of the end of the array in every 
iteration of the loop, even though it does not change. A faster version of the code 
moves this calculation outside the loop: 

move itO , laO 
sl1 Hl .$a 1. 2 
add $t2 . $aO . $tl 

loop2 : sw$ze ro ,0(ltO) 
add i $tO . ltO . 4 
slt 1t3 , HO ,$t2 
bne $t3 . $zero .l oop2 

# p - address of a r ray[O] 
II It 1 - s i ze * 4 
# $t2 - add ress of ar ray [ size] 
II Memory[p] - 0 
IIp-p + 4 
# $t3 - (p<&array[s i ze ] ) 
# i f (p<&array [ s i ze]) go to 100p2 

Comparing the Two Versions of Clear 

Comparing the two code sequences side by side illustrates the difference between 
array indices and pointers (the changes introduced by the pointer version are 

highlighted): 

Il i = a move 1t0 . laO if p = & arrayeD] 

II It I - i * 4 s II HI . lal . 2 , It I - size * 4 

H2 . laO . Itl It H Z = &array[;] add 112 . $aO . Itl if H2 = &a r ray[ size ] 

Szero , 01112 ) II array [ i ] -O , oop2 : 5 11 IzerO . Ol stO ) II Helllory[p] - 0 

1I0 . 1t0 . 1 II i = i + 1 add ; HO . 1t0 . 4 /I p = P -I- 4 

1t3 . 1t0 . lal II H3 = (i < s ; ze) sit \t3 . 1I0 . 112 # St3=( p<&array[s;ze) ) 

It3 . lze r o . looplll if () go to loopl bne St3 , $ze ro , loop2# i f () go to loop2 

The version on the left must have the "multiply" and add inside the loop 
because i is incremented and each address must be recalculated from the new 
index. The memory pointer version on the right increments the pointer p directly. 
The pointer version moves them outside the loop, thereby reducing the instruc
tions executed per iteration from 6 to 4. This manual optimization corresponds 
to the compiler optimization of strength reduction (shift instead of multiply) 
and induction variable elimination (eliminating array address calculations 
within loops). ~ Section 2. 15 on the CD describes these two and many other 

optimizations. 

Elaboration: As mentioned ealier, a C compiler would add a test to be sure that size 
is greater than o. One way would be to add a jump just before tile first instruction of the 

loop to the s 1 t instruction. 

2.16 Real Stuff: ARM Instructions 

People used to be taught to use pointers in C to get greater efficiency than that 
available with arrays: "Use pointers, even if you can't understand the code." Mod
ern optimizing compilers can produce code for the array version that is just as 
good. Most programmers today prefer that the compiler do the heavy lifting. 

Advanced Material: Compiling C and 
Interpreting Java 

This section gives a brief overview of how the C compiler works and how Java is 
executed. Because the compiler will significantly affect the performance of a com
puter, understanding compiler technology today is critical to understanding per
formance. Keep in mind that the subject of compiler construction is usually taught 
in a one- or two-semester course, so our introduction will necessarily only touch 
on the basics. 

The second part of this section is for readers interested in seeing how an 
objected oriented language like Java executes on a MIPS architecture. It shows the 
Java bytecodes used for interpretation and the MIPS code for the Java version of 
some of the C segments in prior sections, including Bubble Sort. It covers both the 
Java Virtual Machine and JIT compilers. 

The rest of this section is on the CD. 

II Real Stuff, ARM Instruct;.n. 

ARM is the most popular instruction set architecture for embedded devices, with 
more than three billion devices per year using ARM. Standing originally for the 
Acorn RISC Machine, later changed to Advanced RISC Machine, ARM came out 
the same year as MIPS and followed similar philosophies. Figure 2.31 lists the 
similarities. The principle difference is that MIPS has more registers and ARM has 
more addressing modes. 

There is a similar core of instruction sets for arithmetic-logical and data transfer 
instructions for MIPS and ARM, as Figure 2.32 shows. 

Addressing Modes 

Figure 2.33 shows the data addressing modes supported by AlUvl. Unlike MIPS, 
ARM does not reserve a register to contain O. Although MIPS has just three simple 
data addressing modes (see Figure 2.18), ARM has nine, including fairly complex 
calculations. For example, ARM has an addressing mode that can shift one register 
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MIPS 

Date announced 
1985 

Instruction size (bits) 32 32 

Memory mapped 

32 bits, flat 32 bits, flat 
Address space (size, model) 

I ~Iigned Data alignment Aligned 

9 Data addressing modes 
131 GPR x 32 bits 15 GPR x 32 bits Integer registers (number, model. size) 

Memory mapped I/O 

FIGURE 2.31 Similarities in ARM and MIPS instruction sets. 

Instruction name MIPS 

Register-register 

Data transfer 

FIGURE 2.32 ARM registor-register and data transfer instructions e~uiv~lent t~ MIPS 
core. Dashes mean the operation is not available in that ilrchitccture or not synthesized In a few in struc
tions. If there arc several chokes of instructions equivalent \0 the MIPS cor~, the~ are scparat~d by con~mas. 
ARM includes shifts as part of every data operation instruction, so til: ~llI~s wilh ~upcrsCflpt 1 arc Just a 
variation of a move inst ruction, such as 1 srI . Note that ARM has no dIVIde 1I1structlOn. 

2.16 Real Stuff: ARM Instructions 

by any amount, add it to the other registers to form the address, and then update 
one register with this new address. 

Addressing mode ARM •• 4 MIPS 

Register operand X X 

Immediate operand X X 

Register + offset (displacement or based) X X 

Register + register (indexed) X 

Register + scaled register (scaled) X 

Register + offset and update register X 

Register + register and update register X 

Autoincrement, autodecrement X 

PC-relative data X 

FIGURE 2.33 Summary of data addressing modes. ARM has separate register indirect and register 
+ offset addressing modes, rather than just putting 0 in the offset of the latter mode. To get greater addressing 
rllIlge, ARM shifts the off.~el left I or 2 bits if the data size is halfword or word. 

Compare and Conditional Branch 

MIPS uses the contents of registers to evaluate conditional branches. ARM uses 
the traditional four condition code bits stored in the program status word: 
negative, zero, enrr)" and overflow. They can be set on any arithmetic or logical 
instruction; unlike earlier architectures, this setting is optional on each instruc
tion. An explicit option leads to fewer problems in a pipelined implementation. 
ARM uses conditional branches to test condition codes to determine all possible 
unsigned and signed relations_ 

CMP subtracts one operand from the other and the difference sets the condi
tion codes. Compare negative (CMN) adds one operand to the other, and the sum 
sets the condition codes. TST performs logical AND on the two operands to set all 
condition codes but overflow, while TEQ uses exclusive OR to set the first three 
condition codes. 

One unusual feature of ARM is that every instruction has the option of execut
ing conditionally, depending on the condition codes. Every instruction starts with 
a 4-bit field that determines whether it will act as a no operation instruction (nop) 
or as a real instruction, depending on the condition codes. Hence, conditional 
branches are properly considered as conditionally executing the unconditional 
branch instruction. Conditional execution allows avoiding a branch to jump over a 
single instruction. It takes less code space and time to simply conditionally execute 
one instruction. 

Figure 2.34 shows the instruction formats for ARM and MIPS. The principal 
differences are the 4-bit conditional execution field in every instruction and the 
smaller register field, because ARlv[ has half the number of registers. 
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31 26 27 20 19 16 15 12 11 4 J 0 

AAM 1 0",,' 1 Cp' RS!' 1 Ad' Cpo- .1 AS2~ 
1 

Register-register 31 26 25 21 20 16 15 11 10 6 5 0 

MIPS Cp" AS1 5 AS25 Ad' Consls Cpo' 

31 28 27 20 19 16 15 12 11 0 

AAM 1 Cpo' Cp' RS1 4 Ad' Conse2 

Data Iransler 31 25 25 21 20 16 15 0 

MIPS Cp' Rs1 5 Ad' Const16 

31 28 27 24 23 0 

AAM 1 Opx' Cp' Cons,24 

Branch 
31 26 25 21 20 16 15 0 

MIPS Cp' RS\ 5 ~R?I Cons\10 

31 26 27 24 23 0 

AAM 1 Cpo' Cp' ConseJ 

Jump/Call 31 26 25 0 

MIPS Cp' Const26 

I D Opcode o Register D Constant I 

FIGURE 2.34 Instruction formats, ARM, and MIPS. The differences reslllt from whether the 
architecture has 16 or 32 registers. 

Unique Features of ARM 

Figure 2.35 shows a few arithmetic-logical instructions not found in MIPS. Since 
it does not have a dedicated register for 0, it has separate opcodes to perform 
some operations that MIPS can do with $ z ero . In addition, ARM has support for 
multiword arithmetic. 

ARM's 12-bit immediate field has a novel interpretation. The eight least
significant bits are zero-extended to a 32-bit value, then rotated right the number 
of bits specified in the first four bits of the field multiplied by two. One advantage is 
that this scheme can represent all powers of two in a 32-bit word. Whether this split 
actually catches more immediates than a simple 12-bit field would be an interesting 
study. 

Operand shifting is not limited to immediates. The second register of all 
arithmetic and logical processing operations has the option of being shifted before 
being operated on. The shift options are shift left logical, shift right logical, shift 
right arithmetic, and rotate right. 

"" 

- L-. 

2.17 Real Stuff: x86 Instructions 

Name Definition MIPS 

Load immediate Rd = Imm mov add i, $0, 

Not Rd = -(Rs1) mvn nor, SO, 

Move Rd = Rsl mov or, SO, 

Rotate right 
Rd = Rs i » i ror 

Rdo . .. i- l = Rs31_1. . . 31 

And not Rd = Rsl & -(Rs2) bic 

Reverse subtract Rd = Rs2· Rsl rsb, rsc 

Supporffor multiword CarryOut, Rd = Rd + Rsl + adcs 
integer add OldCarryOut 

Support for multiword CarryOut. Rd = Rd - Rsl + sbcs 
integer sub OldCarryOut 

FIGURE 2.35 ARM arithmetic/logical instructions not found in MIPS. 

ARM also has instructions to save groups of registers, called block lands nlld 
stores. Under control of a 16-bit mask within the instructions, any of the 16 regis
ters can be loaded or stored into memory in a single instruction. These instructions 
can save and restore registers on procedure entry and return. These instructions 
can also be used for block memory copy, and today block copies are the most 
mportant use of this instruction. i 

Real Stuff: x86 Instructions 

i 

i 

Designers of instruction sets sometimes provide more powerful operations than 
those found in ARM and MIPS. The goal is generally to reduce the number of 
nstructions executed by a program. The danger is that this reduction can occur at 

the cost of simplicity, increasing the time a program takes to execute because the 
nstructions are slower. This slowness may be the result of a slower clock cycle time 

or of requiring more clock cycles than a simpler sequence. 
The path toward operation complexity is thus fraught with peril. To avoid these 

problems, designers have moved toward simpler instructions. Section 2.18 dem
onstrates the pitfalls of complexity. 

Evolution of the Intel x86 
ARM and MIPS were the vision of single small groups in 1985; the pieces of these 
architectures fit nicely together, and the whole architecture can be described suc
cinctly. Such is not the case for the x86; it is the product of several independent 
groups who evolved the architecture over 30 years, adding new features to the 
original instruction set as someone might add clothing to a packed bag. Here are 
mportant x86 milestones. i 
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• 1978: The Intel 8086 architecture was announced as an assembly language
compatible extension of the then successful Intel 8080, an 8-bit microproces
sor. The 8086 is a 16-bit architecture, with all internal registers 16 bits wide. 
Unlike MIPS, the registers have dedicated uses, and hence the 8086 is not con
sidered a general-purpose register architecture. 

• 1980: The Intel 8087 floating-point coprocessor is announced. This archi
tecture extends the 8086 with about 60 floating-point instructions. Instead 
of using registers, it relies on a stack (see ~ Section 2.20 and Section 3.7). 

• 1982: The 80286 extended the 8086 architecture by increasing the address 
space to 24 bits, by creating an elaborate memory-mapping and protection 
model (see Chapter 5), and by adding a few instructions to round out the 
instruction set and to manipulate the protection model. 

• 1985: The 80386 extended the 80286 architecture to 32 bits. In addition to 
a 32-bit architecture with 32-bit registers and a 32-bit address space, the 
80386 added new addressing modes and additional operations. The added 
instructions make the 80386 nearly a general-purpose register machine. The 
80386 also added paging support in addition to segmented addressing (see 
Chapter 5). Like the 80286, the 80386 has a mode to execute 8086 programs 

without change. 

• 1989-95: The subsequent 80486 in 1989, Pentium in 1992, and Pentium 
Pro in 1995 were aimed at higher performance, with only four instructions 
added to the user-visible instruction set: three to help with multiprocessing 
(Chapter 7) and a conditional move instruction. 

• 1997: After the Pentium and Pentium Pro were shipping, Intel announced 
that it would expand the Pentium and the Pentium Pro architectures with 
MMX (Multi Media Extensions). This new set of 57 instructions uses the 
floating-point stack to accelerate multimedia and communication applica
tions. MMX instructions typically operate on multiple short data elements 
at a time, in the tradition of single instruction, multiple data (SIMD) archi
tectures (see Chapter 7). Pentium II did not introduce any new instructions. 

• 1999: Intel added another 70 instructions, labeled SSE (Streaming SIMD 
Extensions) as part of Pentium III. The primary changes were to add eight 
separate registers, double their width to 128 bits, and add a single precision 
floating-point data type. Hence, four 32-bit floating-point operations can be 
performed in parallel. To improve memory performance, SSE includes cache 
pre fetch instructions plus streaming store instructions that bypass the caches 
and write directly to memory. 

• 2001: Intel added yet another 144 instructions, this time labeled SSE2. The 
new data type is double precision arithmetic, which allows pairs of 64-bit 
floating-point operations in parallel. Almost all of these 144 instructions are 

2.17 Real Stuff: x86 Instructions 

versions of existing MMX and SSE instructions that operate on 64 bits of 
data in parallel. Not only does this change enable more multimedia opera
tions, it gives the compiler a different target for floating-point operations 
than the unique stack architecture. Compilers can choose to use the eight SSE 
registers as floating-point registers like those found in other computers. This 
change boosted the floating-point performance of the Pentium 4, the first 
microprocessor to include SSE2 instructions. 

• 2003: A company other than Intel enhanced the x86 architecture this time. 
AMD announced a set of architectural extensions to increase the address space 
ITom 32 to 64 bits. Similar to the transition from a 16- to 32-bit address space 
in 1985 with the 80386,AMD64 widens all registers to 64 bits. It also increases 
the number of registers to 16 and increases the number of 128-bit SSE registers 
to 16. The primary ISA change comes from adding a new mode called IOllg 
lIIode that redefines the execution of all x86 instructions with 64-bit addresses 
and data. To address the larger number of registers, it adds a new prefix to 
instructions. Depending how you count, long mode also adds four to ten new 
instructions and drops 27 old ones. PC-relative datu addressing is another 
extension. AMD64 still has a mode that is identical to x86 (legacy lIIode) plus a 
mode that restricts user programs to x86 but allows operating systems to use 
AMD64 (compatibility lIIode). These modes allow a more graceful transition to 
64-bit addressing than the HP/lntel lA-64 architecture. 

• 2004: Intel capitulates and embraces AMD64, relabeling it Extended Memory 
64 Technology (EM64T). The major difference is that Intel added a I28-bit 
atomic compare and swap instruction, which probably should have been 
included in AMD64. At the same time, Intel announced another generation of 
media extensions. SSE3 adds I3 instructions to support complex aritlllnetic, 
graphics operations on arrays of structures, video encoding, floating-point 
conversion, and thread synchronization (see Section 2.ll). AMD will offer 
SSE3 in subsequent chips and it will almost certainly add the missing atomic 
swap instruction to AMD64 to maintain binary compatibility with Intel. 

• 2006: Intel announces 54 new instructions as part of the SSE4 instruction set 
extensions. These extensions perform tweaks like sum of absolute differences, 
dot products for arrays of structures, sign or zero extension of narrow data to 
wider sizes, population count, and so on. They also added support for virtual 
machines (see Chapter 5). 

• 2007: AMD announces 170 instructions as part of SSE5, including 46 instruc
tions of the base instruction set that adds Ulfee operand instructions like 
MIPS. 

• 2008: Intel announces the Advanced Vector Extension that expands the SSE 
register width from 128 to 256 bits, thereby redefining about 250 instructions 
and adding 128 new instructions. 
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This history illustrates the impact of the "golden handcuffs" of compatibility on 
the x86, as the existing software base at each step was too important to jeopardize 
with significant architectural changes. If you looked over the li fe of the x86, on 
average the architecture has been extended by one instruction per month! 

Whatever the artistic failures of the x86, keep in mind that there are more instances 
of this architectural family on desktop computers than of any other architecture, 
increasing by more than 250 million per year. Nevertheless, this checkered ancestry 
has led to an architecture that is difficult to explain and impossible to love. 

Brace yourselffor what you are about to see! Do not try to read this section with the 
care you would need to write x86 programs; the goal instead is to give you familiarity 
with the strengths and weaknesses of the world's most popular desktop architectu re. 

Rather than show the entire 16-bit and 32-bit instruction set, in this section we 
concen trate on the 32-bit subset that originated with the 80386, as this portion of 
the architecture is what is used today. We sta rt our explanation with the registers 
and addressing modes, move on to the integer operations, and conclude wi th an 
examination of instruction encoding. 

x86 Registers and Data Addressing Modes 

The registers of the 80386 show the evolution of the instruction set (Figure 2.36) . The 
80386 extended all 16-bit registers (except the segment registers) to 32 bits, prefixing 
an E to their name to indicate the 32-bit version. We' ll refer to them generically as 
GPRs (general-purpose registers). The 80386 contains only eight GPRs. This means 
MIPS programs can use four times as many and ARM twice as many. 

Figure 2.37 shows the arithmetic, logical, and data transfer instructions are two
operand instructions. There are two important differences here. The x86 arith
metic and logical instructions must have one operand act as both a source and a 
destination; ARM and MIPS allow separate registers for source and destination. 
This restriction puts more pressure on the limited registers, since one source regis
ter must be modified. The second important difference is that one of the operands 
can be in memory. TIlliS, virtually any instruction may have one operand in mem
ory, unlike ARM and MIPS. 

Data memory-addressing modes, described in detail below, offer two sizes of 
addresses within clle instruction. These so-called displacements can be 8 bits or 32 bits. 

Although a memory operand can use any addressing mode, there are restric
tions on which registers can be used in a mode. Figure 2.38 shows the x86 address
ing modes and which GPRs cannot be used with each mode, as well as how to get 
the same effect using MIPS instructions. 

x86 Integer Operations 

The 8086 provides support for both 8-bit (byte) and 16-bit (word) data types. The 
80386 adds 32-bit addresses and data (dol/ble words) in the x86. (AMD64 adds 64-bit 
addresses and data, called qllad words; we'll stick to the 80386 in this section.) The 
data type distinctions apply to register operations as well as memory accesses. 

Name 

31 

EAX 

ECX 

EOX 

EBX 

ESP 

EBP 

ES I 

EOI 

CS 

SS 

OS 

ES 

FS 

GS 
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Use 
o 

GPRO 

GPR 1 

GPR 2 

GPR 3 

GPR4 

GPR 5 

GPR6 

GPR 7 

Code segment pointer 

Stack segment pointer (lop of stack) 

Data segment pointer 0 

Data segment pointer 1 

0 ata segment pointer 2 

D ata segment pointer 3 

EIP / / lnstruCtion pointer (PC) 

EFLAGS 
1---------------1 
. Condition codes L-______________ ~ 

FIGURE 2.36 The 80386 register set. Starting with the 80386, the top eight registers were extended 
to 32 bils and co uld also be Llsed as genera l-purpose registers. 

Source/destination operand type Second source operand 

Register Register 

Register Immediate 

Register Memory 

Memory Register 

Memory Immediate 

FIGURE 2.37 Instruction types for the arithmetic, logical, and data transfer instructions. 
The x8~ allows the combinations shown. The on ly restriction is the absence of a memor)'~memory mode. 
Im medmles may be 8,16, or 32 bits in length; a register is any one of the 14 major registers in Figure 2.36 
(not EIP or HUGS). 
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Register 
Mode Description restrictions MIPS equivalent 

Register indirect Address is in a register. Not ESP or ESP hi $sO.0($51) 

Based mode with 8- or 32-M Address is contents of base register plus Not ESP lw $sO ,l OO( $51) fI < .. 16~ bit 

displacement displacement. /! d i spl acement 

Base plus scaled index The address is Base: any GPR mul ItO . ls2 . 4 
Base + (25cnle X Index) Index: not ESP add ItO . ltO.lsl 

where Scale has the value 0, 1, 2, or 3. hi IsO . OIstOI 
Base plus scaled index with The address is Base: any GPR !nul 1t0 . ls2.4 
8- or 32·bit displacement Base + (2sca1e X Index) + displacement Index: not ESP add itO. itO. l sI 

where Scale has the value 0, 1, 2, or 3. 11'1 IsO . 1001 1t01 II 016 ~ bit 
/I di spl acement 

FIGURE 2.38 x86 32·bit addressing modes with register restrictions and the equivalent MIPS code. The Base plus Scaled 
Index address ing mode, not found in ARM or MIPS, is included to avoid th e mUltiplies by 4 (scale factor of 2) to turn an index in a register 
into a byte address (sec f-igures 2.25 and 2.27). A scale factor of 1 is used for 16-bit data, ilnd a scale factor of 3 for 54-bit data. A scale ractor 
of 0 means the address is not scaled. If the displacement is longer than 16 bits in the second or rmlrth modes, then the MIPS equivalent mode 
would need two more instructions: a l ui to load the upper 16 bits of the displacement and an add to sum the upper address with the base 
register S s 1. (Inlel give.~ two different names to what is called Based addressing mode- Based and Indexed-but they are essentially identical 
and we combine them here. ) 

Almost every operation works on both 8-bit data and on one longer data size. That 
size is determined by the mode and is either 16 bits or 32 bits. 

Clearly, some programs want to operate on data of all three sizes, so the 80386 
architects provided a convenient way to speCify each version without expanding 
code size significantly. They decided that either 16-bit or 32-bit data dominates 
most programs, and so it made sense to be able to set a default large size. This 
default data size is set by a bit in the code segment register. To override the default 
data size, an 8-bit prefix is attached to the instruction to tell the machine to use the 
other large size for this instruction. 

The prefix solution was borrowed from the 8086, which aUows multiple prefixes 
to modify instruction behavior. The three original prefixes override the default seg
ment register, lock the bus to support synchronization (see Section 2.11), or repeat 
the following instruction until the register ECX counts down to O. This last prefix 
was intended to be paired with a byte move instruction to move a variable number of 
bytes. The 80386 also added a prefix to override the default address size. 

The x86 integer operations can be divided into four major classes: 

1. Data movement instructions, including move, push, and pop 

2. Arithmetic and logic instructions, including test, integer, and decimal arith
metic operations 

3. Control flow, including conditional branches, unconditional jumps, calls, 
and returns 

4. String instructions, including string move and string compare 

2.17 Real Stuff: x86 Instructions 

The first two categories are unremarkable, except that the arithmetic and logic 
instruction operations allow the destination to be either a register or a memory 
location. Figure 2.39 shows some typical x86 instructions and their functions. 

Instruction Function 

je name i f equa l (co ndi t i on code) 1 EI P"'n arne I ; 
E I P -128 < "" n a me < E J P+ 12 8 

j mp name EIP-name 

cal l name SP~5P-4 : H[5P)~E I P+5 : E1P~nallle : 

movwEBX ,[EDI +4S] EBX~H[EDI+45) 

pu shE SI 5P~5 P -4 : H[5P)-E51 

pop EDI EDI - H[5P) : 5P-5P+'i 

add EAX , 1/6765 EAX - EAX+6765 

tes t EDX .114 2 I Set condition code (flags) with EDX and 42 

moYs 1 H[EOl) - H[E5 I ) : 
EDI - EOI+4 : E51-E51+4 

FIGURE 2.39 Some typical x86 instructions and their functions. A list of frequent operations 
appears in Figure 2.40, The CAL L saves the EIP of the next instruction on the stack. {EJP is the Intel PC.} 

Conditional branches on the x86 are based on collditioll codes or flags, like 
ARM. Cond ition codes are set as a side effect of an operation; most are used to 
compare the value of a result to O. Branches then test the condition codes. PC
relative branch addresses must be specified in the number of bytes, since unlike 
ARM and MIPS, 80386 instructions are not all 4 bytes in length. 

String instructions are part of the 8080 ancestry of the x86 and are not com
monly executed in most programs, They are often slower than equivalent software 
routines (see the fallacy on page 174). 

Figure 2.40 lists some of the integer x86 instructions. Many of the instructions 
are available in both byte and word formats. 

x86 Instruction Encoding 

Saving the worst for last, the encoding of instructions in the 80386 is complex, 
with many different instruction formats . Instructions for the 80386 may vary from 
[ byte, when there are no operands, up to [5 bytes. 

Figure 2.41 shows the instruction format for several of the example instructions in 
Figure 2.39. The opcode byte usually contains a bit saying whether the operand is 8 
bits or 32 bits. For some instructions, the opcode may include the addressing mode 
and the register; this is true in many instructions that have the form "register = 
register op immediate." Other instructions use a "postbyte" or extra opcode byte, 
labeled "mod, reg, rim," which contains the addressing mode information. This 
postbyte is used for many of the instructions that address memory. The base plus 
scaled index mode uses a second postbyte, labeled "sc, index, base." 
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Instruction Meaning 

Control Condi tional and unconditional branches 

jnz.jz Jump jf condition to EIP + S-bit offset; JNE (for JNZ), JE (for JZ) are 
alternative names 

jmp Unconditional jump-8-bit or 16-bit offset 

ca 11 Subroutine call-16-bit offset; return address pushed onto stacl< 

re t Pops return address from stack and jumps to it 

l oo p Loop branch-decrement ECX; jump to EIP + B-bit displacement if ECX :# 0 

Data transfer Movo data between registers or between register and memory 

lIIove Move between two registers or between register and memory 

push , pop Push source operand on stacl~; pop operand from stack top to a register 

1 es Load ES and one of the GPRs from memory 

Arithmetic, logical Arithmetic and logical operations using the datil registers ilnd memory 

add, sub Add source to destination; subtract source from destination; register·memory 
format 

cmp Compare source and destination; register·memory format 

shl. shr. rer Shift left; shift logical right; rotate right with carry condition code as fi ll 

cbl-I Convert byte in eight rightmost bits of £AX to 16·bit word in right of £AX 

tes t l ogica l AND of source and destination sets condition codes 

inc . dec Incremen t destination, decrement destination 

o r. xo r l ogica l OR; exclusive OR; register·memory format 

String Move between string operands; length given by a rep cat preflx 

movs Copies from string source to destination by incrementing ESI and EOI; may be 
repealed 

lods loads a byte, word, or doubleword of a string into the EAX register 

RGURE 2.40 Some typical operations on the x86. Many operations use register-memory format, 
where either th e sourcc or the dcstination may be memory and the other may be a regis ter or immediate 
operand. 

Figure 2.42 shows the encoding of the two postbyte address specifiers for both 
16-bit and 32-bit mode. Unfortunately, to understand full y which registers and 
which addressing modes are available, you need to see the encoding of all address
ing modes and sometimes even the encoding of the instructions. 

x86 Conclusion 

Intel had a 16-bit microprocessor two years before its competitors' more elegan t 
architectures, such as the Motorola 68000, and this head start led to the selection 
of the 8086 as the CPU for the IBM pc. Intel engineers generally acknowledge that 
the x86 is more difficult to build than computers like ARM and MIPS, but the large 

a. JE EIP + displacement 

4 4 B 

b. CALL 

B 

CALL 

Displacement 

c. MOV 

6 
EBX. [EDt + 451 

1 1 B 

HOV 1+1 
d. PUSH ESt 

5 3 

PUSH 1 Reg 1 

e. ADD EAX, #6765 

4 3 1 

f. TEST EDX. 1142 

rim 
Postbyte 

7 1 B 

TE S T 1 w 1 Poslbyle 

2.17 Real Stuff: x86 Instructions . 

32 

Offset 

B 

Displacement 

32 

Immediate 

32 

Immediate 

~IGUR~ 2.41 ~pical X.8S instruction formats. Figure 2.42 sholVs the encod ing of the postbytc. Man), 
mstructlons contam the I·blt field w. which sa),s whether the operation is a bytc or a double word. The d field in 
HO V is used in instructions that rna)' move to or rrom memory and shows the din:.'Ction or the mO\'e. The ADD 
instruction requires 32 bits fo r the immediate fi eld, because in 32-bit mode, the immed iatcs arc either 8 bits or 
32 bits. The immediate field in the TE ST is 32 bits long bCGIuse there is no 8·bit immediatc for test in 32-bi t 
mode. Overall. instructions Illa)' vary from I to 17 bytes in length. The long lengt h cOllles from extra I-bytc 
prefixes, having bot h a " · byte immediate and a 4-b)'tc displacement address. using an upeodc of 2 bytes, and 
using the scaled index mode specifier. which adds another byte. 

market means AMD and Intel ca n afford more resources to help overcome the 
added complexity. What the x86 lacks in style, it makes up fo r in quantity, making 
It beautiful from the rIght perspective. 

Its saving grace is that the most frequently used x86 architectural compo
nents are not too difficult to implement, as AMD and Intel have demonstrated 
by rap idly imp roving performance of integer programs since 1978. To get that 
performance, compilers must avoid the portions of the architecture that are hard 
to im plement fa st. 
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mod=O mod=l mod=2 

addr as addr as addr as 
mod""O mod=-O mod=O 

+ dispB + dispB + disp16 + disp32 

I i I 

I i 

FIGURE 2.42 The encoding of the first address specifier of the x86: mod, reg, rIm. The first four columns show the encoding 
of the 3-bit reg field, which depends on the w bit from the apcade and whether the machine is in !6-bit mode (8086) or 32-bit mode (80386). 
The remaining columns explain the mod and rim fields. The meaning of the 3-bit rim field depends on the value in the 2-bit mod field and the 
address size. Basically, the registers used in the address calculation arc listed in the sixth and seventh columns, under mod = 0, with mod = 1 
addingan 8-bit displacement and mod= 2 adding a 16-bit or 32-bit displacement, depcndingon the address mode. The exceptions arc I) rIm = 6 
when mod = 1 or mod = 2 in 16-bit mode selects BP plus the displacement; 2) rIm = 5 when mod = 1 or mod = 2 in 32-bit mode selects 
EBP pIllS displacement; and 3) rIm =" in 32-bit mode when mod does not equal 3, where (sib) means lise the scaled index mode shown in 
Figure 2.38. When mod = 3, the rIm field indicates a register, using the same encoding as the reg field combined with the w bit. 

Fallacies and Pitfalls 

Fallacy: More pOlVerfll1 instructions lIleali higher peIfonnance. 

Part of the power of the Intel x86 is the prefixes that can modify the execution of 
the following instruction. One prefix can repeat the following instruction until 
a counter counts down to O. Thus, to move data in memory, it would seem that 
the natural instruction sequence is to use move with the repeat prefix to perform 
32-bit memory-to-memory moves. 

An alternative method, which uses the standard instructions found in all com
puters, is to load the data into the registers and then store the registers back to 
memory. This second version of this program, with the code replicated to reduce 
loop overhead, copies at about 1.5 times faster. A third version, which uses the 
larger floating-point registers instead of the integer registers of the x86, copies at 
about 2.0 times faster than the complex move instruction. 

Fallacy: Write in asse/libly langllage to obtain the highest pelfomwnce. 

At one time compilers for programming languages produced naIve instruction 
sequences; the increasing sophistication of compilers means the gap between 
compiled code and code produced by hand is closing fast. In fact, to compete 
with current compilers, the assembly language programmer needs to understand 
the concepts in Chapters 4 and 5 thoroughly (processor pipelining and memory 
hierarchy). 

2.18 Fallacies and Pitfalls 

This battle between compilers and assembly language coders is one situation 
in which humans are losing ground. For example, C offers the programmer a 
chance to give a hint to the compiler about which variables to keep in registers 
versus spilled to memory. When compilers were poor at register allocation, such 
hints were vital to performance. In fact, some old C textbooks spent a fair amount 
of time giving examples that effectively use register hints. Today's C compilers 
generally ignore such hints, because the compiler does a better job at allocation 
than the programmer does. 

Even if writing by hand resulted in faster code, the dangers of writing in assembly 
langu(lge are the longer time spent coding and debugging, the loss in portability, 
and the difficulty of maintaining such code. One of the few widely accepted axioms 
of software engineering is that coding takes longer if you write more lines, and 
it clearly takes many more lines to write a program in assembly language than 
in C or Java. Moreover, once it is coded, the next danger is that it will become a 
popular program. Such programs always live longer than expected, meaning that 
someone will have to update the code over several years and make it work with new 
releases of operating systems and new models of machines. Writing in higher-level 
language instead of assembly language not only allows future compilers to tailor 
the code to future machines, it also makes the software easier to maintain and 
allows the program to run on more brands of computers. 

Fallacy: The i111portance of c0111111ercial binary compatibility 111eans sllccessful 
il1stnlction sets don't change. 

While backwards binary compatibility is sacrosanct, Figure 2.43 shows that the x86 
architecture has grown dramatically. The average is more than one instruction per 
month over its 3D-year lifetime! 

Pitfall: Forgetting that seqllential word addresses in 111achines with byte addressing 
do 1I0t diffel' by one. 

Many an assembly language programmer has toiled over errors made by assuming 
that the address of the next word can be found by incrementing the address in a 
register by one instead of by the word size in bytes. Forewarned is forearmed! 

Pitfall: Usillg a pointe/" to an auto111atic variable olltside its defilling procedllre. 

A common mistake in dealing with pointers is to pass a result from a procedure that 
includes a pointer to an array that is local to that procedure. Following the stack 
discipline in Figure 2.12, the memory that contains the local array will be reused as 
soon as the procedure returns. Pointers to automatic variables can lead to chaos. 
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Less is 1Ilore. 

Robert Browning, 
A"drea del Sarto, 1855 
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FIGURE 2.43 Growth of x86 instruction set over time. While there is clear technical v<1[ue to 
some of these extensions, this rapid change also increases the difficulty for other companies to try to build 
compatible processors. 

II Concluding Rem.,ks 

The two principles of the sfored-progmlll computer are the use of instructions that 
are indistinguishable from numbers and the use of alterable memory for programs. 
These principles allow a single machine to aid environmental scientists, financial 
advisers, and novelists in their specialties. The selection of a set of instructions that 
the machine can understand demands a delicate balance among the number of 
instructions needed to execute a program, the number of clock cycles needed by 
an instruction, and the speed of the c10cle As illustrated in this chapter, four design 
principles guide the authors of instruction sets in making that delicate balance: 

1. Simplicity fal'ors reglliarity. Regularity motivates many features of the MIPS 
instruction set: keeping all instructions a single size, always requiring three 
register operands in arithmetic instructions, and Iceeping the register fields 
in the same place in each instruction format. 

2. SlIlaller is faster. The desire for speed is the reason that MIPS has 32 registers 
rather than many more. 

2.19 Concluding Remarks 

3. Make the COlll1l101I cose fast. Examples of making the common MIPS case 
fast include PC-relative addressing for conditional branches and immediate 
addressing for larger constant operands. 

4. Good desigll demallds good call/promises. One MIPS example was the com
promise between providing for larger addresses and constants in instruc
tions and keeping all instructions the same length. 

Above this machine level is assembly language, a language that humans can read. 
The assembler translates it into the binary numbers that machines can understand, 
and it even "extends" the instruction set by creating symbolic instructions that 
aren't iI: the hardware .. For i~stance, constants or addresses that are too big are 
bro,ken lI1to properly Sized ~leces, common variations of instructions are given 
theIr own name) and so on. Figure 2.44 lists the MIPS instructions we have covered 
so far, both real and pseudoinstructions. 

Each category of MIPS instructions is associated with constructs that appear in 
programmmg languages: 

• The arithmetic instructions correspond to the operations found in assign
ment statements. 

• Data transfer instructions are most likely to occur when dealing with data 
structures ltke arrays or structures, 

• The conditional branches are used in ifstatements and in loops, 

• The unconditional jumps are used in procedure calls and returns and for 
wse/switch statements. 

These instructions are not born equal; the popularity of the few dominates the 
many. For example, Figure 2.45 shows the popularity of each class of instructions 
for SPEC2006. The varying popularity of instructions plays an important role in 
the chapters about datapath, control, and pipelining. 

After we explain computer arithmetic in Chapter 3, we reveal the rest of the 
MIPS instruction set architecture. 
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MIPS instructions Pseudo MIPS 

Dge 

i j 

immediate s It i u 

FIGURE 2.44 The MIPS instruction set covered so far, with the real MIPS instructions 
on the left and the pseudoinstructions on the right. Appcndh: n (Section B.IO) describes the 
full MIPS architecture. Figure 2.1 shows more details or tbe MIPS architecture revealed in this chapter. The 
information given here is also found in Columns I and 2 of the MIPS Reference Data Card at the front of 
the book. 

". 
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Frequency 
Instruction class MIPS examples HLL correspondence 

Data transfer 11'1 , $\-/, 1 b . 1 bu. 
lllu, s b , 1 ui 

I h . References to data structures, such as arrays 35% 36% 

logical I and , o r, 110r , and i . o ri. Operations in assignment statements 12% 4% 
sl1 , srl 

Conditional branch beq , bne , slt , s It i , Ifstatements and loops 34% 8% 
s lti u 

p 
sI 

FIGURE 2.45 MIPS instruction classes, examples, correspondence to high-level program language constructs, and 
ercentage of MIPS Instructions executed by category for the average SPEC2006 benchmarks. Figure 3.26 in Chapter 3 
lOWS average percentage of th e individllal MIPS instructions executed. 

Historical Perspective and 
Further Reading 

ti 
I 
5 

C 

i 
i 
a 
a 

This section surveys the history of instruction set architectures (ISAs) over 
me, and we give a short history of programming languages and compilers. 

SAs include accumulator architectures, general-purpose register architectures, 
tack architectures, and a brief history of ARM and the x86. We also review the 
ontroversial subjects of high-level-language computer architectures and reduced 
nstruction set computer architectures. The history of programming languages 
ncludes Fortran, Lisp, Algol, C, Cobol, Pascal, Simula, Small talk, C++, and Java, 
nd the history of compilers includes the key milestones and the pioneers who 
chieved them. The rest of this section is on the CD. 

II Exercises 
Cont ributed by 10hn Oliver of Cal Polr, San Luis Obispo, with contribu tion .~ from Nicole 
Kaiyan (University of Adelaide) and 1\.'lil05 Prvulm'ic (Georgia 'Icch) 

A ppendix B describes the MIPS simulator, which is helpful for these exercises. 

i 
b 

Y 
p 

Although the simulator accepts pseudoinstructions, try not to use pseudo
nstructions for any exercises that ask you to produce MIPS code. Your goal should 
e to learn the real MIPS instruction set, and if you are asked to count instructions, 
our count should reflect the actual instructions that will be executed and not the 
seudoi nstructions. 

1 
There are some cases where pseudoinstructions must be used (for example, the 

a instruction when an actual value is not known at assembly time). In many cases) 
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they are quite convenient and result in more readable code (for example, the 1 i 
and move instructions}. If you choose to lise pseudo instructions for these reasons, 
please add a sentence or two to your solution stating which pseudoinstructions 
you have used and why. 

Exercise 2.1 
The following problems deal with translating from C to MIPS. Assume that the 
variables g, 11, i, and j are given and could be considered 32-bit integers as declared 
in a C program. 

l a. 1f - 9+h+i+ j ; 

b· lf""9+(h+5l : 

2.1.1 [5] <2.2> For the C statements above, what is the corresponding MIPS 
assembly code? Use a minimal number of MIPS assembly instructions. 

2.1.2 [5] <2.2> For the C statements above, how many MIPS assembly instruc
tions are needed to perform the C statement? 

2.1.3 [5] <2.2> If the variables f, g, 11 , i, and j have values 1,2,3,4, and 5, 
respectively, what is the end value of f? 

The following problems deal with translating from MIPS to C. Assume that the 
variables g, 11, i, and j are given and could be considered 32-bit integers as declared 
in a C program. 

I 
a' l add f . g . h 

b. addi ~ , r , 
. . add ' . g , 11 

2.1.4 [5[ <2.2 > For the MIPS statements above, what is a corresponding 
C statement? 

2.1.5 [5 [ <2.2> If the variables f , g, 11, and i have values 1,2,3, and 4, respectively, 
what is the end value of f? 

Exercise 2.2 
The following problems deal with translating from C to MIPS. Assume that the 
variables g, h, i, and j are given and could be considered 32-bit integers as declared 
in a C program. 

2.21 Exercises 

2.2.1 [5[ <2.2 > For the C statements above, what is the corresponding MIPS 
assembly code? Use a minimal number of MIPS assembly instructions. 

2.2.2 [5] <2 .2> For the C statements above, how many MIPS assembly instruc
tions are needed to perform the C statement? 

2.2.3 [5] <2.2> I f the variables f , g, 11, and i have values 1, 2, 3, and 4, respectively, 
what is the end value of f? 

The following problems deal with translating from MIPS to C. For the following 
exercise, assume that the variables g, h, i , and j are given and could be considered 
32-bit integers as declared in a C program. 

M add f . f . h 

b. su b i , SO . f 
add i f . f , 1 

2.2.4 [5] <2.2> For the MIPS statements above, what is a corresponding C 
statement? 

2.2.5 [5 [ <2.2> If the variables f , g, 11, and i have values 1,2,3, and 4, respectively, 
what is the end value of f? 

Exercise 2.3 
The following problems deal with translating from C to MIPS. Assume that the 
variables g, 11, i, and j are given and could be considered 32-bit integers as declared 
in a C program. 

ttlf - f+9+h+ i 
b. f - g-if+S) ; 

+ j + 2; 

2.3.1 [5] <2.2 > For the C statements above, what is the corresponding MIPS 
assembly code? Use a minimal number of MIPS assembly instructions. 

2.3.2 [5] <2 .2> For the C statements above, how many MIPS assembly instruc
tions are needed to perform the C statement? 

181 



182 

.l 

Chapter 2 Instructions: Language of the Computer 

2.3.3 [5] <2.2> If the variables f, g, h, i, and j have values I, 2, 3, 4, and 5, 
respectively, what is the end value of f? 

The following problems deal with translating from MIPS to C. Assume that the 
variables g, 11, i, and j are given and could be considered 32-bit integers as declared 
in a C program. 

f'l add r . -g . i1 
b. ilddl h. f, 1 

_. sub f . g, h 

2.3.4 [5] <2.2> For the MIPS statements above, what IS a corresponding 
C statement? 

2.3.5 [5] <2.2> If the variables f, g, 11, and i have values 1,2,3, and 4, respectively, 
what is the end value of f? 

Exercise 2.4 

The following problems deal with translating from C to MIPS. Assume that the 
variables f, g, 11, i, and j are assigned to registers $50, $51, $52, $53, and $54, 
respectively. Assume that the base address of the arrays A and 8 are in registers $ 5 6 
and $ 57 , respectively. 

, a. , f - g + h + B[4]; 

b. f - g - A[H[4]]; 

2.4.1 [10] <2.2,2.3> Forthe C statements above, what is the corresponding MIPS 
assembly code? 

2.4.2 [5] <2.2, 2.3> For the C statements above, how many MIPS assembly 
instructions are needed to perform the C statement? 

2.4.3 [5] <2.2,2.3> For the C statements above, how many different registers are 
needed to carry Ollt the C statement? 

The following problems deal with translating from MIPS to C. Assume that the 
variables f, g, 11, i, and j are assigned to registers $50, $51, $52, $53, and $54, 
respectively. Assume that the base address of the arrays A and B are in registers $ 5 6 
and $ 57, respectively. 

,... 
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a. add SsO , SsO , Ssl 
add $sO, $sO , 151 
add $sO , $50 , 153 
add SsO . SsO , 154 

b. hi $sO . 4 ($56) 

2.4.4 [to] <2.2, 2.3 > For the MIPS assembly instructions above, what is the 
corresponding C statement? 

2.4.5 [5] <2.2, 2.3> For the MIPS assembly instructions above, rewrite the 
assembly code to minimize the number of MIPS instructions (if possible) needed 
to carry out the same function. 

2.4.6 [5] <2.2,2 .3> I-low many registers are needed to carry out the MIPS assem
bly as written above? If you could rewrite the code above, what is the minimal 
number of registers needed? 

Exercise 2.5 

In the following problems, we will be investigating memory operations in the 
context of a MIPS processor. The table below shows the values of an array sto red 
in memory. 

a. Address Data 
12 1 

8 6 
4 4 
a 2 

b . Address Data 
16 1 
12 2 

8 3 
4 4 
a 5 

2.5.1 [10] <2.2,2 .3 > For the memory locations in the table above, write C code 
to so rt the data from lowest-to-highest, placing the lowest value in the smallest 
memory location shown in the figure. Assume that the data shown represents the 
C variable called A r ,-ay, which is an array of type i nt. Assume that this particular 
machine is a byte-addressable machine and a word consists of 4 bytes. 

2.5.2 [10] <2.2,2.3> For the memory locations in the table above, write MIPS 
code to sort the data from lowest-to-highest, placing the lowest value in the small
est memory location. Use a minimum number of MIPS instructions. Assume the 
base address of Array is stored in register $56 . 
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2.5.3 [5] <2.2,2.3 > To sort the array above, how many instructions are required 
for the MIPS code? If you are not allowed to use the immediate field in 1" and 51; 

instructions, how many MIPS instructions do you need? 

The following problems explore the translation of hexadecimal numbers to other 
number formats. 

I a' l Oxl2345678 
b. OxbeadfOOd 

2.5.4 [5] <2.3 > Translate the hexadecimal numbers above into decimal. 

2.5.5 [5] <2.3 > Show how the data in the table would be arranged in memory 
of a little-endian and a big-endian machine. Assume the data is stored starting at 
address O. 

Exercise 2.6 
The following problems deal with translating from C to MIPS. Assume that the 
variables f , g, h, i, and j are assigned to registers $5 0, $51 , $52 , $53 , and $5 4, 
respectively. Assume that the base address of the arrays A and B are in registers $ 56 
and $ 57 , respectively. 

l a' l f= - g+I1+B[l] : 

b. f - A[B[g]+l] : 

2.6.1 [lO] <2.2,2.3> For the C statements above, what is the corresponding MIPS 
assembly code? 

2.6.2 [5] <2.2, 2.3> For the C statements above, how many MIPS assembly 
instructions are needed to perform the C statement? 

2.6.3 [5] <2.2,2.3> For the C statements above, how many registers are needed 
to carry out the C statement using MIPS assembly code? 

The following problems deal with translating from MIPS to C. Assume that the 
variables f , g, h, i, and j are assigned to registers $50 , $51 , $52 , $53 , and $5 4, 
respectively. Assume that the base address of the arrays A and B are in registers $ 5 6 
and $ 5 7, respectively. 
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a. add $sO , $sO , $s1 
add $sO . $s3 , $52 
add $sO . $sO , \ 53 

b. addi Ss6 , $s6 , -20 
add $s6 , $s6, $ s 1 
] " SsO , BI \56) 

2.6.4 [5] <2.2, 2.3> For the MIPS assembly instructions above, what IS the 
corresponding C statement? 

2.6.5 '[5] <2.2,2.3 > For the MIPS assembly above, assume that the registers $ 5 0, 
$51 , $52 , $53, contain the values 10,20, 30, and 40, respectively. Also, assume 
that register $56 contains the value 256, and that memory contains the following 
values: 

Address Value 

256 100 

260 200 

264 300 

Find the value of $ 5 0 at the end of the assembly code. 

2.6.6 [10 [ <2.3, 2.5 > For each MIPS instruction, show the value of the 01', rs, and 
rt fields. For I-type instructions, show the value of the immediate field, and for the 
R-type instructions, show the value of the rd field. 

Exercise 2.7 
The following problems explore number conversions from signed and unsigned 
binary number to decimal numbers. 

a. 1010 110 1 000 ] 0000 0000 0000 0000 OOlOtwo 

b. 1111 1111 1111 1111 10 11 0011 0101 0011, •• 

2.7.1 [5] <2.4> For the patterns above, what base 10 number does it represent, 
assuming that it is a two's complement integer? 

2.7.2 [5] <2.4> For the patterns above, what base 10 number does it represent, 
assuming that it is an unsigned integer? 
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2.7.3 [5J <2.4> For the patterns above, what hexadecimal number does it 
represent? 

The following problems explore number conversions fi'om decimal to signed and 
unsigned binary numbers. 

b. lOOOten 

2.7.4 [5J <2.4> For the base ten numbers above, convert to two's complement 
binary. 

2.7.5 [5] <2.4> For the base ten numbers above, convert to two's complement 
hexadecimal. 

2.7.6 [5] <2.4> For the base ten numbers above, convert the negated values from 
the table to two's complement hexadecimal. 

Exercise 2.8 
The following problems deal with sign extension and overflow. Registers $ 5 0 and 
$ 5 1 hold the values as shown in the table below. You will be asked to perform a 
MIPS operation on these registers and show the result. 

a. $sO - 70000000$ Ldeen ' S 5 1 . OxO FF FF F FF s i ~te('n 

b. SsO - Ox40000000 s i Ateell • S s 1 -Ox40000000s i xteen 

2.8.1 [5] <2.4> For the contents of registers $ 5 0 and $ 5 1 as specified above, what 
is the value of $ to for the following assembly code: 

ad d $tO , $50 . $51 

Is the result in $t 0 the desired result, or has there been overflow? 

2.8.2 [5 J <2.4> For the contents of registers $ 5 0 and $ 5 1 as specified above. what 
is the value of $t O for the following assembly code: 

s ub $t O. $50 . $51 

Is the result in $tO the desired result, or has there been overflow? 
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2.8.3 [5 ] <2.4> Forthe contents of registers $ sO and $ 5 1 as specified above, what 
IS the value of $tO for the following assembly code: 

add $tO . $5 0. $51 
add $t O. $t O. $50 

Is the result in $t O the desired result, or has there been overflow? 

In the following problems, you will perform various MIPS operations on a pair of 
registers, $ 5 0 and $ 5 1. Given the values of $ 5 0 and $ 5 1 in each of the questions 
below,.state if there will be overflow. 

b. sub $sO , SsO , $5 1 
sub $50 , SsO , $5 1 

2.8.4 [5] <2.4> Assume that register $ 5 0 = Ox70000000 and $ 5 1 = OxIOOOOOOO. 
For the table above, will there be overflow? 

2.8.5 [5] <2.4> Assume that register $50 = Ox40000000 and $51 = Ox20000000. 
For the table above, will there be overflow? 

2.8.6 [5] <2.4> Assume that register $5 0 = Ox8FFFFFFF and $5 1 = OxDOOOOOOO. 
For the table above, will there be overflow? 

Exercise 2.9 
The table below contains various values for register $ 5 1. You will be asked to 
evaluate if there would be overflow for a given operation. 

L 
b. OxDOOOOOOO siA teen 

2.9.1 [5] <2.4 > Assume that register $ 5 0 = Ox70000000 and $ 5 1 has the value as 
given in the table. If the instruction: add $ sO , $ 5 0, $ 5 1 is executed, will there be 
overflow? 

2.9.2 [5 J <2.4> Assume that register $ 5 0 = Ox80000000 and $ 5 1 has the value as 
given in the table. If the instruction: sub $ 5 0, $ 5 0, $ 5 1 is executed, will there be 
overflow? 
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2.9.3 [5[ <2.4> Assume that register $50 = Ox7FFFFFFF and $5 1 has the value 
as given in the table. If the instruction: sub $ sO , $5 0, $ 5 I is executed, will there be 
overflow? 

The table below contains various values for register $ 5 I. You will be asked to 
evaluate if there would be overflow for a given operation . 

a. 10 10 110 1 000 1 0000 0000 0000 DOD O OO IOtwo 

b. III 1 l lll 1111 1111 10 11 ~O ll 0101 OOl1 two 

2.9.4 [5] <2.4> Assume that register $50 = Ox70000000 and $5 I has the value as 
given in the table. If the instruction: add $ 5 0, $ 5 0, $ 5 I is executed, will there be 
overflow? 

2.9.5 [5J <2.4> Assume that register $5 0 = Ox70000000 and $51 has the value 
as given in the table. If the instruction: add $5 0, $50, $5 1 is executed, what is the 
result in hex? 

2.9.6 [5[ <2.4> Assume that register $5 0 = Ox70000000 and $5 1 has the value as 
given in the table. If the instruction: ad d $ 5 0, $ 5 O. $ 5 I is executed, what is the result 
in base ten? 

Exercise 2.10 
In the following problems, the data table contains bits that represent the opcode 
of an instruction. You will be asked to translate the entries into assembly code and 
determine what format of MIPS instruction the bits represent. 

a. 11010 11100000 lOl l 000000000000 01 00", 

b. I 1000 1101 0000 1000 0000 0000 0 I 00 0000", 

2.10.1 [5J <2.5> For the binary entries above, what instruction do they 
represent? 

2.10.2 [5 ] <2.5 > What type (I·type, R-type) instruction do the binary entries 
above represent? 

2.10.3 [5] <2.4, 2.5 > If the binary entries above were data bits, what number 
would they represent in hexadecimal? 

2.21 Exercises 

In the following problems, the data table contains MIPS instructions. You will be 
asked to translate the entries into the bits of the opcode and determine what is the 
MIPS instruction format. 

I a' l add HO . itO . Izero 
b. lw StI , 4($s3) 

2.10.4 [5[ <2.4, 2.5> For the instructions above, show the hexadecimal 
repre~entation of these instructions. 

2.10.5 [5[ <2.5> What type (I-type, R-type) instruction do the instructions 
above represen t? 

2.10.6 [5[ <2.5> What is the hexadecimal representation of the opcode, rs, 
and rt fi elds in this instruction? For R-type instructions, what is the hexadecimal 
representation of the rd and funct fields? For I-type instructions, what is the 
hexadecimal representation of the immediate field? 

Exercise 2.11 
In the following problems, the data table contains bits that represent the opcode 
of an instruction. You will be asked to translate the entries into assembly code and 
determine what format of MIPS instruction the bits represent. 

Ifl OxAEOBf FfC 

b. OxBDOBFfCO 

2.11.1 [5J <2.4 , 2.5> What binary number does the above hexadecimal number 
represent? 

2.11.2 [5[ <2.4,2.5> What decimal number does the above hexadecimal number 
represent? 

2.11.3 [5] <2.5> What instruction does the above hexadecimal number 
represent? 

In the following problems, the data table contains the values of various fields of 
MIPS instructions. You will be asked to determine what th e instruction is, and 
find the MIPS format for the instruction. 
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a. op=O. r5=l , rt=2 , rd=3 . shamt=O, funct=32 

b. op=Ox2B, rs=Oxl0 , rt=Ox5, const=Ox4 

2.11.4 [SJ <2.5> What type (I-type, R-type) instruction do the instructions 
above represent? 

2.11.5 [SJ <2.5> What is the MIPS assembly instruction described above? 

2.11.6 [5] <2.4, 2.5> What is the binary representation of the instructions 
above? 

Exercise 2.12 

In the following problems, the data table contains various modifications that could 
be made to the MIPS instruction set architecture. You will investigate the impact of 
these changes on the instruction format of the MIPS architecture. 

a. 8 registers 

b. 10 bit immediate constants 

2.12.1 [5 ] <2.5 > If the instruction set of the MIPS processor is modified, the 
instruction format must also be changed. For each of the suggested changes above, 
show the size of the bit fields of an R-type format instruction. What is the total 
number of bits needed for each instruction? 

2.12.2 [5] <2.5> If the instruction set of the MIPS processor is modified, the 
instruction format must also be changed. For each of the suggested changes above, 
show the size of the bit fields of an I-type format instruction. What is the total 
number of bits needed for each instruction? 

2.12.3 [5 ] <2.5, 2.10> Why could the suggested change in the table above 
decrease the size of a MIPS assembly program? Why could the suggested change 
in the table above increase the size of a MIPS assembly program? 

In the following problems, the data table contains hexadecimal values. You will be 
asked to determine what MIPS instruction the value represents, and find the MIPS 
instruction format. 

tEl Ox01090010 

b. Ox80090012 

2.12.4 [5] <2.5> For the entries above, what is the value of the number in 
decimal? 

2.21 Exercises 

2.12.5 [5] <2.5 > For the hexadecimal entries above, what instruction do they 
represent? 

2.12.6 [5] <2.4, 2.5> V\~,at type (I-type, R-type) instruction do the binary entries 
above represent? What is the value of the op field and the rt field? 

Exercise 2.13 

In the following problems, the data table contains the values for registers $tO 
and $tl. You will be asked to perform several MIPS logical operations on these 
registers. 

a. ItO - Ox55555555 . 1t1 = Ox123115678 

b. ItO - OxBEADfEEO . Hi - OxOEAOFADE 

2.13.1 [5] <2.6> For the lines above, what is the value of H2 for the following 
sequence of instructions: 

511 H2, HO , 4 
0'- H2 . H2 . $tl 

2.13.2 [5 J <2.6> For the values in the table above, what is the value of $t2 forthe 
following sequence of instructions: 

511 H2 . $tO . 4 
and ; H2, $t2 , -1 

2.13.3 [5] <2.6> For the lines above, what is the value of $ t2 for the following 
sequence of instructions: 

srl H2 , $tO . 3 
and; H2. H2. Ox FFEF 

In the following exercise, the data table contains various MIPS logical operations. 
You will be asked to find the result of these operations given values for registers 
$tO and H I. 

a. s 11 1l2 . Ito . 1 
Dr 1l2 . 1l2 . It! 

b. s rI H2 , HO , 1 
andi 1l2 . 1l2 . OxOOFO 

2.13.4 [SJ <2.6> Assume that $tO = OxOOOOASAS and $t 1 = OOOOSASA. What is 
the value of $t2 after the two instructions in the table? 
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2.13.5 [5] <2.6> Assume that $t o = OxA5A50000 and $tl = A5A50000. What is 
the value of $t Z after the two instructions in the table? • 

2.13.6 [5 J <2.6> Assume that $t o = OxA5A5FFFF and HI = A5A5FFFF. What is 
the value of $tZ after the two instructions in the table? 

Exercise 2.14 
The following figure shows the placement of a bit field in register $t O. 

31 ; j a 

I I Reid I I 
31 i bits i - j bits j bits 

In the following problems, you will be asked to write MIPS instructions to extract 
the bits "Field" from register $ t 0 and place them into register $ t I at the location 
indicated in the following table. 

a. 31 i - j 

I 000 ... 000 I Field I 
b. 31 14 + i j bits 14 a 

I 000 ... 000 I Field I 000 ... a a a I 

2.14.1 [20 [ <2.6> Find the shortest sequence of MIPS instructions that extracts 
a field from $t O for the constant values i = 22 and j = 5 and places the field into 
$ t I in the format shown in the data table. 

2.14.2 [5] <2.6> Find the shortest sequence of MIPS instructions that extracts a 
field from $tO for the constant values i = 4 and j = 0 and places the field into H I 
III the format shown in the data table. 

2.14.3 [5] <2.6> Find the shortest sequence of MIPS instructions that extracts a 
field from $t O for the constant values i = 31 and j = 28 and places the field into $t I 
111 the format shown in the data table. 

In the following problems, you will be asked to write MIPS instructions to extract 
the bits "Field" fron: register $t O shown in the figure and place them into register 
$t I at the 10catJOnll1dlcated 111 the following table. The bits shown as " X X X" are to 
remain unchanged. 
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a. 31 i - j 

I XXX ... XX X I Field 

b. 31 14 + i - j bits 14 a 

I x x X . . x x x I Reid I X X X ... XXX 

2.14.4 [20] <2.6> Find the shortest sequence of MIPS instructions that extracts 
a field from $ t 0 for the constant values i = 17 and j = 11 and places the field into 
$ tl in the format shown in the data table. 

2.14.5 [5[ <2.6> Find the shortest sequence of MIPS instructions that extracts a 
field from $t O for the constant values i = 5 and j = 0 and places the field into $t I 

in the format shown in the data table. 

2.14.6 [5 J <2.6> Find the shortest sequence of MIPS instructions that extracts a 
field from $t 0 for the constant values i = 31 and j = 29 and places the field into $t I 
in the format shown in the data table. 

Exercise 2.15 
For these problems, the table holds some logical operations that are not included in 
the MIPS instruction set. How can these instructions be implemented? 

a. ilnd n stl. HZ , st3 /I bit- I'l ise AU D of H2 , !st3 

~~---------------------b. xnor tt1 , H2 , st3 /I bit-wise exc l usive-NOR 
----------------~ 

2.15.1 [5J <2.6> The logical instructions above are not included in the MIPS 
instruction set, but are described above. If the value of $ t Z = OxOOFFASA5 and the 
value of $t 3 = OxFFFF003C, what is the result in $t 11 

2.15.2 [10J <2.6> The logical instructions above are not included in the 
MIPS instruction set, but can be synthesized using one or more MIPS assembly 
instructions. Provide a minimal set of MIPS instructions that may be used in place 
of the instructions in the table above. 

2.15.3 [5 J <2.6> For your sequence of instructions in 2.1S.2, show the bit-level 

representation of each instruction. 

Various C-Ievellogical statements are shown in the table below. In this exercise, you 
will be asked to evaluate the statements and implement these C statements using 

MIPS assembly instructions. 

1 
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C[DJ ; 

B ; C[ OJ 

2.15.4 [s[ <2.6> The table above shows different C statements that use logical 
operators. If the memory location at ClOJ contains the integer value OxOOOOI234, 
and the initial integer value of A and Bare OxOOOOOOOO and Ox00002222, what is 
the result value of A? 

2.15.5 [sJ <2.6> For the C statements in the table above, write a minimal sequence 
of MIPS assembly instructions that does the identical operation. 

2.15.6 IsJ <2.6> For your sequence of instructions in 2.15.5, show the bit-level 
representation of each instruction. 

Exercise 2.16 

For these problems, the table holds various binary values for register $to. Given the 
value of $ t 0, you will be asked to evaluate the outcome of different branches. 

a. 1010 11 01 0001 DODO 0000 DODO 0000 0010 t lo'o 

b. 111 1 1111 1111 IIII 1111 1111 1111 1111 two 

2.16.1 [sJ <2.7> Suppose that register $to contains a value from above and $tl 
has the value 

0011 11 11 1111 1000 0000 0000 0000 OOOOtwo 

What is the value of HZ after the following instructions? 

slt HZ . HO , H I 
beq HZ , $zero, ELSE 
j DONE 

EL SE : addi HZ, $zel'o , Z 
DONE: 

2.16.2 IsJ <2.7> Suppose that register $tO contains a value from the table above 
and is compared against the value X, as used in the MIPS instruction below. For 
what values of X, if any, will $tZ be equal to I? 

slti HZ . $tO , X 

2.16.3 [sJ <2.7> Suppose the program counter (PC) is set to OxOOOO 0020. Is 
it possible to use the jump (j) MIPS assembly instruction to set the PC to the 
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address as shown in the data table above? Is it possible to use the branch-a n-equal 
(beq) MIPS assembly instruction to set the PC to the address as shown in the data 
table above? 

For these problems, the table holds various binary values for register $to. Given the 
value of HO, you will be asked to evaluate the outcome of different branches. 

[;] OxOOOOI OOO 

EI Ox1 0001400 

2.16.4 Is J <2.7> Suppose that register HO contains a value from above. What is 
the value of $ t Z after the following instructions? 

slt HZ . $tO , $tO 

bne $tZ , $zero . ELSE 
j DONE 

ELSE: ad di HZ , HZ . Z 
DO NE: 

2.16.5 [sJ <2.6,2.7> Suppose that register $to contains a value from above. 
What is the value of HZ after the following instructions? 

51 1 $tO, HO . Z 
slt HZ , $tO , $ze ro 

2.16.6 IsJ <2.7> Suppose the program counter (PC) is set to Ox2000 0000. Is it 
possible to use the jump (j) MIPS assembly instruction to set the PC to the address 
as shown in the data table above? Is it possible to use the branch-on-equal (beq) 
MIPS assembly instruction to set the PC to the address as shown in the data table 
above? 

Exercise 2.17 
For these problems, several instructions that are not included in the MIPS 
instruction set are shown. 

a. ab s H 2 . St 3 I R[rdJ - lR[rtJI 

b. sg t HI. H Z . st 3 fI R[rd ] ~ ( R[r s ] > R[ r tJ) ? 1:0 

2.17.1 [sJ <2.7> The table above contains some instructions not included in 
the MIPS instruction set and the description of each instruction. Why are these 
instructions not included in the MIPS instruction set. 
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2.17.2 151 <2.7> The table above contains some instructions not included in the 
MIPS instruction set and the description of each instruction. If these instr~ction s 
were to be implemented in the MIPS instruction set, what is the most appropriate 
instruction format? 

2.17.3 151 <2.7> For each instruction in the table above, find the shortest 
sequence of MIPS instructions that performs the same opera tion. 

For these problems, the table holds MIPS assembly code fragments. You will be 
asked to evaluate each of the code fragments, familiarizing you with the different 
MIPS branch instructions. 

•. LOOP : sit 
bne 
j 

ELSE : addi 
subi 
j 

DOll E: 

b. LOOP: addi 
LOOP2: addi 

subi 
bne 
subi 
bile 

DONE: 

H 2. 
H2 . 
DOllE 
S5 2 . 
St l. 
LOOP 

1l2 . 
$s2 , 
H 2. 
1l2 . 
HI. 
HI. 

iO . It I 
"ze ro . ELSE 

I s 2 . 2 
It I. I 

10 . OxA 
\52 , 1 
H2. I 
10. LOOP2 
St I . I 
10 . LOOP 

2.17.4 151 <2.7> For the loops written in MIPS assembly above, assume that the 
register H I is initialized to the value 10. What is the value in register $ 52 assuming 
the $52 is initially zero? 

2.17.5 [51 <2.7> For each of the loops above, write the equivalent C code routine. 
Assume that the registers $ 5 I, $ 5 2, $t I , and H2 are integers A, B, i, and temp, 
respectively. 

2.17.6 [51 <2.7> For the loops written in MIPS assembly above, assume that the 
register HI is initialized to the value N. How many MIPS instructions are executed? 

Exercise 2.18 

For these problems, the table holds some C code. You will be asked to evaluate these 
C code statements in MIPS assembly code. 

a. for (i-O ; i ( 10 : i++) 
a +- b: 

b. wllile (a ( lOll 
O[a] - b + d; 
a + .. I: 
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2.18.1 [51 <2.7> For the table above, draw a control-flow graph of the C code. 

2.18.2 151 <2.7> For the table above, translate the C code to MIPS assembly code. 
Use a minimum number of instructions. Assume that the value a, b, i ) j arc in 
registers $ 5 0, $ 5 I, HO, $t I, respectively. Also, assume that register $ 5 2 holds the 
base address of the array O. 

2.18.3 151 <2.7> How many MIPS instructions does it take to implement the 
C code? If the variables a and b are initialized to 10 and 1 and all elements of D 
are inifially 0, what is the total number of MIPS instructions that is executed to 
complete the loop? 

For these problems, the table holds MIPS assembly code fragments. You will be 
asked to evaluate each of the code fragments, familiarizing you with the different 
MIPS branch instructions. 

a. addi Itt. 10 . 100 
hi "S 1. 0('50) 
odd $52 , )52 , ; 5 ) 
addi $50 , SsO , 4 
su bi It t. It I. I 
bne Itt. 10 . LOOP 

b. addi Itt. $50. 400 
11'1 $51. 0('50) 
odd $52, $52 , 1st 
hi S 5 J , "( SsO ) 
add Is2 . ss2 . I s I 
addi SsO , $050 . 8 
bne I t!. $050 . LOOP 

2.18.4 [51 <2 .7> What is the total number of MIPS instructions executed? 

2.18.5 [5 J <2.7> Translate the loops above into C. Assume that the C-Ievel integer 
i is held in register H I, $52 holds the C-Ievel integer called l"e5 ul t , and $50 
holds the base address of the integer MemAr r ay . 

2.18.6 [5] <2.7> Rewrite the loop in MIPS assembly to reduce the number of 
MIPS instructions executed. 

Exercise 2.19 
For the following problems, the table holds C code functions. Assume that the first 
function listed in the table is called first. You will be asked to translate these C code 
routines into MIPS Asembly. 
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198 Chapter 2 Instructions: Language of the Computer 

o. i nt compa re(i nt a . i nt bl 
i f (s ub(il . bl >- 01 

retu rn I -
el se 

return 0; 

jnt sub ( i nl a . j nt bl I 
retu rn a-b : 

b. i nt fi b_ i le r ( jnt a • i ll t b. i n t n i l 
i f( n -- 01 

ret ur n b; 
else 

r etu r n fib_ i ter(a+b. a . n -1) : 

2.19.1 [15[ <2.8> Implement the C code in the table in MIPS assembly. What is 
the total number of MIPS instructions needed to exeClite the function? 

2.19.2 [5[ <2.8> Functions can often be implemented by compilers " in-line". 
An in-line function is when the body of the function is copied into the program 
~pac~, a~!owll1g the overhead of the function call to be elimina ted. Implement an 
_ m-Ime verSIon of the C code m the table in MIPS assembly. What is the reductio n 
m the total number of MIPS assembly instructions needed to complete the functio n? 
Assume that the C variable n is initialized to 5. 

2.19.3 [5] <2.8> For each fu nction call, show the contents of the stack after the 
function call is made. Assume the stack pointer is originally at addresss Ox7ffffffc, 
and fo llow the register conventions as specified in Figure 2. 11. 

The following three problems in this exercise refer to a function f that calls another 
function func. The code for C function f un c is already compiled in another module 
using the MIPS calling convention from Figure 2.14. The function declaration for fUll C 

is" i n t f II n C ( i n t a , i n t b) ; ': The code fo r function f is as follows: 

a. in t feint a , i nt b, i nt ell 
r et urn func ( fun c(a , b) , c) : 

b. int feint il . i nt b , jnt ell 
re turn fu nc(a . b)+f unc(b .c ) ; 

2.1.9.4 [10] <2.8> Translate function f into MIPS assembler, also using the MIPS 
callmg convention from Figure 2.14. If you need to use registers $tO through $t 7, 
use the lower-numbered registers first. 

2.19.5 [5] <2.8> Can we use the tail -call optimization in this function? If no, 
explain why not. If yes, what is the difference in the number of executed instructions 
in f with and without the optimization? 

2.21 Exercises 

2.19.6 [5] <2.8> Right before your function f from Problem 2. 19.4 returns, what 
do we know about contents of registers $t 5, $ 5 3, $ ra , and $ S p? Keep in mind that 
we know what the entire function f looks like, but for function fu n c we only know 

its declaration. 

Exercise 2.20 
This exercise deals with recursive procedure calls. For the foll owing problems, 
the table has an assembly code fragment that computes the factorial of a number. 
However, the entries in the table have errors, and you wi ll be asked to fix these 

errors. 

•. FACT , addi $sp . 1>sp . - 8 
s\·/ $ ra . 4 ( 1) sp ) 
Sl'l ;,0 . Ot l spl 
s lt i >to . 1> <1 0 , I 
beq stO . ' 0 . 1I 
addi $vO. SO . I 
addi $sp . 1>sp . 8 
jr Sea 

ll ; ad di SilO . $aO, - I 
j a 1 FACT 
hi 1>aO , 1\ (Ssp) 
h i 1> ra . Ot'spI 
add i $sp , 1>sp . 8 
mu l 1>vQ , SaO . IvO 
jr '!o ra 

b. FACT , addi $sp . Ss p. -8 
s\·/ $ra . 4 t Isp I 
5\'/ ,,0 . Ot'spI 
s lti itO . 'taO . I 
beq itO . $0 . 1I 
ad di 't va , so . I 
add i Ssp . $S p . 8 
jr $ra 

ll ; addi HO. stO . - I 
j a 1 FACT 
1\, 'aD . t1(S s p) 
hi $ ra . Ot I sp I 
addi ISp . $s p . 8 
mul $v0 . $aO . 'vO 
j r 'ra 

2.20.1 [5] <2 .8 > The MIPS assembly program above computes the factorial of 
a given input. The integer input is passed through register $aO, and the result is 
returned in register $vO. In the assembly code, there are a few errors. Correct the 

MIPS errors. 

2.20.2 [I Oj <2.8> For the recursive factorial MIPS program above, assume that 
the input is 4. Rewrite the factorial program to operate in a non recursive manner. 
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200 Chapter 2 Instructions: Language of the Computer 

Restrict your register usage to registers $5 0- $57 . What is the total number of 
instructions used to execute your solution from 2.20.2 versus the recursive \Tcrsion 
of the factorial program? 

2.20.3 [5) <2.8> Show the contents of the stack after each function call, assuOling 
that the input is 4. 

For the following problems, the table has an assembly code fragment that computes 
a Fibonacci number. However, the entries in the table have errors, and you will be 
asked to fix these errors. 

a. Fl B: addi $sp,Ssp, - 12 
51-I Sr" . 01 Isp I 

'" ! s l. 4 I 'sp I 
Sl< SaO . BI'spl 
slti stO. laO. 1 
beq HO . 10. Ll 
add; hO. SaO . 10 
j EX IT 

Ll : addi SaO,SaO. -1 
j a I FIB 
addi Ssl . SvO. '0 
add; $aO , SaO. -1 
j a 1 FIB 
add SVO . hO , lsI 

EX IT: hi $ r a , 01 Isp I 
hi 'SilO , BISspl 
I" $ 5 1, 4(1 spl 
add; Ssp , Ssp . 12 
jr $ r a 

b. FIB: addi Ssp , Ssp , -12 
5\1 Sra. Ol ' spl 
5\1 $51. 41'spl 

'" SaO , BIIspl 
slti stO. laO . 1 
beQ stO. 10 . Ll 
addi SvO . SaO. '0 
j EX IT 

Ll : addi SaO,$aO , -1 
j a 1 FIB 
addi Ssl . SvO . 10 
addi 'SaO , SaO. - 1 
jill FIB 
add SvO , SvO , ' s 1 

EXIT : hi Sra . 01 Isp I 
I" laO . BIlspl 
I" $s l. 4(S sp) 
addi Ssp , Ssp. 12 
jr Ira 

2.21 Exercises 

2.20.4 [5) <2.8> The MIPS assembly program above computes the Fibonacci of 
a given input. The integer input is passed through register taO, and the result is 
returned in register $v0. In the assembly code, there are a rew errors. Correct the 
MIPS errors. 

2.20.5 [10) <2.8> For the recursive Fibonacci MIPS program above, assume that 
the input is 4. Rewrite the Fibonacci program to operate in a non recursive manner. 
Restrict your register usage to registers $ 5 0 - $ 5 7. What is the total number of 
instructions used to execute your solution from 2.20.2 versus the recursive version 
of the foctorial program? 

2.20.6 [5) <2.8> SholV the contents of the stack after each function call, assuming 
that the input is 4. 

Exercise 2.21 
Assume that the stack and the static data segments are empty and that the stack and 
global pointers star t at address Ox7fff fffc and OxlOOO 8000, respectively. Assume 
the calling conventions as specified in Figure 2. 11 and that function inputs are 
passed using registers $ a 0 and returned in register $ vO. Assume that leaf functions 
may only use saved registers. 

a. mai n() 
I 

int l eaf_function (int f) 

I 
int result : 
resul t - f + 1 ; 
if If > 51 

return res ult : 
1 ea f _funct i on( re s ul t) : 

b. int my_global - 100 : 
mai n() 

I 
intx - IO; 
illt Y - 20 ; 
int l ; 
l ... rny_ runctioll(x , my_glob al) 

int my_ fun cl i on(int ;0; , int y) 
I 

return x - y : 
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2.21.1 151 <2.8> Show the conlents of the stack and the static data segments afler 
each function call. 

2.21.2 151 <2.8> Write MIPS code for the code in the table above. 

2.21.3 151 <2.8> If the leaf function could use temporary registers (H O, HI , 
etc.), write the MIPS code for the code in the table above. 

The fo ll owing three problems in this exercise refer to this function, written in MI PS 
assembler following the calling co nventio ns from Figure 2.1 4: 

a. f : sub $sO , SaO , $a3 
511 lov D, SsO ,Ox} 
add h O. Sa2,SvD 
s ub $v O. SvO , Stll 
j r oro 

b . f : ad d i $s p, $s p. 8 
$\-/ Sra . 4(Ss p l 
5>, SsO.O(Sspl 
move $50 , $a2 
ja 1 9 
add $vO . $vO , 1o sD 
11'1 $ril , ll( $spl 

hi $sO . O($spl 
add i $s p , $s p , -8 
j r Sri! 

2.21.4 110] <2.8 > This code contains a mistake that violates the MIPS callin g 
co nvention. What is this mistake and holV should it be fixed? 

2.21.5 1101 <2.8> What is the C equivalent of this code? Assume that the 
function's arguments are named d 1 b1 C, etc. in the C version of the function . 

, 2.21.6 1101 <2.8> At the point where this function is called register $a O, $a I 
$aZ, and $a3 have values I, 100, 1000, and 30, respectively. What is the value 
returned by this function? If another funct ion 9 is called from f, assume that the 
value returned from 9 is always 500. 

Exercise 2.22 

This exercise explores ASCII and Unicode conversion. The following table shows 
st rings of characters. 

l a· I AbYte 
I 

,.. 
2.21 Exercises 

2 .22.1 151 <2.9> Translate the st rings into decimal ASCll byte values. 

2 .22.2 151 <2.9> Translate the strings into 16-bit Unicode (using hex notation 
nd the Basic Latin characler set) . a 

T he following table shows hexadecimal ASCll cha racter values. 

!;J1~61~6~4 ~6~4 ________________________________________________ --i 
~ 73 68 69 66 74 

2 .22.3 15 1 <2.5,2.9> Translate the hexadecimal ASCll values to text. 

Exercise 2.23 

I 
s 
n lhis exercise, you wi ll be asked to write a MIPS assembly program that converts 
trings into the number fo rmat as specified in the table. 

a. positive integer decimal strings 

b. two's complement hexa decim al integers 

2 

s 
s 
n 
y 
$ 

" 

.23.1 110] <2.9> Write a program in MIPS assembly language to conve rt an 
ASCll number string with the conditions listed in the table above, to an integer. 
Your program should expect register $ a 0 to hold the address of a null-terminated 
tring containing some combination of the digits 0 through 9. Your program 
hould compute the integer value equivalent to this st ring of digits, then place the 
umber in register $vO. If a nondigit character appears anywhere in the string, 
our program should stop with the val ue -I in register $ v O. For example, if register 
aO points to a sequence of three bytes SOlen' 52\cn' Olen (the null-terminated string 
24"), then when the program stops, register $v0 should contain the value 24"". 

Exercise 2.24 

Assume that the register H I conta ins the address OxlOOO 0000 and the register 
t2 contains the address OxlOOO 0010. $ 

a. l b itO . Distil 
SVI stO . O(H2) 

b. l b itO. OIH I I 
sb itO. 011t 21 

2.24.1 151 <2.9> Assume that the data (in hexadecimal) at address Ox lOOO 0000 is: 

I 1000 0000 12 I 78 
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What value is stored at the address pointed to by register H 2? Assume that tl 
I . . d Ie 

memory ocatlOn pOinte to $t2 is initialized to OxFFFF FFFF. • 

2.24.2 [51 <2.9> Assume that the data (in hexadecimal ) at address Oxl000 0000 is: 

1 1000 0000 lao lao lao ] 
What value is. stored at the address pointed to by register $t21 Assume that the 
memory locatIOn po 111 ted to $ t 2 is initialized to OxOOOO 0000. 

2.24.3 [5] <2.9> Assume that the data (in hexadecimal) at address Oxl 0000000 is: 

1 10000000 
100 1 00 I ff 

What value is. stored at the address pointed to by register H2? Assume that the 
memory locatIOn pointed to $t2 is initialized to Ox5555 5555. 

Exercise 2.25 

In this exercise, you will explore 32-bit constants in MIPS. For the following 
problems, you will be using the binary data in the table be/ow. 

8. I 1010 1101 0001 0000 0000 0000 0000 00 1 Ot", 

b· ll11 1 1111 It 11 1111 1111 1111 ltl t tll1,", 

2.25.1 [10] <2 .10> Write the MIPS code that creates the 32-bit constants listed 
above and stores that value to register $t 1 

2.25.2 [5] <2.6,2.10> If the current value of the PC is OxOOOOOOOO, can you use a 
Single Jump lI1structlOn to get to the PC address as shown in the table above? 

2 .25.3 [5] <2.6,2.10> If the current value of the PC is Ox00000600, can you use a 
Single branch instructIOn to get to the PC address as shown in the table above? 

2.25.4 [5] <2.6,2.10> If the current value of the PC is Ox00400600, can you use a 
sll1gle branch instructIOn to get to the PC address as shown in the table above? 

2:25.5 .r IOJ <2.10> If the immediate field of a MIPS instruction was only 8 bits 
Wide, wnte the MIPS code that creates the 32-bit constants listed above and stores 
that value to register $t 1. Do not use the 1 u i instruction. 

For the following problems, you will be using the MIPS assembly code as listed in 
the table. 

~,.. 

a. lui $tO , Ox 1234 
ori st~ . HO . Ox5678 

b. ori HO , HO . Ox5678 
lui HO , Ox 1234 

2.21 Exercises 

2.25.6 [5] <2.6,2.10> What is the value of register $tO after the sequence of code 
n the table above? i 

2.25.7 151 <2.6,2.10> Write C code that is equivalent to the assembly code in the 
able. Assume that the largest constant that you can load into a 32-bit integer is 16 

bits. 
t 

Exercise 2.26 
For this exercise, you will explore the range of branch and jump instructions in 
MIPS. For the following problems, use the hexadecimal data in the table below . 

I 
.. 1 Ox00001000 

b. OxFFFCOOOO 

2.26.1 [10] <2.6,2.10> If the PC is at address OxOOOOOOOO, how many branch (no 
ump instructions) do you need to get to the address in the table above? ] 

i 
2.26.2 [10 I <2.6, 2.10> If the PC is at address OxOOOOO OOO, how many jump 
nstructions (no jump register instructions or branch instructions) are required to 

get to the target address in the table above? 

I 
, 

2.26.3 [10] <2.6,2.10> In order to reduce the size of MIPS programs, MIPS 
designers have decided to cut the immediate field of I-type instructions from 
6 bits to 8 bits. If the PC is at address OxOOOOOOO, how many branch instructions 

are needed to set the PC to the address in the table above? 

For the follow ing problems, you will be using making modifications to the MIPS 
nstruction set architecture. i 

a. 8 registers 

b. 10 bit immediate/ address field 

t 

t 

2.26.4 [101 <2.6,2.10> If the instruction set of the MIPS processor is modified, 
he instruction format must also be changed. For each of the suggested changes 

above, what is the impact on the range of addresses in a beq instruction? Assume 
hat all instructions remain 32 bits long and any changes made to the instruction 
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206 Chapter 2 Instructions: Language of the Computer 

format of I-type instructions only increase/decrease the immediate field of tI lC beq 
instruction. 

dified, 2.26.5 [10] <2.6,2. 10> If the instruction set of the MIPS processor is mo 
the instruction format must also be changed. For each of the suggested ch 
above, what is the impact on the range of addresses a jump instruction? Assum 
instructions remain 32 bits long and any changes made to the instruction fon 
J-type instructions only impact the address field of the jump instruction. 

anges 
e that 
nat of 

ified, 2.26.6 [10] <2.6,2.10> If the instruction set of the MIPS processor is mod 
the instruction format must also be changed. For each of the suggested ch 
above, what is the impact on the range of addresses a jump register instru 

anges 
(lion, 

assuming that each instruction must be 32 bits. 

Exercise 2.27 
In the following problems, you wi ll be using exploring different addressing I 
in the MIPS instruction set architecture. These different addressing mod 
listed in the table below. 

a. Register Addressing 

b. PC·relative Addressing 

nodes 
es are 

MIPS 2.27.1 [5] <2.10> In the table above are different addressing modes of the 
instruction set. Give an example MIPS instruc tions that shows the MIPS addre ssing 
mode. 

2.27.2 15J <2. 10> For the instructions in 2.27.1 , what is the instruction fo rmat 
type used for the given instruction? 

2.27.3 15J <2.10> List benefits and drawbacks of a particular MIPS addre ssing 
mode. Write MIPS code that shows these benefits and drawbacks. 

elow In the following problems, you will be using the MIPS assembly code as listed b 
to explore the tradeoffs of the immediate field in the MIPS I-type instruction s. 

D. 0,00000000 
0,00000004 

b. 0,00000100 
0,0000010 4 

lui SsQ . 100 
or1 SsO . SsO . 40 

add; ItO . 10 . 0,0000 
l w Stl , Ox4000( StO) 

2.27.4 [I5J <2.10> For the MIPS statements above, show the bit-level instru 
representation of each of the instructions in hexadecimal. 

ction 

2.21 Exercises 

-
2.27.5 
and J-ty 

[IOJ <2.10> By reducing the size of the immediate fields of the I-type 
pc instructions, we can save on the number o~ bits needed t? represent 
ons. If the immediate field of I- type instructIOns were 8 bIts and the 
te field oO-type instructions were 18 bits, rewrite the MIPS code above to 
is change. Avoid using the 1 u i instruction. 

instructi 
immedia 
reAect th 

2.27.6 
in 2.27.5 

15 J <2 .10> How many extra instructions are needed to execute your code 
MIPS statements in the table versuS the code shown in the table above? 

Exerc ise 2.28 

The foil owing table contains MIPS assembly code for a lock. 

t ry: 1·\0 
1-1 0 
t t 
t t 
sc 
sc 
BE 

V R3 . R4 
V R6 . R7 

R2 . 0IR2) 
R5 . 01 RI I 
R3. 0IRII 
R6 . 0IRI) 

01 R3 .try 
1·1 ov R4 . R2 
1-10 V R7 . R5 

2.28.1 [5] <2. 11 > For each test and fail of the store conditional, how many 

IOns need to be executed? instruct' 

2.28.2 
this cod 

[5] <2.11> For the load locked/store conditional code above, explain why 

e may fail. 

2.28.3 
Be sure 

[15] <2.11 > Rewrite the code above so that the code may operate correct. 

to avoid any race conditions. 

Each en try in the following table has code and also shows the content~ of va:ious 
s. The notation, "($ 5 1)" shows the contents of a memory locatIOn pOIl1ted 
gister $ 5 1. The assembly code in each table is executed in the cycle shown 

Ile! processors with a shared memory space. 

register 
to by re 
on para 

.. 
Proe essor 1 Processor 2 

o 1 2 99 30 

I I I t! Ol$s l l 11 H I. OI Ss l ) 1 

sc itO O(>S I ) 2 

sc st O. Ol $sl) 3 
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b. 

Processor 2 

Processor 1 Processor 2 

2.28.4 [51 <2.11 > Fill out the table with the value of the registers for each given 
cycle. 

Exercise 2.29 

The first three problems in this exercise refer to a critical section of the form 

10ck(lk) ; 
operation 
unl ock(lk) ; 

where the "operation" updates the shared variable 5 h V a r using the loca l ( llol1 sharecl) 
variable x as follows: 

• Operation 

a. shVilr- s hvar+x : 

b. shvar'"=mi n( shvu r. x ) : 

2.29.1 [ 101 <2.11 > Write the MIPS assembler code for this critical section , 
assuming that the address of the I k variable is in $a 0, the address of the 5 IlV a r 
variable is in $ a I, and the value of variable X is in $a 2. Your critical section should 
not contain any function calls, i.e. , you should include the MIPS instructions 
for 1 oc k ( ), un l ac k ( ), rn a x ( ) , and min ( ) operations. Use 1115 C instructions 
to implement the 1 ock() operation, and the unl oc k() operation is simply an 
ordinary store instruction. 

2.29.2 [101 <2.11 > Repeat problem 2.29.1, but this time use Il/ sc to perform an 
atomic update of the 5 IlV a r var iable directly, without using lac k ( ) and un l ac k ( ). 
Note that in this problem there is no variable 1 k. 

2.21 Exercises 

2.29.3 [101 <2. 11 > Co mpare the best-case performance of your code fro m 
2.29. 1 and 2.29.2, assuming that each instruction takes one cycle to execute. Note: 
best-case means that 11/5c always succeeds, the lock is always free when we want 
to lock ( ), and if there is a branch we take the path that completes the operation 
with fewer executed instructions. 

2.29.4 [101 <2.11 > Using your code from 2.29.2 as an example, explain what 
happens when two processors begin to execute this critical section at the same 
time, assuming that each processor executes exactly one instruction per cycle. 

2.29.5 [10 I <2.11 > Explain why in your code from 2.29.2 register $ a 1 contains 
the address of va riable 5 hva ,' and not the value of that variable, and why register 
$a2 contains the value of variable X and not its address. 

2.29.6 [101 <2.11 > If we want to atomically perform the same operat ion on two 
shared variables (e.g., 5 hv a r 1 and s ilV a r 2) in the same critical section, we can do 
this easily using the approach from 2.29. 1 (simply put both updates between the 
lock operation and the corresponding unlock operation). Explain why we cannot 
do this using the approach from 2.29.2., i.e. , why we cannot use 11/5 c to access 
both shared var iables in a way that guarantees that both upda tes are executed 
together as a single atomic operation. 

Exercise 2.30 
Assembler pseudoinstructions are not a part of the MIPS instruction set, but often 
appear in MIPS programs. The table below contains some MIPS pseudoinstructions 
that ,when assembled, are translated to other MIPS assembly instructions. 

I a' l move st 1. HZ 

2.30.1 [51 <2.1 2> For each pseudo instruction in the table above, produce a 
minimal sequence of actual MIPS instructions to accomplish the sa me thing. You 
may need to use temporary registers in some cases. In the table 1 a rg e refers to a 
number that requires 32 bits to represent and sma 11 to a number that can fit into 
16 bits. 

The table below contains so me MIPS pseudoinstructions, that when assembled, are 
translated to other MIPS assembly instructions. 

la $50, v 

blt SaO. hO . Loop 
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• Text Address 
Segment 

0 

4 

Data 0 
Segment 

... 
Relocation Address 
Info 

0 

4 

Symbol Address 
Table 

-

-

Text Address 
Segment 

0 

4 

8 

Data 0 
Segment 

Relocation Address 
Info 

0 

4 

B 

Symbol Address 
Table 

-

-

Chapter 2 Instructions: Language of the Computer 

2.30.2 [5 [ <2.12> Does the instruction in the table above need to be edited 
during the link phase? Why? 

Exercise 2.31 
The table below contains the link-level details of two different procedures. In this 
exercise, you will be taking the place of the linker. 

Procedure A Procedure B 

Instruction Text Address Instruction 

hi $aO , O(Sgp) 
Segment 

0 I S\-/ Sa 1 , O( Sg p) 

jal 0 4 I ja 1 0 

.- _. 

( X ) Data 0 (Y) 
Segment 

. .. . .. 
Instruction Type Dependency Relocation Address I Instruction Type Dependency 

Info 
Iw X 0 5>1 Y 

j ai B 4 ja 1 A 

Symbol Symbol Address I Symbol 
Table 

I X - Y 

B - I A 

Procedure A Procedure B 

Instruction Text Address Instruction 

1 ui Sat . 0 
Segment 

0 5\'1 SaO, O(;gp) I 
ori SaO , Sa t . 0 4 I j rnp 0 

j a 1 0 _. I 
OxlBO j r $ ra 

... I 
( X ) Data 0 (Y) 

Segment 
.- . - ... 
Instruction Type Dependency Relocation Address Instruction Type Dependency 

1 ui X 
Info 

0 5\"/ Y 

ori X 4 jmp FOO 

j a 1 B 

Symbol Symbol Address Symbol 
Table 

I X - Y 

B Ox180 FOO 

2.21 Exercises 

2.31.1 [51 <2.1 2> Link the object files above to form the executable file header. 
Assume that Procedure A has a text size ofOxI40, data size ofOx40 and Procedure B 
has a text size of Ox300 and data size of Ox50. Also assume the memory allocation 
strategy as shown in Figure 2.13. 

2.31.2 [5 [ <2.12> What limitations, if any, are there on the size of an executable? 

2.31.3 [5[ <2.12> Given your understanding of the limitations of branch and 
jump instructions, why might an assembler have problems directly implementing 
branch· and jump instructions in an object file? 

Exercise 2.32 
The first three problems in this exercise assume that function Sl'/ap, instead ofthe 
code in Figure 2.24, is defined in C as follows: 

a. void 5 ~i ap(int v [] . i nt k , int j ) I 
int temp; 
temp- v(k ): 
v[k] - v [j]: 
v[j] - temp : 

I 

b. void 5 ~l ap(int *p )I 
int temp: 
temp- *p ; 
*p- *(p+l) : 
*(p-!- l )- *p : 

I 

2.32.1 [IO[ <2.13> Translate this function into MIPS assembler code. 

2.32.2 [5[ <2.13> What needs to change in the sort function? 

2.32.3 [5 [ <2.13> If we were so rting 8-bit bytes, not 32-bit words, how would 
your MIPS code for swa pin 2.32. 1 change? 

For the remaining three problems in this exercise, we assume that the SO I~t function 
from Figure 2_27 is changed in the following way: 

a. Use s-registers instead of t-registers_ 

b. Use the bill (branch on less than zero) Instruction instead of sit and bne at the fo r 2 t s t labe l_ 

2.32.4 [5 [ < 2.1 3> Does this change affect the code for saving and restoring 
registers in Figure 2.27? 

211 



212 

l 

Chapter 2 Instructions: Language of the Computer 

2.32.5 [IO[ <2.13> When sorting a la-element array that was already sorted, 
how many more (or fewer) instructions are executed as a result of this change? 

2.32.6 [10] <2.13> When sorting a 1O-e1ementarray that was sorted in descending 
order (opposite of the order that sort( ) creates), how many more (or fewer) 
instructions are executed as a result of this change? 

Exercise 2.33 
The problems in this exercise refer to the following function, given as array code: 

a. int find ( i n t ,[1 . int n. i nl xl I 
int i ; 
for(i - O; i ! - n: i++) 

i fta[il-·x l 
return j : 

re turn ·1 : 
I 

b. i nt count ( in t a [ J. i nt 11 . i n t xII 
int res-O ; 
i nt i ; 
fo r (i-O :i !- n ;i ++) 

if(a[i ] "·x) 
res- res+l; 

return res ; 
I 

2.33.1 [10] <2.14> Translate this function into MIPS assembly. 

2.33.2 [10] <2.14> Convert th is function into pointer-based code (in C). 

2.33.3 [10] <2.14> Translate your pointer-based C code from 2.33.2 into MIPS 
assembly. 

2.33.4 [5 ] <2.14> Compare the worst-case number of executed instructions per 
nonlast loop iteration in your array-based code from 2.33.1 and your pointer-based 
code from 2.33.3. Note: the worst-case occurs when branch conditions are such 
that the longest path through the code is taken, i.e. , if there is an if statement, the 
result of the condition check is such that the path with more instructions is taken. 
However, if the result of the condition check would cause the loop to exit, then we 
assume that the path that keeps us in the loop is taken. 

2.33.5 [5] <2 .1 4> Compare the number of temporary registers (t-registers) 
needed for your array-based code from 2.33.1 and for your pointer-based code 
from 2.33.3. 
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2.33.6 [5] <2.14> What would change in your answer from 2.33.4 if registers 
$tO· $t7 and $aO ' $a3 in the MIPS calling convention were all callee-saved , just 
like $50·$571 

Exercise 2.34 

The table below contains ARM assembly code. In the following problems, you will 
translate ARM assembly code to MIPS. 

a. NOV rD . 1110 : i ni t l oo p coun te r to 10 
LOOP: ADD rD . rl ; add r1 to rO 

SUBS rD . 1 :decrement counter 
BNE LOOP : i f ZoO repeat loop 

b. ROR r 1 . r2. 1/4 : r 1 . r 23:0 concatenated \-Ii t il r2 J 1 :01 

2.34.1 [5] <2. 16> Forthe table above, translate this ARM assembly code to MIPS 
assembly code. Assume that ARM registers rO, rl, and r2 hold the same values as 
MIPS registers $ sO , $ 5 1. and $ 5 2, respectively. Use MIPS temporary registers 
(HO, etc.) where necessary. 

2.34.2 [5] <2.16> For the ARM assembly instructions in the table above, show 
the bit fields that represent the ARM instructions. 

The table below contains MIPS assembly code. In the following problems, you will 
translate MIPS assembly code to ARM. 

a. slt stD . $50 . S s 1 
blt HO . SO . fARA fi AY 

b. add SsO , Ss 1. Ss2 

2.34.3 [5] <2. 16> For the table above, find the ARM assembly code that 
corresponds to the sequence of MIPS assembly code. 

2.34.4 [5] <2.16> Show the bit fields that represent the ARM assembly code. 

Exercise 2.35 

The ARM processor has a rew different addressing modes that are not supported in 
MIPS. The following problems explore these new addressing modes. 

a. LOR rD . [r 11 rO .. rnernory( r l ] 

b. LD I-II A rD . I r 1. r2 . r41 : r1 .. rnernory[rO] , r2 - rnernory[rO+ I!] 
: r4 - merno ry [ rO+8J 
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2.35.1 151 <2. 16> Identify the type of addressing mode of the ARM assembly 
instructions in the table above. . 

2.35.2 IS] <2. 16> Fo r the ARM assembly instructions above, write a sequence of 
MIPS assembly instruct ions to accomplish the same data transfer. 

In the followi ng problems, yo u will compare code written using the ARM and MIPS 
instruction sets. The fo llowing table shows code written in the ARM instruction 
set. 

a. LOR rOo - Tablel : Ioad base addre ss of tab l e 
LOR 1' 1, 11100 :initia l i ze loop counter 
EOR 1'2 , r2. 1'2 :c l e ar 1' 2 

ADDLP , LOR 1'4 , [ rO J ;get Ii r s t additi on operand 
ADD 1'2 . r2 . r4 :add to r2 
ADD rD . rO o 11'1 :i ncreme nt to next table element 
SU BS rl. r 1. 1/1 :decrelnent loop co unter 
BNE ADD LP ;if loop counte r ! .. D. go to ADDl P 

b. I RDR r l. r 2. 114 ; r1 .. r2); 0 conca tena ted 1·1i th r2 ) 1 :.J. 

2.35.3 1101 <2.1 6> For the ARM assembly code above, write an equivalent MIPS 
assembly code ro utine. 

2.35.4 151 <2.1 6> What is the total number of ARM assembly instructions 
required to execute the code? What is the total number of MIPS assembly 
instructions required to execute the code? 

2.35.5 IS] <2.16> Assuming that the average el'l of the MIPS assembly routi ne is 
the same as the average el' l of the ARM assembly routine, and the MIPS processor 
has an operation fi'equency that is 1.5 times the ARM processor, how much faster 
is the ARM processor than the MIPS processor? 

Exercise 2.36 
The ARM processor has an in teresting way of suppo rting immedia te constants. 
This exercise investigates those di fferences. The fo llowing table contai ns ARM 
instructions. 

•. ADD . 1' 3 , r2 . r l. LSL 113 ;r3 '" r 2 + ( rl « 31 

b. ADD . r 3. r2 . rl. ROR 11 3 ;1' 3 - r 2 + (r'1 , rotat ed _right 3 bi t s) 

2.36.1 IS] <2. 16> Wri te the equivalen t MIPS code for the ARM assembly code 
above. 

2.21 Exercises 

2.36.2 IS] <2.1 6> If the register RI had the constant value of 8, rewri te your 
MIPS code to minimize the number of MIPS assembly instructions needed. 

2.36.3 [5] <2.1 6> If the register R I had the consta nt value ofOx06000000, rewrite 
your MIPS code to min imize the number of MIPS assembly instruct ions needed. 

The following table contai ns MIPS instructions. 

~I add! r 3 . r2 . Oxl 
~ a-d dl r3 , r2 . OxBOOO 

2.36.4 [5 ] <2 .16> For the MIPS assembly code above, wri te the equivalent ARM 
assembly code. 

Exercise 2.37 

This exercise explo res the differences between the MIPS and x86 instruction sets. 
The fo llowing table contains x86 assembly code. 

•• mov edx . [ es i +4*eb x] 

b. START, mov ax . OO IOl lOOb 
mov ex . OOOOOOllb 
mav bx . 11110000b 
and ax . bx 
or ax . ex 

2.37,1 11 0] <2. 17> Write pseudo code for the given routi ne. 

2.37.2 110] <2.1 7> What is the equiva lent MIPS for the given rou tine? 

The following table contains x86 assembly instructions. 

a. mov edx . [e s i+4*ebx] 

b. add eax . Ox12345678 

2.37.3 [5] <2.1 7> For each assembly ins truction, show the size of each of the 
bit fi elds that represent the instruction. Treat the label I-IY_ FUNCTlOII as a 32-bi t 
constant. 

2.37.4 110] <2. 17> Write equivalent MIPS assembly statements. 
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Exercise 2.38 

The x86 instruction set includes the REP prefix that causes the instruction to be 
repeated a given number of times or until a condition is satisfied. The first three 
problems in this exercise refer to the following x86 instruction: 

• Instruction Interpretation 

a. REP NOVSB I Repeat until EeX i s zero : 
NemB[EOI1-MemB [E SI1 . EOI-E OI+I. ES i-ESI+ I. Eex- Eex -1 

b. REP NOVSO I Repeat until EeX is zero : 
Neml2[EO I1- Neml2[ES I1. EOI - EOI+4 . ESI - ES!+4. Eex-Eex-I 

2.38.1 [5 ] <2 .17> What would be a typical use for this instruction? 

2.38.2 [5] <2.17> Write M1PS code that performs the same operation, assuming 
that $ a 0 corresponds to ECX, $ a 1 to ED I, $ a 2 to ESI, and $ a 3 to EAX. 

2.38.3 [5] <2.17> If the x86 instruction takes one cycle to read memory, one 
cycle to write memory, and one cycle for each register update, and if MIPS takes 
one cycle per instruction, what is the speed-up of using this x86 instruction instead 
of the equivalent MIPS code when ECX is very large? Assume that the clock cycle 
time for x86 and MIPS is the same. 

The remaining three problems in this exercise refer to the following function, given 
in both C and x86 assembly. For each x86 instruction, we also show its length in the 
x86 variable-length instruction format and the interpretation (what the instruction 
does). Note that the x86 architecture has very few registers compared to MIPS, and 
as a result the x86 calling convention is to push all arguments onto the stack. The 
return value of an x86 function is passed back to the caller in the EAX register. 

• Ccode x86 code 

a. int f ( i n t a . int b) 1 f , pUSt1 %ebp : 1 B. push %eb p to stack 
return a+b ; moy Xesp , '.tebp , 2B . move %es p to 'tebp 

1 mav Oxe (%ebp) ,Xeax : lB . l oad 2ud arg to %eax 
add Ox8(%ebp) .%eax : lB . add 1 Sl arg to %eax 
pop %ebp lB . restore %eb p 
ret lB. retu rn 

b. void feint *a . ; nt *b)! L push Xebp , lB. pustl %e bp to stack 
*a-*a+*b ; mav %esp ,%ebp : 2B . move %esp to %e bp 
*b"'*a ; mov 8(%ebp) ,%eax : lB . l oad pt arg into %ea x 

1 mov 12Ctebp) , %ECX : lB . l oad 211d arg into %ecx 
mav (%eax) , 'tedx : 1B . load *a i nto %edx 
add (Xecx) ,%edx : 2B . add *b to %edx 
mav 'tedx , (%eax) : 2B . sto re %edx to *a 
mov %edx , (%ecx) , 2B . store Xedx to *b 
pop %eb p : 1 B. restore Xebp 
ret : lB. return 

2.21 Exercises 

2.38.4 [5] <2. 17> Translate this function into MIPS assembly. Compare the size 
(how many bytes of ins truction memory are needed) for this x86 code and for your 
MIPS code. 

2.38.5 [5] <2.17> If the processor can execute two instructions per cycl e, it must 
at least be able to read two consecutive instructions in each cycle. Explain how it 
would be done in MIPS and how it would be done in x86. 

2.38.6 [5] <2.17> If each MIPS instruction takes one cycle, and if each x86 
instruction takes one cycle plus a cycle for each memory read or write it has to 
perform, what is the speed-up of using x86 instead of MIPS? Assume that the clock 
cycle time is the sa me in both x86 and MIPS, and that the execution takes the 
shortest possible path through the function (i.e., every loop is exited immediately 
and every if statement takes the direction that leads toward the return from the 
function). Note that x86 ret instruction reads the return address from the stacie 

Exercise 2.39 

The CPI of the different instruction types is given in the following table. 

• Arithmetic Load/Store Branch 

~+I--------~:--------~---------~=:~-------~--------=:---------
2.39.1 [5] <2. 18> Assume the following instruction breakdown given for 
executing a given program: 

Instructions (in millions) 

What is the execution time for the processor if the operation frequency is 5 GHz? 

2.39.2 [5] <2.18> Suppose that new, more powerful arithmetic instructions are 
added to the instruction set. On average, through the use of these more powerful 
arithmetic instructions, we can reduce the number of arithmetic instructions 
needed to execute a program by 25%, and the cost of increasing the clock cycle 
time by only 10%. Is this a good design choice? Why? 
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2.39.3 [5] <2.18> Suppose that we find a way to double the performance of 
arithmetic instructions? What is the overall speed-up of our machine? What if we 
find a way to improve the performance of arithmetic instructions by 10 times!? 

The following table shows the proportions of instruction execution fo r the different 
instruction types. 

• Arithmetic Load/Store Branch 

~: ________ ~:~:~:~ _______ ~ ______ ~:~:~:~ ______ ~ ________ 2~:~: ________ _ 

2.39.4 [5] <2.18> Given the instruction mix above and the assumption that an 
arithmetic instruction requires 2 cycles, a load/store instruction takes 6 cycles, and 
a branch instruction takes 3 cycles, find the average CPI. 

2.39.5 [51 <2.18> For a 25% improvement in performance, how many cycles, on 
average, mayan arithmetic instruction take if load/store and branch instructions 
are not improved at all? 

2.39.6 [5] <2.18> For a 50% improvement in performance, how many cycles, on 
average, mayan arithmetic instruction take if load/store and branch instructions 
are not improved at all? 

Exercise 2.40 

The first three problems in this exercise refer to the following function, given in 
MIPS assembly. Unfortunately, the programmer of this function has fallen prey to 
the pitfall of assuming that MIPS is a wo rd-addressed machine, but in fact MIPS 
is byte addressed. 

a. : i n t f ( i n t a [ l. int n . int x) ; 
f: move SvO , Szero ret ""O 

move StO , $zero i=O 
l , add $t 1. $tO , SilO & t a [ i ll 

11-1 Ill . OtSt l l read a [i ] 
bne $t l , SaZ , S if(a[i]"''''x) 
addi $'10 , $'10 , 1 ret++ : 

s: addi ItO . ItO . I i++ 
bne HO , $al , l repeil t if i !=n 
jr $ ['d return ,'et 

2.21 Exercises 

b. : voi d f ( i Ilt 'a . in t *b . i ll t 11) : 
f , move $lO , $aO p~ a 

move Hl , Sal Q=b 
add HZ , SilZ , SaO &ta[nll 

l : hi Ill . OIstOI read *p 
hi St4 . 0tl ll I read *q 
add Stl . I t] . St4 *p+*q 
511 Hl . OtHOI *p=*p+*q 
addi 1t0 . 1t0 . l p ... p+l 
addi HI. Itt . 1 q"' q+ l 
bne 1t0 . 1t2 . l repeat if p!=&(il[n]) 
jr Sra return 

Note that in MIPS assembly the ";" character denotes that the remainder of the line 
is a comment. 

2.40.1 [5] <2.18> The MIPS architecture requires word-sized accesses (lw and 
sw) to be word-aligned, i.e. the lowermost 2 bits of the address must both be zero. If 
an add ress is not word-aligned, the processor raises a "bus error" exception. Explain 
how this alignment requirement affects the execution of this function, 

2.40.2 [5] <2.18> If"a" was a pointer to the beginning of an array of one-byte 
elements, and if we replaced Iw and sw with Ib (load byte) and sb (store byte) , 
respectively, would this function be correct? Note: Ib reads a byte from memory, 
sign-extends it, and places it into the destination register, whi le sb stores the least
significant byte of the register into memory. 

2.40.3 [5] <2.18> Change this code to make it correct for 32-bi t integers. 

The remaining three problems in this exercise refer to a program that allocates 
memory for an array, fills the array with some numbers, calls the sort function 
from Figure 2.27, and then prints out the array. The main function of the program 
is as follows (given as both C and MIPS code): 

main code in C MIPS version of the main code 

(Hi} i 11 ( ) I ma in: 
in t *'1 : I i SsO ,S 
in t n~S ; move SaO, SsO 
v=my_a I loe( 5) : ja 1 my_alloe 
my_init(v , n) ; move $s l,SvO 

so rt (v , I1) : move $aO , $s1 
mOVE Sa l. $sO 
j a 1 lI1y_ init 
move SaO , $sl 
move Sal , $50 
ja 1 so rt 
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The my_a ll DC function is defined as follows (given as both C and MIPS code). 
Note that the pJ'Ogrammer of this function has fallen prey to the pitfall of using a 
pointer to an automatic variable a r r outside the function in which it is defined. 

MIPS code for my _a 11 oc 

lnt *rny _<11 1 DC ( i n t 11)1 mY_i111oc : 
in t il rr [ n] : udd ll ~sp . $sp . -4 Push 
return iln : $ 1'1 Hp . O($sp) Hp to stack 

move Ifp . Ssp Save ssp in Ifp 
s 11 $tO . s aO. 2 We need 4*n bytes 
su b .ssp , Ssp , StO I·t a ke room for art' 
move SvO , $sp Return (lddres$ of il rr 
move Ss p . Sip Restore .ssp fr om Hp 
hi Sfp . Otsp) Pop Hp 
addiu Ss p,S s p.4 from s tack 
j r ra 

The my_ i ni t function is defin ed as fo[[ows (M IPS code): 

•. my_init: 
move HO , $zero : i -O 
move H I, SaO 

L, $\'/ szero.O(St1 ) , ,[ 1] - 0 
addiu H l. H l.4 
ad dill HO . HO . I ; ;- i +1 
bne $lO,Sal , L ; lin t i 1 1-= 11 
jr Ira 

b. my_init : 
move HO , szero , i-O 
move Hl . laO 

L, sub H2 , $a l. StO 
$\'/ HZ . Dtst ! ) ; a[i) - n - j 
addiu Itl. Sl 1. 4 
addiu HO .ItO.l ; i - i+l ; 
bne $lO . Sa l.L ; Lint i 1 iRan 
jr Sra 

2.40.4 [51 <2. I 8> What are the contents (values of all five elements) of array v 
right before the" j a 1 so rt" instruction in the main code is executed? 

2.40.5 [1 51 <2.18,2. I 3> VI~,at are the contents of array v right before the 5 0r t 
function enters its outer loop for the fi rst time? Assume that registers $ 5 p, $ s O, $ 5 1, 
$ 5 2, and $ 5 3 have values of OxIOOO, 20, 40, 7, and I, respec tively, at the begin ni ng 
of the main code (right before "1 i $ 50 , 5" is executed) . 

2.40.6 11 01 <2. I 8,2. I 3> What are the contents of the 5-elemen t array pointed by 
v right after" j a 1 50 r t " returns to the main code? 

§2.2, page 80: MIPS, C, Java 
§2.3, page 87: 2) Very slow 
§2.4, page 93: 3) -Sten 
§2.5,page IOI:4 )5 Ub $52 , $50 . $5I 

2.21 Exercises 

§2.6, page 104: Both. AND with a mask pattern of Is will leaves as everywhere but 
the desired field. Shifting left by the right amount removes the bits from the left of 
the field. Shifting right by the appropriate amount puts the field into the rightmost 
bits of the word, with as in the rest of the word. Note that AND leaves the field 
where it was originally, and the shift pair moves the fi eld into the rightmost part 
of the. word. 
§2.7, page I I I: I. All are true. II. I ). 
§2.8, page 122: Both are true. 
§2.9, page 127: 1. 2) 11. 3) 
§2. 10, page 136: I. 4) +- 128K. II. 6) a block of 256M. III. 4) 511 
§2. I I, page 139: Both are t rue. 
§2 .1 2, page 148: 4) Machine independence. 
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EXAMPLE 

Chapter 3 Arithmetic for Computers 

lI ,ntrodUctiOn . 

Computer words are composed of bits; thus, words can be repre.sente~ as bl~ary 
numbers. Chapter 2 shows that integers can be represented either In decimal 
or binary form, but what about the other numbers that commonly occur? For 

example: 

• What about fractions and other real numbers? 

• What happens if an operation creates a number bigger than can be 

represented? 

• And underlying these questions is a mystery: How does hardware really 

multiply or divide numbers? 

The goal of this chapter is to unravel these mysteries including representation of 
real numbers, arithmetic algorithms, hardware that follows these algorithms, and 
the implications of all this for instruction sets. These insights may explalll qUirks 

that you have already encountered with computers. 

II Addit;on and Sublract;on 

Addition is just what you would expect in compute.rs. Digits ar~ added bit by bit 
from right to left, with carries passed to the next digit to the left, Just as you would 
do by hand. Subtraction uses addition: the appropriate operand IS simply negated 

before being added. 

Binary Addition and Subtraction 

Let's try adding G
ten 

to 7ten in binary and then subtracting 6len fro111 71en in 

binary. 

+ 

0000 0000 0000 0000 0000 0000 0000 0111 t >lo 

0000 0000 0000 0000 0000 0000 0000 0110"_10 

0000 0000 0000 0000 0000 0000 0000 1101 tl_/ o 

7 ten 

6ten 

The 4 bits to the right have all the action; Figure 3.1 shows the ~ums and carries. 
The carries are shown in parentheses, with the arrows showll1g how they are 

passed. 

3.2 Addition and Subtraction 

Subtracting 6ten from 7ten can be done directly: 

0000 0000 0000 0000 0000 0000 0000 011 1"'0 
0000 0000 0000 0000 0000 0000 0000 0110 tl_/O 

0000 0000 0000 0000 0000 0000 0000 0001 tl_/0 

or via addition using the two's co mplement representation of -6: 

0000 0000 0000 0000 0000 0000 0000 0111"," 
+ 111 11 11111 11 111 1 111 1 1111111 11010 t l<0 

0000 0000 0000 0000 0000 0000 0000 0001 tl-lO 

(0) (0) (1) (1) (0) 

000 

000 1 

(0) 0 (0) 0 (0) (1) (1) 0 (0) 

(Carries) 

1 

o 

1 ten 

FIGURE 3.1 Binary addition, showing carries from right to left. The rightmost bit adds 
I to 0, resulting in the sum of this bit being I and the car ry out from this bit being O. Hence, the operatinn 
for the second digit to the right is 0 + I + I. This ge nerates a 0 for this sum bit and a carry OUi of I. 
The third digit is the sum of 1 + I + I, resulting in a carry out of I and a sum bit of I. The fourth bit is 
I + 0 + 0, yield ing a I sum and no carry. 

Recall that overflow occurs when the result from an operation cannot be 
represented with the available hardware, in this case a 32-bit word_ When can 
overflow occur in addition? When adding operands with different signs, overflow 
cannot occur. The reason is the sum must be no larger than one of the operands. 
For example, - 1 0+ 4 = -6. Since the operands fit in 32 bits and the sum is no larger 
than an operand, the sum must fit in 32 bits as well. Therefore, no overflow can 
occur when adding positive and negative operands. 

There are similar restrictions to the occurrence of overflow during subtract, but 
it's just the opposite principle: when the signs of the operands are the SOllie, overflow 
cannot occur. To see this, remember that x - y = x + (-y) because we subtract by 
negating the second operand and then add. Therefore, when we Sllbtract operands 
of the same sign we end up by oddillg operands of differcllt signs. From the prior 
paragraph, we know that overflow cannot occur in this case either. 

Knowing when overflow cannot occur in addition and subtraction is all well and 
good, but how do we detect it when it docs occur? Clearly, adding or subtracting 
two 32-bit numbers can yield a result that needs 33 bits to be fully expressed. 
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Arithmet ic Logic Unit 
(ALU) Hardwnrc that 
performs addition, 
subtraction, and usually 
logica l operations such as 
AND and OR. 
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The lack of a 33 rd bit means that when overflow occurs, the sign bit is set with the 
l'nille of the result instead of the proper sign of the result. Since we need just one 
extra bit, only the sign bit can be wrong. Hen ce, overflow occurs when adding two 
positive numbers and the sum is negative, or vice versa. This means a carry Ollt 

occurred into the sign bit. 
Overflow occurs in subtraction when we subtract a negative number from a 

positive number and get a negative result, or when we subtract a positive number 
from a negative number and get a positive result. This means a borrow occurred , 
from the sign bit. Figure 3.2 shows the combination of operations, operands, and 
results that indicate an overflow. 

We have just seen how to detect overflow for two's complement numbers in 
a computer. What about overflow with unsigned integers? Unsigned integers are 
commonly used for memory addresses where overflows are ignored. 

The computer designer must therefore provide a way to ignore overflow in 
some cases and to recognize it in o thers. The MIPS solution is to have two kinds of 
arithmetic instructions to recognize the two choices: 

• Add (add), add immediate (addi), and subtract ( s ub) cause exceptions on 
overflow . 

• Add unsigned (ad du), add immediate unsigned (ad d i u), and subtract 
unsigned (s ubu ) do 1I0/cause exceptions on overflow. 

Because C ignores overflows, the MIPS C compilers will always generate the 
unsigned versions of the arithmetic instructions add u, add; u, and subu, no 
matter what the type of the variables. The MIPS Fortran compilers, however, pick 
the appropriate arithmetic instructions, depending on the type of the operands. 

Operation 

A+B 
A+B < 0 

A-B ;'0 

A-B <0 

< 0 

<0 

;'0 

Result 
indicating overflow 

<0 

;'0 
<0 

;'0 

FIGURE 3.2 Overflow conditions for addition and subtraction. 

~ Appendix C describes the hardware that performs addition and subtraction, 
which is called an Arithmetic Logic Unit or ALU. 

3.2 Addition and Subtraction 

The computer designer must decide how to handle arithmetic overflows. Although 
some languages like C and Java ignore integer overflow, languages like Ada and 
Fortran require that the program be notified. The programmer or the programming 
environment must then decide what to do when overflow occurs. 

MIPS detects overflow with an exception , also called an interrupt on many 
computers. An exception or interrupt is essentially an unscheduled procedure 
call. The address of the instructio n that overflowed is saved in a register, and the 
computer jumps to a predefined address to invoke the appropriate routine for that 
exception. The interrupted nddl'css is saved so thnt in some situations the program 
cnn continue after corrective code is executed. (Section 4.9 covers exceptions in 
more detail; Chapters 5 and 6 describe other situations where exceptions and 
interrupts occur. ) 

MIPS includes a register called the exceptioll progmlll COlllller (EPC ) to contain 
the address of the instruction tha t caused the exception. The instruction 1II0l'e [r01ll 

s),slelll coll trol (rnfcO) is used to copy EPC into a general-purpose register so that 
MIPS software has the option of returning to the offending instruction via a jump 
register instruction. 

Arithmetic for Multimedia 

Since every desktop m icroprocessor by definition has its own graphical displays, 
as transistor budgets increased it was inevitable that support would be added for 
graphics operations. 

Many graphics systems originally used 8 bits to represent each of the three 
primary colors plus 8 bits for a location of a pixel. The addition of speakers and 
microphones for teleconferencing and video games suggested support of sound as 
well. Audio samples need more than 8 bits of precision, but 16 bits are sufficient. 

Every microprocessor has special support so that bytes and halfwords take up 
less space when stored in memory (see Section 2.9 ), but due to the infrequ ency 
of arithmetic operntions on these data sizes in typical integer programs, th ere is 
little support beyond data tran sfers. Architects recognized that many graphics 
and audio appl ications would perform the same operation on vectors of this 
data. By partitioning the carry chains within a 64-bit adder, a processor could 
perform si multaneous operations on short vectors of eight 8-bit operands, four 
16-bit operands, or two 32-bit operands. The cost of such partition ed adders was 
small. These extensions have been called vector or SIMD, for single instruction, 
multiple data (see Section 2.17 and Chapter 7). 

One fenture not generally found in general-purpose microprocessors is sntllm t illg 
operations. Saturation means that when a calculation overflows, the result is set 
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to the largest positive number or most negative number, rather than a modulo 
calculation as in two's complement arithmetic. Saturation is likely what YOtI want 
for media operations. For example, the volume knob on a radio set would be 
frustrating if, as you turned, it would get continuously louder for a while and then 
immediately very soft. A knob with saturation would stop at the highest volume no 
matter how far you turned it. Figure 3.3 shows arithmetic and logical operations 
found in many multimedia extensions to modern instruction sets. 

Instruction category Operands 

Un signed add/ subtract I Eight a-bit or Four 16·bit 

Saturating add/ subtract I Eight a·bit or Four l G·bit 

Max/min/ minimum I Eight a·bit or Four l6-bit 

Average 1 Eight a-bit or Four l6·bit 

Shift right/ left I Eight a-bit or Four l6·bit 

FIGURE 3.3 Summary of multimedia support for 
desktop computers. 

Elaboration: MIPS can trap on overilow, but unlil<e many other computers, there is 
no conditional brancll to test overilow. A sequence of MIPS instructions can discover 
overilow. For signed addition, the sequence is the following (see tile Elaboration on 
page 104 in Cilapter 2 for a description of tile xo r instruction): 

addu HO . HI , $t Z II HO ~ su m. but do n' t trap 
xor $t3 . $tl . $tZ # Check if si gns di ffer 
slt $t3 . $t3 , $zer o # It3 ~ I if s i gns differ 
bn e 1t3 , $ze r o . No_ove l' fi oVi # HI . HZ s i gns ", 

II so no overfio\·, 
XOI' 1t3 . $t O, $t! II s i gns ~; sign o f su m matell too? 

# St3 negative i f su m s i gn diffe r ent 
slt St3 . H3 , $zer o II St3 ~ I if su m s i gn di ffere nt 
bn e 1t3 , $ze r o . Ov e r fio Vi II All 3 s i gns "; go to ove rfi oVi 

For unsigned addition (StO = It I + StZ ), tile test is 

add u HO . St l, StZ II $tO ~ su m 

nor 1t3 . H I. Ize l'o II 1t3 = NOT HI 

II (Z ' s camp - I : Z32 - H I - 1) 

s lt u H3 , 1t3 . H Z 1/ (2 32 - HI - I) < HZ 
II =; Z32 - I < HI + HZ 

bne It3 . Sze r o , Ove rfi ow # i f (Z 32 -1 <$tl+$tZ) goto ove r fio w 

3.2 Addition and Subtraction 

Summary 

A major point of this section is that, independent of the representation, the finite 
word size of computers means that arithmetic operations can create results that 

are too large to fit in this fixed word size. It's easy to detect overflow in unsigned 
numbers, although these are almost always ignored because programs don't want to 
detect overflow for address arithmetic, the most common use of natural numbers. 

Two's complement presents a greater challenge, yet some software systems require 
detection of overflow, so today all computers have a way to detect it. 

The rising popularity of multimedia applications led to arithmetic instructions 
that support narrower operations that can easily operate in parallel. 

Some programming languages allow two's complement integer arithmetic on Check 
variables declared byte and half. What MIPS instructions would be used? Yourself 

1. Load with 1 bu, 1 hu; arithmetic with ad d, su b, mul t , di v; then store using 
s b, s h. 

2. Load with 1 b, 1 h; arithmetic with add, s ub, mul t , d i v; then store using 
s b, sh . 

3. Load with 1 b, 1 h; arithmetic with add, s ub, mul t , d i v, using AND to mask 
result to 8 or 16 bits after each operation; then store using sb, sh . 

Elaboration: In the preceding text, we said that you copy EPC into a register via mfcO and 
then return to tile interrupted code via jump register. This leads to an interesting question: 
since you must first transfer EPC to a register to use with jump register, 110W can jump 
register return to the interrupted code and restore the original values of all registers? Eitller 
you restore the old registers first, thereby destroying your return address from EPC, whicll 
you placed in a register for use in jump register, or you restore all registers but the one with 
the return address so tllat you can jump-meaning an exception would result in cllanging 
that one register at any time during program execution! Neither option is satisfactory. 

To rescue the hardware from this dilemma, MIPS programmers agreed to reserve 
registers $ k 0 and $ k 1 for the operating system; these registers are not restored on 
exceptions. Just as tile MIPS compilers avoid using register $at so that the assembler 
can use it as a temporary register (see Hardware/ Software Interface in Section 2.10), 
compilers also abstain from using registers $kO and $k l to mal<e them available for tile 
operating system. Exception routines place the return address in one of these registers 
and then use jump register to restore tile instruction address. 

Elaboration: The speed of addition is increased by determining the carry in to the 
high-order bits sooner. There are a variety of scllemes to anticipate the carry so that 
the worst-case scenario is a function of tile log2 of tile number of bits in the adder. 
These anticipatory signals are faster because tlley go througll fewer gates in sequence, 
but it tal{es many more gates to anticipate the proper carry. The most popular is carry 
/oo/(ahead. which Section C.6 in til Appendix C on the CD describes. 
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II MuH;.Ii.a'; •• 

Now that we have completed the explanation of addition and subtraction, we are 
ready to build the more vexing operation of multiplication. 

First, let's review the multiplication of decimal numbers in longhand to remind 
ourselves of the steps of multiplication and the names of the operands. For reasons 
that will become clear shortly, we limit th is decimal example to using on ly the 
digits a and I. Multiplying IOOO',n by 1001"n: 

Multiplicand 
Multiplier x 

Product 

1000 ten 
10 01 t en 
1000 

0000 
0000 

1000 

1001000 ten 

The first operand is called the IIltdtip/iwlld and the second the IIlIl/tip/ier. 
The final result is called the prodllct. As you may recall , the algorithm learned in 
grammar school is to take the digits of the multiplier one at a time fro m right to 
left, mUltiplyi ng the multiplicand by the si ngle digit of the multiplier, and shifting 
the intermediate product one digit to the left of the earlier intermediate products. 

The first observation is that the number of digits in the product is cons iderably 
larger than the number in either the multiplicand or the multiplier. In fact, if we 
ignore the sign bits, the length of the mult iplication of an It-bit multiplicand and 
an III-bit multiplier is a product that is It + 111 bits long. That is, 11+ "' bits are 
required to represent all possible products. Hence, like add, multiply must cope with 
overflow because we freq uently want a 32-bit product as the result of m ul tip lying 

two 32-bit numbers. 
In this example, we restricted the decimal digits to 0 and I. With only two 

choices, each step of the multiplication is simple: 

I. Just place a copy of the multiplicand ( I x multiplicand) in the proper place 
if the multiplier digit is aI, or 

2. Place a (0 x mUlti plicand ) in the proper place if the d igit is O. 

Although the deci mal exa mple above happens to use only 0 and 1, multiplication 
of binary numbers must always use 0 and I, and thus always offers only these two 

choices. 

3.3 Multiplication 

Now that we have reviewed the basics of mult iplication, the trad itional next 
step is to provide the highly optimized multiply hardware. We break with tradition 
in the belief that you will gain a better understanding by seeing the evolution of 
the mul tiply hardwa re and algorithm through multipl e generat ions. For now, let's 
assume that we are multiplying only positive numbers. 

Sequential Version of the Multiplication Algorithm 
and Hardware 

This design mim ics the algo rith m we learned in grammar school; Figure 3.4 shows 
the hardware. We have drawn the hardware so that da ta flows from top to bollom 
to resemble more closely the paper-a nd-pencil method. 

Let's assume that the multiplier is in the 32-bit Multiplier register and that the 
64-b it Product register is initialized to O. From the paper-and-pencil example 
above, it's clear tha t we will need to move the multiplicand left one digit each step, 
as it may be added to the intermed iate products. Over 32 steps, a 32-bit multipli
cand would move 32 bits to the left. Hence, we need a 64-bit Mul tiplicand register, 
initialized with the 32-bit multiplicand in the right half and zero in the left half. 
This registe r is then shifted left I bit each step to align the multiplicand with the 
sum being accumulated in the 64 -bit Product register. 

-
I 

Multiplicand 
Shift left 

64 bits 

I 
-Multiplier 

Shift right 

32 bits 

Product ~ 

L---_--r ___ ~::J .... --...... \ ...... 'Conlrollesl ) Write __ 

164 bits 
'--------' 

FIGURE 3.4 First version of the multiplication hardware. The Mult iplicand register, "LV, and 
Prncluct register are all 64 bits wide, with only the Multi plier register containing 32 bits. (. Appendix C 
describes ALVs.) The 32-oit multiplicand starts in the right half of the Mllhiplic.lnd register antI is shifted 
left 1 bit on each step. The lllultiplier is shifted in the opposite direction at each step. The algorit hm start s 
with the product initiali zed 10 O. Control decides when to shi ft the /vl ullipiic<lnd and Multip li er registers and 
when to write new villlles in to the Product register. 

Figure 3.5 shows the three basic steps needed for each bit. The least significant 
bit of the mult iplier (MultiplierO) determines whether the t11ultiplicnnd is added to 
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the Product register. The left shift in step 2 has the effect of moving the intermediate 
operands to the left, just as when multiplying with paper and pencil. Th~ shift 
right in step 3 gives us the next bit of the multiplier to examine in the following 
iteration. These three steps are repeated 32 times to obtain the product. If each step 
took a clock cycle, this algorithm would require almost 100 clock cycles to multiply 

MultiplierO = 1 1. Test 

MulliplierO 

MultiplierO = 0 

1 a. Add multiplicand to product and 
place the result In Product register 

2. Shill the Muillplicand register leU 1 bit 

3. Shill the Multiplier register right 1 bit 

No: < 32 repetitions 
32nd repetition?'>-----'------' 

Yes: 32 repetitions 

( Done ) 

FIGURE 3.5 The first multiplication algorithm, using the hardware shown in Figure 3.4. If the 
least significant bit of the multiplier is I, ,ldd the multiplicand to the product. If nO!, go to the next step. Shift 
the multiplicand left and the muhipl icr right in the ncxltwo steps. These three steps arc repeated 32 limes. 

3.3 Multiplication 

two 32-bit numbers. The relative importance of ar ithmetic operations like multiply 
varies with the program, but addition and subtraction may be anywhere fl'Om 5 to 
100 times more popular than multiply. Accordingly, in many applications, multiply 
can take multiple clock cycles without significantly affecting performance. Yet 
Amdah l's law (see Section 1.8) reminds us that even a moderate freq uency for a 
slow operation can limit performnnce. 

This algorithm and hardware arc easil y refined to take I clock cycle per step. 
The speed-up com es from performing the operations in parallel: the multiplier 
and multiplicand are sh ifted while the multiplicand is added to the product if the 
multiplier bit is a 1. The hardware just has to ensu re that it tests the right bit of 
the multiplier and gets the preshifted version of the multiplicand. The hardware is 
usually further optimized to halve the width of the adder and registers by noticing 
where there are unused portions of registers and adders. Figure 3.6 shows the 
revised hardware. 

Replacing ari thmetic by shifts can also occur when multiplying by constants. Some 
compilers replace multiplies by shol't constants with a series of shifts and adds. 
Because one bit to the left represents a number twice as large in base 2, sh ift ing 
the bits left has the same effect as multiplying by a power of 2. As mentioned in 
Chapter 2, almost every compiler will perform the strength reduction optimization 
of substituting a left shift for a multiply by a power of 2. 

Shift right 
Write 

Control 
test 

FIGURE 3.6 Refined version of the multiplication hardware. Compare with Ibt: fir!i! \'cr~ion in 
Figure 3.4. The Multiplicand register, ALU, and Multiplier rcgisler ;In! all 32 bits wide, with only the Product 
register left at 64 bits. Now the product is shirted rish!. The separate Muhiplicr register also disappeared. The 
multiplier is placed instead in the right half of the Product register. ThcSl' changes arc highlighted in color. 
(The Product register should really be 65 bils ttl hold the carr)' (Jul of the adder, but it 's shown here as 64 hilS 
(0 highlighllhc evolution rrolll Figure 3.'1.) 
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A Multiply Algorithm 

Using 4-bit numbers to save space, multiply 21en X 3tCll1 or 00 lOtwD X 0011 two' 

Figure 3.7 shows the value of each register for each of the steps labeled 
according to Figure 3.5, with the final value of 0000 0110,wn or 6"". Color is 
used to indicate the register values that change on that step, and the bit circled 
is the one examined to determine the operation of the next step. 

Signed Multiplication 

So far, we have dealt with positive numbers. The easiest way to understand how 
to deal with signed numbers is to first convert the multiplier and multiplicand to 
positive numbers and then remember the original signs. The algorithms should 
then be run for 31 iterations, leaving the signs out of the calculation. As we learned 
in grammar school, we need negate the product only if the original signs disagree. 

It turns out that the last algorithm will work for signed numbers, provided that 
\ve remember that we are dealing with numbers that have infinite digits, and we are 
only representing them with 32 bits. Hence, the shifting steps would need to extend 
the sign of the product for signed numbers. When the algorithm completes, the 
lower word would have the 32-bit product. 

Step Multiplicand Product 

0 Initial values 00000010 00000000 

1 1a: 1 =} Prod - Prod + Mcand 0011 00000010 00000010 

2: Shift left Multiplicand 0011 00000100 00000010 

3: Shift right Multiplier 00cQ) 00000100 00000010 

2 1a: 1 =} Prod = Prod + Mcand 0001 00000100 00000110 

2: Shift left Multiplicand 0001 00001000 00000110 

3: Shift right Multiplier ooc© 00001000 0000 0110 

3 1: a ~ No operation 0000 00001000 00000110 

2: Shift left Multiplicand 0000 00010000 00000110 

3: Shift right Multiplier ooc© 00010000 00000110 

4 1: a ~ No operation 0000 00010000 00000110 

2: Shift left Multiplicand 0010 0000 00000110 

3: Shift right Multiplier 00100000 0000 0110 

RGURE 3.7 Multiply example using algorithm in Figure 3.S. The bit examined 10 determine the 
next step is circled in color. 

3.3 MUltiplication 

Faster Multiplication 

/Vloore's law has provided so much more in resources that hardware designers can 
now build much faster multiplication hardware. Whether the multiplicand is to be 
added or not is known at the beginning of the multiplication by looking at each of 
the 32 multiplier bits. Faster multiplications are possible by essentially providing 
one 32-bit adder for each bit of the multiplier: one input is the multiplicandANDed 
with a multiplier bit, and the other is the output of a prior adder. 

A straightforward approach would be to connect the outputs of adders on the 
right .to the inputs of adders on the left, making a stack of adders 32 high. An 
alternative way to organize these 32 additions is in a parallel tree, as Figure 3.8 
shows. Instead of waiting for 32 add times, we wait just the log, (32) or five 32-bit 
add times. Figure 3.8 shows how this is a faster way to connect them. 

In fact, multiply can go even faster than five add times because of the use of 
mny snve ndders (see Section CG in til Appendix C) and because it is easy to 
plpehne such a deSIgn to be able to support many multiplies simultaneously (see 
Chapter 4). 

Multiply in MIPS 

MIPS provides a separate pair of 32-bit registers to contain the 64-bit product, 
called HI and Lo. To produce a properly signed or unsigned product, MIPS has 
two instructions: multiply (mul t) and multiply unsigned (mul tu) . To fetch the 
integer 32-bit product, the programmer uses 1II0l'e frOIll 10 (mfl 0). The MIPS 
assembler generates a pseudoinstruction for multiply that specifies three general
purpose registers, generating mf 10 and mf ll i instructions to place the product into 
registers. 

Summary 

Multiplication hardware is simply shifts and add, derived from the paper-and
pencil method learned ill grammar school. Compilers even use shift instructions 
for multiplications by powers of 2. 

Both MIPS multiply instructions ignore overflow, so it is up to the software to check 
to see if the product is too big to fit in 32 bits. There is no overflow if Hi is a for 
IIIU 1 t 1I or the replicated sign of Lo for mu 1 t. The instruction 1II0ve fro III hi (m f h i) 
can be used to transfer I-Ii to a general-purpose register to test for overflow. 
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Mplier31 • Mcand Mplicr30 · Mcand Mplier29' Mennd Mplicr21l • MCilnd MplierJ' Menne! Mplior2 ' Mcand Mplicr l • Mcnnd MplilllO' Mcand 

) ) ) ) 
V/ 32 bits ~ 3~ts 7 """ 3~ts 7 

32 bits 32 bits 

1 bit 1 bit 1 bit 1 bit 

32 bils 

Product63 Producl62 ProducI47 .. 16 Producll ProduclO 

FIGURE 3.8 Fast multiplication hardware. Rather tlllm usc a ~inglc 32-b it adder 31 times, this hardware "unrolls the loop" to usc 31 
adders ilnd then oq;anizes them to minimize dela}'. 

Divide et i11lpern , 

Latin for "Divide and 
ru le ," ancient political 
maxim cited by 
Machiavelli, 1532 

Division 

The reciprocal operation of multiply is divide, an operation that is even less fre~uent 
and even more quirky. It even offers the opportunity to perform a mathematIcally 
invalid operation: dividing by O. . 

Let's start with an example of long division using deCImal numbers to recall the 
names of the operands and the grammar school djvj sio~l algo~it.hm. ~or reasons 
similar to those in the previous section, we limit the deCimal digits to Just 0 or l. 
The example is dividing 1,00 1,010"" by 1000",,: 

1001 ten 

Diviso r 1000"" 1 100 I 0 I 0,," 
-1000 

10 
10 1 
1010 

-1000 
10tel1 

Quotient 

Dividend 

Remainder 

3.4 Division 

Divide's two operands, called the dividend and divisor, and the result, called 
the quotient, are accompanied by a second result, called the remainder. Here is 
another way to express the relationship between the components: 

Dividend = Quotient X Divisor + Remainder 

where the remainder is smaller than the divisor. Infrequently, programs use the 
divide instruction just to get the remainder, ignoring the quotient. 

The basic grammar school division algorithm tries to see how big a number 
can be subtracted, creating a digit of the quotient on each attempt. Our carefully 
selected decimal example uses only the numbers 0 <lnd I, so it's easy to figure out 
how many times the divisor goes into the portion of the dividend: it's either 0 times 
or I time. Binary numbers contain only 0 or I, so binary division is restricted to 
these two choices, thereby simplifying binary division. 

Let's assume that both the dividend and the divisor are positive and hence the 
quotient and the remainder are nonnegative. The division operands and both 
results are 32-bit values, and we will ignore the sign for now. 

A Division Algorithm and Hardware 

Figure 3.9 shows hardware to mimic our grammar school algorithm. 'A'e sta rt" with 
the 32-bit Quotient register set to O. Each iteration of the algorithm needs to move 
the divisor to the right one digit, so we start with the diviso r placed in the left half 
of the 64-bit Divisor register and shift it right I bit each step to align it with the 
dividend. The Remainder register is initialized with th e dividend. 

-
Divisor 1 

Shift right 1-
54 bits 

----
"'"¥w/- I 

Quotient 

Shill lell 

32 bits 

I 
Remainder 

Write ~ ( Control 
, lesl 

164 bits 1 
FIGURE 3.9 First version of the division hardware. The Dh'isor register, ALV, ,md I ~elllilinder 
regis ter ilre all 64 bits wide, with only the Quotient register being 32 bits. The 32-bit divimr start s in the 
left half of the Divisor register ilnd is shift ed right I bit each iter.llion. The rell1<1inder is initialized with 
the dividend. Control decides when to shi ft the Divisor and Quoti l'nl registers and whell to write the ne\v 
value into the Remainder register. 

dividend r\ !lumber 
being divided. 

237 

divisor A number that 
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quotient The primary 
result of a division; 
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remainder The secondary 
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1. Subtract the Divisor register from Ihe 
Remainder register and place Ihe 
result in the Remainder register 

Remainder <:: 0 Remainder < 0 
Test Remainder 

2a. Shifl Ihe Quotient register to Ihe left, 2b. Restore lhe original value by adding 
selting Ihe new rightmost bll lQ 1 the Divisor register to the Remainder 

register and placing the sum In the 
Remainder register. Also shit! the 

Cuotient register 10 the leh, setting the 
new least significant bit to 0 

I 3. Shill Ihe Divisor register right 1 bit 

t 

No: < 33 repetitions 
33rd repelilion? 

Yes: 33 repetitions 

( Done ) 

FIGURE 3.10 A division algorithm, using the hardware In Figure 3 .9 , If the remainder is 
positive, the divisor did go into the dividend, so step 2<1 generates a I in the quotient. A ~legative ret.nainder 
after step I means that the divi~or did not go into the dividend, so step 2b gC~l~r;I!~S a 0 11.1 tl~c quott ent .and 
adds the divisor to the remainder, thereby reversing the subtraction of step I. J he 111101 1 shIft, III step 3, aligns 
the divisor )HOperl)" relative to the dividend for the next itera tion. These steps <If(;' repeated 33 times. 

3 .4 Division 

Figure 3. 10 shows three steps of the first division algorithm. Unlike a human, 
the computer isn't smart enough to know in advance whether the divisor is smaller 
than the dividend. It must first subtract the diviso r in step I; remember that th is is 
how we performed the comparison in the set on less than instruction. If the result 
is posit ive, the divisor was smaller or equal to the dividend, so we genera te a I in 
the quotient (step 2a). If the resuit is negative, the next step is to restore the original 
value by addi ng the divisor back to the remainder and generate a a in the quotient 
(step 2b). The divisor is shifted right and then we iterate again. The remainder 
and quotient will be found in their namesake registers after the iterations are 
complete. 

A Divide Algorithm 

Usi ng a 4-bit version of the algorithm to save pages, let's try dividing 7"" by 
2"", or 0000 a III two by 00 I 0twO' 

Figure 3. 11 shows the value of each register for each of the steps, with the 
quotient being 3tcn and the remai nder 1 ten' Notice that the tes t in step 2 of 
whether the remainder is positive or nega tive simply tes ts whether the sign 
bit of the Remainder register is a a or I. The surprising requirement of this 
algorithm is that it takes II + I steps to get the proper quotient and remainder. 

This algorithm and hardware can be refined to be faster and cheaper. The speed
up comes fro m shifting the operands and the quotient simultaneously with the 
subtraction. Th is refinement ha lves the width of the adder and regis ters by noticing 
where there are unused portions of registers and adders. Figure 3. 12 shows the 
revised hardware. 

Signed Division 

So farl we have ignored signed numbers in division. The simplest solu tion is to 
remember the signs of the divisor and dividend and then negate the quotient if the 
signs disagree. 

Elaboration: Tile one complication of signed division is that we must also set the 
sign of tile remainder. Remember tllat the fo llowing equation must always 110ld: 

Dividend = Quotient x Divisor + Remainder 

To understand 110W to set the sign of the remainder, let 's 1001< at the example of 
dividing all the combinations of ±7ten by ±2ten . The first case is easy: 

+7 + +2: Quotient = +3, Remainder = +1 
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Step 

1 

2 

3 

4 

5 

FIGURE 3.11 Division example using the algorithm In Figure 3.10. Tht.' bit examined to 
determine the next step is circled in color. 

I Divisor I 
32 bits 

t 
~ 32-bii ALU 

/' 

t • • 
Reml inder 

Shill right r ( Control 
Shill lell r \ test Write 

I 64 bits 1 
RGURE 3.12 An improved version of the division hardware. 1 he Dlvl sor fI.-glsler, ALU, and 
Quotient register arc 011131 bits wide. with only the Itcma indcr register left :116·' bits. Compared to Fi~urc 3.9, 
the ALU and Divisor registers arc halved and Ihe remainder is shifted left. This version also ~omblOcs. the 
Quotient rcgisler wi th the right half of the Remainder register. (As in Figure 3.6, the Ikmamdcr register 

should really be 65 bits to make sure the carry Ollt of the adder is not lost ) 

Checl(ing the results: 

7 = 3 x 2 + (+1) = 6 + 1 

If we change the sign of the dividend, the quotient must change as well: 

- 7.,. +2: Quotient =-3 

3.4 Division 

Rewri ting our basic formula to calculate the remainder: 

Remainder = (Dividend - Quotient x Divisor) = -7 - (- 3 x +2) = -7-(-6) =-1 

So, 

-7 + +2: Quotient = -3. Remainder =-1 

Checl<ing the results again: 

-7 = -3 x 2 + (-1) = - 6-1 

Tile reason tile answer isn't a quotient of -4 and a remainder of +1, which would also 
fit tllis formula, is that the absolute value of the quotient would then cllange depending 
on the sign of the dividend and the divisor! Clearly, if 

- (x + y);e(- x) + y 

programming would be an even greater challenge. This anomalous behavior is avoided 
by following the rule that the dividend and remainder must have the same Signs, no 
matter what the signs of the divisor and quotient. 

We ca lculate the other combinations by fo llowing the same rule: 

+ 7 + -2: Quotient = -3. Remainder = +1 
-7 + - 2: Quotient = +3. Remainder =-1 

Thus tile correctly signed division algorithm negates the quotient if the signs of the 
operands are opposite and mal<es the sign of the nonzero remainder match the dividend. 

Faster Division 

We used many adders to speed up multiply, but we Cannot do the same trick for 
divide. The reason is that we need to know the sign of the difference before we can 
perform the next step of the algorithm, whereas with multiply we could calculate 
the 32 partial products immedia tely. 

There are techniques to produce more than one bit of the quotient per step. 
The SRT dil,isioll technique tries to guess several quotient bits per step, using a 
table lookup based on the upper bits of the dividend and remainder. It relies on 
subsequent steps to correct wrong guesses. A typical value today is 4 bits. The key 
is guessing the value to subtract. With binary division, there is only a single choice. 
These algorithms use 6 bits from the remainder and 4 bits fro m the divisor to index 
a table that determines the guess for each step. 

The accuracy of this fast method depends on having proper values in the lookup 
table. The fa liacy on page 276 in Section 3.8 shows what can happen if the table is 
incorrect. 

Divide in MIPS 

You l11ay have already observed that the same sequential hardware can be used fo r 
both l11ultiply and divide in Figures 3.6 and 3.12. The on ly requ irement is a 64 -bit 
register that can shift left or right and a 32-bit ALU that adds or subtracts. Hence, 
MIPS uses the 32-bit Hi and 32-bit Lo registers for both multiply and divide. 
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Speed gets ),0 11 Ilowhere 
if )'oll'/"e hended the 
wrollg wny. 

American proverb 

Chapter 3 Arithmetic for Computers 

As we might expect from the algorithm above, Hi contains the remainder, and Lo 
contains the quotient after the divide instruction completes. . ' 

To handle both signed integers and unsigned integers, MIPS has two lIlstruc
tions: divide (d i v) and divide IInsiglled (d i v u) . The MIPS assembler allows divide 
instructions to specify three registers, generating the mfl 0 or mfhi instructions to 
place the desired result into a general-purpose register. 

Summary 
The common hardware support for multiply and divide allows MIPS to provide a 
siilgle pair of 32-bit registers that are used both fo r multiply and divide. :igure 3.13 
summarizes the addi tions to the MIPS arc\l1tecture for the last two sectIOns. 

MIPS divide instructions ignore overflow, so software must de termine whether the 
quotient is too large. In addition to overflow, division ca n also result in an improper 
calculation: division by O. Some computers distinguish these two anomalolls events. 
MIPS software must check the divisor to discover division by 0 as well as overflow. 

Elaboration: An even faster atgorithm does not immediatety add the divisor bacl, if 
the remainder is negative. It simply adds the dividend to the shifted remainder in the 
fo llowing step, since (r+ d) x 2 - d= r x 2 + d x 2 - d= r x 2 + d. Tilis nonrestoring division 
algorithm, which tal<es 1 clocl< cycle per step, is explored further in the exercises; tile 
algorithm here is called restoring division. A th ird algorithm that doesn't save the result 
of the subtract if its negative is called a nonperforming division algorithm. It averages 

one-third fewer arithmetic operations. 

Floating Point 

Going beyond signed and unsigned integers, programming languages support 
numbers with fractions, which are called rellis in mathematics. Here are some 

examples of reals: 

3.1 4159265 . .. "n (pi ) 

2.7 1828 ... ten (e) 

O.OOOOOOOOI "n or 1.0"n x 10-9 (seconds in a nanosecond ) 

3,155,760,OOO"n or 3. 15576"n x 109 (seconds in a typical century) 

Arithme.tic 

Data 
transfer 

Logical 

Condl· 
tlonal 
branch 

Uncondi· 
tlonal 
jump 

Instruction 

add 

subtract 

add immediate 

add unsigned 

subtract unsigned 

add Immediate unsigned 

move from coprocessor 
register 

mul tiply 

mul tiply unsigned 

divide 

divide unsigned 

move from Hi 

move from Lo 

load word 

store word 

load half unsigned 

store half 

load byte unsigned 

store byte 

load linked word 

store cond itional word 

load upper Immediate 

AND 

OR 

NOR 
AND immediate 

OR Immed iate 

shitt lett logical 

shift right logical 

branch on equal 

branch on not equal 

set on less than 

set less than Immediate 

set less than unsigned 

set less than Immediate 
unsigned 

jump 

j ump register 

jump and link 

add 
sub 

add i 

addu 
subu 

addi u 
mfcO 

mul t 

mu I til 
div 

d i vu 

mt" hi 
mOo 

SN 

1 hu 

sh 

lbu 
sb 

I I 

I" 
II ui 

MIO 

OR 

NOR 

AtlOi 

lOR; 

s II 
sr i 

bile 

s it 

s 1L i 

I 5 ' lu 

51 t i \I 

ja l 
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MIPS assembly language 

Example Meaning 

J.sI.Ss2 , B 3 $51- Ss 2 + S53 

5s1.$s2,100 S5 1-S52+100 

S5! . $52.153 Ss I - S5 2 + Ss3 

Ios l.S 52.Ss3 Ssl-Ss2-$s3 

Ss !. Ss2 .I OO $sl "') s2+ 100 

Ssl . Sep c Ss l=Sepc 

SS2 . S53 HI . Lo_Ss 2x Ss3 

Ss2 . Ss3 Hi. Lo _ Ss 2 x S53 

Ss2 .$ s3 Lo - $s2 / Ss3 . 
Hi = Ss2 mod $53 

Ss2 . $s3 Lo $S2 / S53 . 
Hi ::: $s 2 mod 5s3 

1>s1 Ss l - Hi 

1. 5 J I Ss l- Lo 

Ssl . 20(Ss2) Issl - Memory [Ss2+ 20] 

$s l.20(S s2) Memory [ S52 + 201 - Ss l 

$sl,20($s 2 ) Ss l=Memory[S s2 +20j 

Ss1 , 20( Ss2) Memory[ Ss 2 +201",S sl 

$51 , 20(S52) Ss l-Memory[SS2+20j 

SSI . 20(S52) Memory[S sZ +20)= Ss l 

Ss 1 . 20{$s2) Ssl =Memory[S s2 +20j 

Ss l , 20{Ss2) MemoryfS s2+20j-Ss l :S s l " O 
or I 

Ss1 . 100 Ssl - 100' 21G 

Ssl.l.s2 , Ss3 Ssl ~ Ss 2 & 5s3 

Ss l.S s2 .S s3 Ssl - $s2 I $s3 

ssl .s s2 . ss31 Ss l ... - ($s 2 10 53 ) 

Ss1,5s 2 ,100 Ss l ... Ss2 & 100 

551.$52 . 100 Ssl '" Ss2 I 100 

$51 . S52 . 10 Ss 1 ... Ss2« 10 

S51.Ss 2 . 10 5s! '" $s2 » 10 

Comments 

Three operands; overflow detected 

Three operands; overflow detected 

+ constant; overflow detected 

Three operands; overflow undetected 

Three operands; overflow undetected 

+ constant; overflow undetected 

Copy Exception PC + special regs 

64·bl t signed product in Hi. Lo 

54·bl t unsigned product in HI. Lo 

Lo - quotient, Hi - remainder 

Unsigned quotient and remainder 

Used to get copy of HI 

Used to gel copy of Lo 

Word from memory to register 

Word from register to m emory 

Halfword memory to register 

Halfword register to memory 

Byte from memory to register 

Byte from register to memory 

Load word as 1st half of atomic swap 

Store word as 2nd half atomic swap 

Loads constant In upper 16 bits 

Three reg. operands; bll,by·bil AN D 

Three reg. operands: bit·by-blt OR 

Three reg. operands; bi t·by·bit NOR 

Bi\·by·bit AND with constant 

Blt,by·blt OR with constant 

Shlft lert by constant 

Shlfl right by constant 

1 s l,S s2 . 25 if (S S 1 SsZ)go to PC + 4 + 100 Equal tesl: PC·relative branch 

$51.Ss2. 25 

Ssl ,S s2 . Ss3 

$s1.Ss2 . 100 

Ss l . Ss2 .S53 

Ss1 ,S s2 .1 00 

1500 

2500 

If (Ss 1 !- 10 s2 ) go 10 PC + 4 + 100 Not equal test; PC·relative 

if(Ss2 < Ss3 ) Ss l-1; 
else Sst = 0 

If( 5s2 < 100) Ssl =l; 
else Ss 1=0 

if (Ss2 < Ss3) Ssl - 1; 
else Ss 1=0 

If(S s2 < 100) Ss l =1; 
else Ssl = 0 

go to 1 0000 

go to Sra 

S f a = PC + 4; go to 10000 

Compare less than; two's 
complement 

Compare < constant; two's 
complement 

Compare less than; natural numbers 

Compare < const,1Ot; natural numbers 

Jump to target address 

For switch, procedure return 

For procedure call 

FIGURE 3.13 MIPS core architecture. The memory and rcgistcrs of the MIPS .-.rchitecturc arc not induded for sp.-.cc reasons. bu t Ihis 
section addeu the Hi ,md Lo reg isters to support multiply and divide. MIPS machine langll age is listed in the ~'IIPS Rerercncc Data Ca rd 'ltthe 
rront or this book. 
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scientific notation 
A notation that renders 
numbers wi th it single 
digit to the left of the 
decimal point. 

normalized A number 
in fl oat ing· point notntion 
that has no leading as. 

floating point Computer 
arithmetic that represents 
numbers in which the 
binary point is not fixed. 

fraction The value, 
generally between 0 and 1, 
placed in the fraction 
field . 

exponent In the 
numerical representation 
sys tem of floating-point 
arithmetic. the value that 
is placed in the exponent 
field. 
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Notice that in the last case, the number didn't represent a small fraction, but it 
was bigger than we could represent with a 32-bit signed integer. The alternative 
notation for the last two numbers is ca lled scientific notation, which has a smgle 
digit to the left of the decimal point. A number in scientific notation that has no 
lead ing Os is called a normalized number, wh ich is the usual way to WrIte It. For 
example, LOten X lO-9 is in normalized scientific notation, but O.llen X 10-

8 
and 

10.01en X lO-1O are not. 
Just as we ca n show decimal numbers in scientific notation, ,ve can also show 

binary numbers in scientific notation: 

1.0two X 2-1 

To keep a binary number in normalized form, we need a base tha~ we can increase 
or decrease by exactly the number of bits the number must be shifted to have one 
nonzero digit to the left of the decimal point. Only a base of 2 fulfills our need. 
Since the base is not la, ,ve also need a new name for decimal point; bin(Jry point 

will do fine. 
Computer arithmetic that supports such numbers is called flo ating point 

because it represents numbers in which the binary point is not fixed, as it is for 
integers. The programming language C uses the name f1~nt for such nUI~bers. Just 
as in scientific notation, numbers are represented as a sll1gle nonzero digit to the 
left of the binary point. In binary, the form is 

l .. x:x:,tx.x.t.t.t.'1wo x 2n')')' 

(Although the computer represents the exponent in base 2 as well as the rest of the 
number, to simplify the notation we show the exponent in decimal.) 

A standard scientific notation for reals in normalized form offers three advantages. 
It simplifies exchange of data that includes floating-point numbers; it simplifies the 
floating-point arithmetic algorithms to know that numbers Will always be m thiS 
formj and it increases the accuracy of the numbers that can be stored 111 a word, smce 
the unnecessary leading Os are replaced by real digits to the right of the binary point. 

Floating-Point Representation 
A designer of a floating-point representation must find a compromise between the 
size of the fraction and the size of the exponent, because a fixed word SIZe means 
you must take a bit from one to add a bit to the other. This tradeoff is between 
precision and range: increasing the size of the fraction enhances the preCiSion 
of the fraction, while increasing the size of the exponent increases the range of 
numbers that can be represented. As our design guideline from Chapter 2 reminds 

us, good design demands good compromise. 
Floating-point numbers are usually a multiple of the size of a word: The 

representation of a MIPS floatin g-point number is shown below, where 5 IS the 
sign of the floating-point number ( I meaning negative), expollellt is the value of 
the 8-bit exponent field (including the sign of the exponent), and fmc/lOll IS the 

3.5 Floating Point 

23-bit number. This representation is called sigIJ {j/uimoglJitllrie, since the sign is a 
separate bit from the rest of the number. 

5 exponent fraction 

1 bit 8 bits 23 bits 

In general, floating-point numbers are of the form 

(-I)sx F X 2E 

F involves the value in the fracti on field and E involves the value in the exponent 
field; the exact relationship to these fields will be spelled out soon. (We will sho rtly 
see that MIPS does something slightly more sophisticated .) 

These chosen sizes of exponent and fraction give MIPS co mputer arithmetic 
an extraordinary range. Fractions almost as small as 2.0tcn X 10-38 and numbers 
almost as large as 2.0".."11 x 1038 can be represented in a computer. Alas, extraordinary 
differs from infinite, so it is still possible for numbers to be too large. Thus, overflow 
interrupts can occur in floating-poi nt arithmetic as well as in integer arithmetic. 
Notice that overflow here means that the exponent is too large to be represented 
in the exponent field. 

Floating point offers a new kind of exceptional event as well. Just as programmers 
will wan t to know when the), have calculated a number that is too large to be 
represented, they will want to know if the nonzero fraction they are calculating 
has become so small that it cannot be represented; either event could result in 
a program giving incorrect answers. To distinguish it from overflow, we call this 
event underflow. This si tuation occurs when the negative exponent is too large to 
fit in the exponent field . 

One way to reduce chances of underflow or overflow is to offer another format 
that has a larger exponent. In C this number is called dOllble, and operations on 
doubles are called double precision Aoating-point arithmetic; single precision 
floating point is the name of the earlier format. 

The representation of a double precision floating-point number takes two MIPS 
words, as shown below, where 5 is still the sign of the number, expollellt is the value 
of the II-bit exponent field, and fmetioll is the 52 -bit number in the fraction field. 

5 exponent fraction 

1 bit 11 bits 20 bits 

fraction (continued) 

32 bits 

MIPS double precision allows numbers almost as small as 2.01 ' X 1O- 30B and _ .. . ". 
almost as large as 2.°1," X 10 . Although double preCISIOn does mcrease the 
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overflow (floating
point) A situation in 
which a positive exponent 
becomes too large to fit in 
the exponent fi.eld. 

underflow (floating
point) t\ situation in 
which a negat ive exponent 
becomes too large to fil in 
the exponent field. 

double precision 
A floating-poi nt va lue 
represented in two 31-bil 
words. 

single precision 
A floating-po ilU va luc 
represented in a single 
31-bi l word. 
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exponent range, its primary advantage is its greater precision because of the much 
larger significand. . 

These formats go beyond MIPS. They are part of the IEEE 754 flontillg-poilll 
stnlldnrd, found in virtually every computer invented since 1980. This standard has 
greatly improved both the ease of porting Aoating-point programs and the quality 
of computer arithmetic. 

To pack even more bits into the significand, IEEE 754 makes the leading I-bit 
of normalized binary numbers implicit. Hence, the number is actually 24 bits long 
in single precision (implied I and a 23-bit fraction), and 53 bits long in double 
precision ( 1 + 52) . To be precise, we use the term sigllifiwlld to represent the 24 - or 
53-bit number that is 1 plus the fraction, and frnctioll when we mean the 23- or 
52 -bit number. Since 0 has no leading I, it is given the reserved exponent value 0 so 
that the hardware won't attach a leading I to it. 

Thus 00 ... 00''''0 represents 0; the representation of the rest of the numbers uses 
the form from before with the hidden I added: 

{_1)5 X (1 + Fraction) X 2E 

where the bits of the fraction represent a number between 0 and 1 and E specifies 
the value in the exponent field, to be given in detail shortly. If we number the bits 
of the fraction from left to right s I , s2, s3, ... , then the value is 

(_1)5 X (I + (sl X 2- 1) + (s2 X 2-2) + (s3 X 2-3) + (s4 X 2-") + ... ) X 2E 

Figure 3.1 4 shows the encodings of IEEE 754 Aoating-point numbers. Other 
features of IEEE 754 are special symbols to represent unusual events. For example, 
instead of interrupting on a divide by 0, software can set the result to a bit pattern 
representing +00 or -=; the largest exponent is reserved for these special symbols. 
When the programmer prints the results, the program will print an infinity symbol. 
(For the mathematically trained, the purpose of infinity is to form topological 
closure of the reals.) 

Single precision Double precision Object represented 

Exponent Fraction Exponent Fraction 

a 0 0 0 I 0 
0 Nonzero 0 Nonzero ± denormalized number 

1-254 Anything 1-2046 Anything ± floating-point number 

255 0 I 2047 0 ± Infinity 

255 Nonzero I 2047 Nonzero NaN (Not a Number) 

FIGURE 3.14 IEEE 754 encoding of floatlng·polnt numbers. A sepilr:ltc sign bit determines the 
sign. Denormaliz.ed numbers are described in the Elallomfioll on page 270. This information is alsu found in 
Column.:l of the l"IIPS Reference Data Ca rd at the front of (his book. 

3 .5 Roating Point 

IEEE 754 even has a symbol for the result of invalid operations, such as DID 
or subtracting infinity from infinity. This symbol is NoN, for Not 0 N/llI/ber. The 
purpose of NaNs is to allow programmers to postpone some tests and decisions to 
a later time in the program when they are convenient. 

The designers of IEEE 754 also wanted a fioating-point representation that cou ld 
be easi ly processed by integer comparisons, especially for sorting. This desire is why 
the sign is in the most significant bit, allowing a quick test of less than, greater than, 
or equal to O. (It's a little more complicated than a simple integer sort, since this 
notati on is essentially sign and magnitude rather than two's complement.) 

Placing the exponent befo re the significand also simplifies the sorting of 
fl oating-point numbers using integer comparison instructions, since numbers with 
bigger exponents look larger than numbers with smaller exponents, as long as both 
exponents have the sa me sign. 

Nega tive exponents pose a challenge to simplified sort ing. If we use two's 
complement or any other notation in which negative exponents have a 1 in the 
most significant bit of the expo nent field, a negative exponent will look like a big 
number. For exa mple, 1.0,wo x 2- 1 would be represen ted as 
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31 30 [ 29 [ 2B I 27 1 26 1 2sl2~23 22 [21 [20 [19 118 117 116 [15 [14 [13 [,2 [11 [10 19 18 17 16 [ 5 [ 4 [ 3 [ 2 [ 1 [ 0 
0 1 1111 1 11 0000000000 000000 0000 

(Remember that the leading I is implicit in the significand.) The value 1.0,,,0 X 2+1 
1V0uid look like the smaller binary number 

31 30129 128 127 126 125 [24 [23 22 [ 2112~119 1 1B I 17 ' 16 [ 15 [ 14 1 13 [ 12 1 11 1 10 1 9 1 8 1 7 1 6 [ 5 [ 4 [ 3 [ 2 1 1 1 0 
0 00000001 00000000000000000000 

The desirable notation must therefore represent the most negative expo nent as 
00 ... OOIWO and the most positive as 11 .. . 111\\'0' This convention is called binscn 
1I0totioll, with the bias being the number subtracted from the normal, unsigned 
represen tation to determine the real value. 

IEEE 754 uses a bias of 127 for single precision, so an exponent of - I is 
represen ted by the bit pattern of Ihe value -1 + 127, ' o r PG = 0111 11 10 

. e ll - ten Iwo' 
and + 1 IS represented by 1 + 127, or 128'cn = 1000 0000,,,0' The exponent bias for 
double precision is 1023. Biased exponent means that the va lue represented by a 
Aoating-point number is really 

(_I)S x ( 1 + Fraction) x 2(Expollclll - Bias) 

The range of si ngle precision Ilumbers is then from as small as 
±I.OOOO 0000 0000 0000 0000 OOO'",n X 1"26 

to as large as 
±1.1111 IIIIIIII IIII 1111 III, x FI27 

\\0 -
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Let's show the representation. 

Floating-Point Representation 

Show the IEEE 754 binary representation of the number-0.75"n in single and 

double precision. 

The number -0.75,cn is also 
, 

-3/4tcn or -3/2-,cn 

It is also represented by the binary fraction 
, 

-1 I (Wo/2-\cn or-O.l1Iwo 

In scientific notation, the value is 

- 0.1 11\\,0 X i} 

and in normalized scientific notation, it is 

-1.11\\10 x 2- 1 

The general representation for a single precision number is 

(_1)5 x (l + Fraction) x 2(E'pon,n' - 127) 

Subtracting the bias 127 from the exponent of -l.l,,,o x Z-I yields 

(_1 )1 x (l + .1000 0000 0000 0000 0000 000,,,0) x 2(126- 127) 

The single precision binary representation of -0.75"n is then 

31 30129 128127126 125 24123 22 121 1 20 1 19 118117 1 16 1 15114 1 13 1 121 11 1 1~ 9 18 17 16 15 14 13 12 11 1 a 

10111111010000000000000000000000 

1 bit 8 bits 23 bits 
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The double precision representation is 

(-I ) I x (l + .1000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 OOOOtwo) x 2( 1022-1(23) 

31 30 1 29 1 28 1 27 1 26 12~1 2;r2~·2;j2~1 20 19 118 117 116 115 114113 112 111 110 1918 17 16 15 14 13 12 11 I a 

1 a 1 1 1 1 1 1 1 1 1 a 1 a a a a a a a a a a a a a a a a a a a 

1 bit 11 bits 20 bits 

1 0 a a a a a a a a a a a a a a a a a a a 0 a a a a a a a a a a 0 1 

32 bits 

Now let 's try going the other direction. 

Converting Binary to Decimal Floating Point 

What decimal number is represented by this single precision float? 
EXAMPLE 

31 30129128 1 27 1 2~12~2;r23 2;r2~20 1 19 1 18 1 17 116 1 15 1 14 1 131121111 10 1 9 1 8 17 1 6 15 14 13 12 11 1 a 

1 1 a a a a a a 1 a 1 a a a a a a a a a a a a a a a a a a . 

The S~ipl bit is I, the expo.nent field contains] 29, and the fraction field contains 
I x 2 - = 1/4, or 0.25. USlllg the basIc equation, 

(_ I)' x (l + Fraction ) X 2(Expnn,nt-Bi,,) = (_1 )1 X (I + 0.25) x 2(129- 127) 

=-1 x 1.25 X 22 
= - 1.25 x 4 
=-5.0 

In the next subsections, we will give the algorithms for floating-point addition 
and multiplication. At their core, they use the corresponding integer operations 

ANSWER 
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on the significands, but extra bookkeeping is necessary to handle the exponents 
and normalize the result. We first give an intuitive derivation of the algonttlms 111 

decimal and then give a more detailed, binary version in the figures. 

Elaboration: In an attempt to increase range without removing bits from the signifi· 
cand some computers before the IEEE 754 standard used a base oUler than 2. For 
exa~ple, tile IBM 360 and 370 mainframe computers use base 16. Sinc~ cllanging 
the IBM exponent by one means shifting tile significand by 4 bits, "normalized" base 
16 numbers can have up to 3 leading bits of as! Hence, hexadecimal digits mean that 
up to 3 bits must be dropped from the significand, which leads to surprising problems 
in tile accuracy of floating-point arithmetic. Recent IBM mainframes support IEEE 754 
as we ll as the Ilex format. 

Floating·Point Addition 
Let's add numbers in scientific notation by hand to illustrate the problems in 
Roating-paint addition: 9.999,," x 10' + 1.610"" X 10-1 Assume that we can 
store only four decimal digits of the significand and two decimal digits of the 
exponent. 

Step 1. To be able to add these numbers properly, we must align the decimal point 
of the number that has the smaller exponent. Hence, we need a form of 
the smaller number, 1.610,," x lO-', that matches the larger exponent. 
We obtain this by observing that there are multiple representations of an 
unnormalized floating-point number in scientific notation: 

1.610,," x 10- ' = 0.1610"" x lOo = 0.01610,," X 10' 

The number on the right is the version we desire, since its exponent 
matches the exponent of the larger number, 9.999,," x 10'. Thus, the 
first step shifts the significand of the smaller number to the right until 
its corrected exponent matches that of the larger number. Bl~t we can 
represent only four decimal digits so, after shifting, the number IS really 

0.016"" x lOt 

Step 2. Next comes the addition of the significands: 

9.999,," 
+ 0.0 1611."n 

10.01Stcn 

The sum is 10.0 IS,," x 10'. 

3.5 Floating Point 

Step 3. This sum is not in normalized scientific notation , so we need to adjust it: 

, a' 10.015"" x 10 = 1.0015'0" x I 

Thus, after the addition we may have to shift the sum to put ,t II1tO 
normalized form, adjusting the exponent appropriately. This example 
shows shifting to the right, but if one number were positive and the other 
were negative, it would be possible for the sum to have many leading as, 
requiring left shifts. vVhenever the exponent is increased or decreased, we 
must check for overflow or underflow-that is, we must make sure that 
the exponent still fits in its field. 

Step 4. Since we assumed that the significand can be only four digits long 
(excluding the sign), we must round the number. In our grammar school 
algorithm, the rules truncate the number if the digit to the right of the 
desired point is between 0 and 4 and add 1 to the digit if the number to the 
right is between 5 and 9. The number 

, 
1.0015"" x lO-

is rounded to four digits in the significand to 

I.0021cn X 102 

since the fourth digit to the right of the decimal point was between 5 and 9. 
Notice that if we have bad luck on rounding, such as adding 1 to a string of 
9s, the sum may no longer be normalized and we would need to perform 
step 3 again. 

Figure 3.15 shows the algorithm for binary Roating-paint addition that 
follows this decimal example. Steps I and 2 are similar to the example just 
discussed: adjust the significand of the number with the smaller exponent and 
then add the two significands. Step 3 normalizes the results, forcing a check for 
overflow or underflow. The test for overflow and underflow in step 3 depends 
on the precision of the operands. Recall that the pattern of all 0 bits in the 
exponent is reserved and used for the floating-point representation of zero. 
Moreover, the pattern of all I bits in the exponent is reserved for indicating 
values and situations outside the scope of normal floating-point numbers (see 
the Elnborntioll 011 page 270). Thus, for single precision, the maximum exponent 
is 127, and the minimum exponent is - 126. The limits for double precision are 
1023 and -1022. 
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1. Compare Ihe exponents of the two numbers: 

shift the smaller number to the right until its 
exponent would match the larger exponent 

3. Normalize the sum, ellher shifting right and 

Incrementing the exponent or shifting lelt 

and decrementing Ihe exponenl 

Over1low or Yes 
undertlow? >------. 

No ( Exception) 

4. Round the slgnlficand to the appropriale 
number 01 bils 

No 
L------<Still normalized? 

Ves 

( Done ) 

FIGURE 3.15 Floating~poinl addition. The normal path is to execute steps 3 and 'I once, but if 
rounding causes the sum to be unnormalizcd, we must repeal step 3. 

3.5 Floating Point 

Binary Floating·Point Addition 

Try odding the numbers 0.5"" and -0.4375"" in binary using the algor ithm in 
Figure 3.15. 

Let's first look at the binary version of the two numbers in normalized scien
tific notation, assuming that we keep 4 bits of precision: 

0.5(cn = 1/2,cl1 = 1/2 1 (en 

=0.1(\\'0 = 0.I[wox2° = I.OOOtwo x2- 1 

-0.4375'cl1 =-7/16[(' 11 =-7/2",cn 

= -0.0 1 1 I,wo = - O.Ol ll,wo X il = -1.110,\\,0 X 2- 2 

Now we follow the algorithm: 

Step 1. The significand of the number with the lesser exponent (- 1.11'''"0 x 
r 2) is shifted right until its exponent matches the larger number: 

-1.11 0IWO X 2-2 = -0.111 two x 2- 1 

Step 2. Add the significands: 

1.000two X 2- 1 + (-O. l] 11wo X 2- 1) = O.OOl IWll x 2- 1 

Step 3. Normalize the sum , checking for overflow or underflow: 

O.001 twu x2- 1 = O.OIOlwO X 2-2 =0.100two x 2-3 

= I.OOO\WO x 2-'1 

Since 127 ~ -4 ~ -126, there is no overflow or underflow. (The biased 
exponent would be -4 + 127, or 123, which is between I and 254, the 
small es t and largest unreserved biased exponents.) 

Step 4. Round the sum: 

1.000,\\,0 X 2-1 

The sum already fits e,"ctly in 4 bits, so there is no change to the bits 
due to rounding. 

This sum is then 

1.000,,,",, x r"; 0.000 I 000",,,; 0.000 I,,,",, 

- 1/ )" - - len 

This sum is what we would expect from odding 0.5,," to -0.4375"". 
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Many computers ded icate hardware to run floating-point operatio ns as fast as 
possible. Figure 3.1 6 sketches the bas ic organization of hardware for fl oati ng'poi nt 
addition. 

Fraction I Sign I Exponent Fraction I 
I 

~smaIi ALU/ Cam par e 

nls expone 

Exponent 
difference 

)1 1 
0 1 ) 

t 
Control I Shift rig hi I 

~ 

~ Big ALU 

... .. .. 
0 1 ) 0 1 

t " - Increment or Shift left or right I 
decrement 

t 
: Rounding hardware I , , 

I Sign I Exponent I Fraction 

t 
0 1 ) 

/ 
) 

Shift sm 

number 

Add 

aller 

right 

Norm ali ze 

Round 

FIGURE 3.16 Block diagram of an arithmetic unit de dicated to floating·point addition. The sleps of Figure 3. 15 correspond 
to each block, from top ( 0 boltolll . First, the exponent of one operand is subtracted from the other using Ihe sma ll ALU to deter mi ne whi ch is 
larger ilnd by how much. This difference co nt rols the th ree multiplexors; fro m left to right, they select the larger exponent, the sign iticaml of the 
smaller number, and the significand of th e larger number. The smal ler significand is shi fted righ t, and then the significands are added toge ther 
llsing the hig ALU. The normaliL'.ation step then shifts the su m left or right and increments or decrements the exponent. Rounding then creates 
th e final resuit, which may require normOl li zin g Olgain to produce the final resu lt. 

3.5 Floating Point 

Floating-Point Multiplication 

Now that we have explained floating-point addi tion, let's try fl oating-point 
multiplication . We start by mul t i p l yin~ decimal numbers in scient ific notation by 
hand: J.lI 01o" X 10 10 

X 9.20010" X 10-' . Assume tha t we can store only fo ur d igits 
of the signi fica nd and two digits of the exponent. 

Step I. 

Step 2. 

Unlike addition, we calculate the exponent of the product by simply 
adding the exponents of the operands together: 

New exponent = 10 + (- 5) = 5 

Let's do this with the biased exponents as well to make sure we obtain 
the same result: 10 + 127 = 137, and - 5 + 127 = 122, so 

New exponent = 137 + 122 = 259 

This result is too large for the 8-bi t exponent fi eld, so something is 
am iss! The problem is with the bias because we are add ing the biases 
as well as the exponents: 

New exponent = (10 + 127) + (- 5 + 127) = (5 + 2 x 127) = 259 

Accordingly, to get the correct biased sllln when we add biased 1I1111 /bets, 
we II ll lsf subtract the bias fro m the 511 111: 

New exponent = 137 + 122 - 127 = 259 - 127 = 132 = (5 + 127) 

and 5 is indeed the exponen t we calculated initially. 

Next comes the m ul t iplication of the significands: 
l.l1 01, ,, 

X 9.200,," 

0000 
0000 

2220 
9990 

102 1200010" 

There are three digits to the right of the decimal point for each 
operand, so the decimal point is placed six digits from the right in the 
product significa nd: 

10.2 120001," 
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Assuming that we can keep only three digits to the right of the decimal 
point, the product is 10.212 x lOs 

Step 3. This product is unnormalized, so we need to normalize it: 

10.212"" x 105 = 1.0212,," X 10
6 

Thus, after the multiplication, the product can be shifted right one 
digit to put it in normalized form, adding I to the exponent. At this 
point, we can check for overflow and underflow. Underflow may 
occur if both operands are small-that is, if both have large negative 
exponents. 

Step 4. We assumed that the significand is only four digits long (excluding the 
sign), so we mllst round the number. The number 

1.0212,," x 106 

is rounded to fOllr digits in the significand to 

1.02l 'e" X 10
6 

Step 5. The sign of the product depends on the signs of the original operands. 
If they are both the same, the sign is positive; otherwise, it's negative. 
Hence, the product is 

+ 1.021"" x 10
6 

The sign of the sum in the addition algorithm was determined by 
addition of the significands, but in multiplication, the sign of the 
product is determined by the signs of the operands. 

Once again, as Figure 3.17 shows, multiplication of binary floating-point 
numbers is quite similar to the steps we have just completed. We start with 
calcu la ting the new exponent of the product by adding the biased exponents, 
being sure to subtract one bias to get the proper result. Next is multiplication 
of sign ificands, followed by an optional normalization step. The size of the 
exponent is checked for overflow or underflow, and then the product is 
rounded. If rounding leads to further normalization, we once again check for 
exponent size. Finally, set the sign bit to I if the signs of the operands were 
different (negative product) or to 0 if they were the same (positive product) . 

Binary Floating-Point Multiplication 

Let's try multiplying the numbers 0.5,," and -0.4375"", using the steps in 
Figure 3.17. 

3.5 Floating Point 

In binary, the task is multiplying 1.000'''"0 x z- , by - 1.11 0' ''0 X Z-1 . 

Step I. Adding the exponents wi thout bias: 

-I +(-2)=-3 

or, lIsing the biased representation: 

(-I + 127) + (-2 + 127) - 127 = (- I - 2) + (127 + 127 - 127) 
=-3+ 127= 124 

Step 2. Multiplying the sign ificands: 
1.00°\\\'0 

x I.II 0\WO 
0000 

1000 
1000 

1000 

1110000'''"0 

The product is 1.110000'''0 x Z-3, but we need to keep it to 4 bits, so 
. . I liD ) -3 It IS. twu X _ . 

Step 3. Now we check the product to make sure it is normalized, and then 
check the exponent for overflow or underflow. The product is already 
normalized and, since 127 ~ -3 ~ -126, there is no overflow or 
underflow. (Using the biased representation, 254 ~ 124 ~ I, so the 
exponent fits.) 

Step 4. Rounding the product makes no change: 

1.1101\\,0 x 2- 3 

Step 5. Since the signs of the original operands differ, make the sign of the 
product negative. Hence, the product is 

-1.1101wO X 2- 3 

Converting to decimal to check OUf results: 

-1.1 10"'0 x r 3 
= -0.001110'''0 = -0.00 I II "", 
== -7/25

tcn = - 7/32'cn = -O.21875(cn 

The product of 0.5 ten and - 0.4375,," is indeed - 0.2 1 875tc". 
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( Start 

1. Add the biased exponents althe two 

numbers , subtracting the bias from the sum 
to get the new biased exponent 

12. Multiply the slgnfficands I 

-. 
3. Normalize the product if necessary, shifting 

it right and incrementing the exponent 

Overflow or Yes 

underflow? 

+ 
No ( Exception ) 

4. Round the significand to the appropriate 

number 01 bits 

No 
Still normalized? 

Yes 

5. Set the sign 01 the product to positive if the 

signs 01 the original operands are the same; 
II they differ make the sign negative 

( Done ) 

FIGURE 3.17 Floating·point multiplication. The normal path is to execute steps 3 and" Ollce, but if 
rounding causes the sum to be unnormalizcd, we must repeat step 3. 

3.5 Floating Point 

Floating·Point Instructions in MIPS 

MIPS supports the IEEE 754 single precision and double precision formats with 
these instructions: 

• Floating-point odditioll, sillgle (add. s ) and odditioll, dOllble (a dd . d) 

• Floating-point sllbtmctioll, sillgle (s ub . s ) and sllbtmctioll, dOllble (s Lib. d) 

• Floating-point IIlllltiplicntioll, sillgle (mu l . s ) and IIlllltiplicntioll, dOllble 
(mul.d) 

• Floating-point divisioll, sillgle (d i v . s ) and divisioll, dOllble (d i v . d) 

• Floating-point COIllPOriSOIl, sillgle (c . x . s ) and comparisoll, dOllble (c . x . d), 
where x may be eqllol (eq), 1I0t eqllal (ne q), less thall (1 t ), less tholl or eqllol 
(1 e ), greater tholl (gt ), or greater tholl or eqllol (ge ) 

• Floating-point bmllch, trlle (bc l t) and bmllch, folse (b c 1 f ) 

Floating-point comparison sets a bit to true or false, depending on the comparison 
condition, and a Aoating-point branch then decides whether or not to branch, 
depending on the condition. 

The MIPS designers decided to add separate floating-point registers-called 
$f O, H I, H2, ... -used either for single precision or double precision. I-Ience, 
they included separate loads and stores for Aoating-point registers: 1 "c 1 and 
S\'J c l. The base registers for floating-point data transfers remain integer registers. 
The MIPS code to load two single precision numbers from memory, add them, and 
then store the sum might look like this: 

1 \; c 1 H 4, x ( $s p ) II Lo ad 32 -bit F. P. numb e r int o F4 
1 wc l H6 , y( $sp) 1/ Lo ad 32 - bit F.P. numb e r i nto F6 
add. s $f 2 , H4. $f6 II F2 ~ F4 + F6 s ingl e prec i s i on 
s \'lc l $f2 , z($s p) 1/ St o r e 32 - bit F. P . num be r f,'o m F2 

A double precision register is really an even-odd pair of single precision registers, 
using the even register number as its name. Thus, the pair of single precision 
registers H 2 and $f3 also form the double precision register named H2. 

Figure 3. I 8 summarizes the floating-point portion of the MIPS architecture 
revealed in this chapter, with the additions to support Aoating point shown in 
color. Similar to Figure 2. I 9 in Chapter 2, Figure 3. I 9 shows the encoding of these 
instructions. 
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MIPS floating-point operands 

Name Example Comments 

32 floating- If 0 . Ifl. H2 . .... 1f)1 MIPS floating-point registers are used in pai rs for double prec ision numbers. 
pOint registers 

230 memory words Memory{O). Accessed only by data transfer instructions. MIPS uses byte addresses, so 
Memory(4 I .... . sequential word addresses differ by 4. Memory holds data structures, such 
Memory(4294967292) as arrays , and spilled registers. such as those saved on procedure calls. 

MIPS floating-point assembly language 

Category Instruction Example Meaning Comments 

FP add single add . s $12 . $14 . Sf6 I H2 - 1f4 ... H6 FP add (single prec ision) 

FP subtract single sub. s H 2 , $til . H 6 H2 - 1f4 - Sf6 FP sub (single precision) 

FP multiply single rnu l . s H 2 . Sf4 . Sf6 I H2 - H4 x H6 FP multiply (single precis ion) 

FP divide s ingle d i v. s H 2 . Sf4 . Sf6 Sf2 - Sf4 I H6 FP divide (s ingle precision) 
Ari thmetic FP add double add . d Sf2 , Sf4,H6 Sf2- H4 + 1f6 FP add (double precision) 

FP subtract double s ub . d Sf2 , H 4 ,Sf6 H2 - Sf4 - H6 FP sub (double precision ) 

FP mu ltiply double I mu l . d H 2 , H 4 , Sf 6 Sf 2 - Sfll x H6 FP multiply (double 
j2recislonj 

FP divide double div . d H 2 , H4 . 1f6 \ 12 - H I! I Sf6 FP divide (double prec is ion) 

Data load word copr. 1 1 \'le I If l , 100 ( $52) Ifl - Hemory[Ss2 + 100] 32-bit data to FP register 
tra nsfer s tore word copr. 1 s l1( 1 H l.1 00 ( $s 2) Memory[Ss2 + 1001- HI 32·bit data to memory 

branch on FP tfue be l t 25 if (cond = 1) go to PC + 4 PC·re latlve branch if FP 
+ 100 condo 

branch on FP false be l f 25 if (cond = 0) go to PC + 4 PC·re la tive branch if not 
Condi- + 100 condo 
tiona I FP compare single c.lt. s H2 , Sf4 il( Sf2 ( H4 ) FP compare less tha n 
branch (eq,ne ,lt,le ,gt,ge) cond - 1; e lse cond - 0 single prec ision 

FP compare doub le e . I t. d 1f2 . Sf4 If (H2 ( 11 4) FP compare less tha n 
(eq ,ne ,lt ,le ,gt,ge ) cond - 1: e lse cond - 0 double precision 

MIPS fioa ting-point machine language 

Name Example Comments 

add.s R 17 16 6 4 2 0 add . s SiZ . HtI.H6 

sub . s R 17 16 6 4 2 1 s ub.s H2 . Sf'I. \16 

mu 1 , 5 R 17 16 6 4 2 2 rnu 1 , s HZ . Sf/I. H6 

d iv . s R 17 16 6 4 2 3 d i v . s HZ . Sf4 , H6 

ad d . d R 17 17 6 4 2 0 add.d H2 . 1f4 , \16 

sub ,d R 17 17 6 4 2 1 s ub . d H2 . $14 . 1f6 

rnu I ,d R 17 17 6 4 2 2 rnu 1 ,d HZ . Sf4 . Sf6 

div.d R 17 17 6 4 2 3 !div.d HZ ,Sf4 , $[6 

h /CI 49 20 2 100 1 I·/e 1 Sf2 .100(\s4) 

s\'lel 57 20 2 100 SI'le t $[2 .100($54) 

belt 17 8 1 25 belt 25 

bell 17 8 0 25 belf 25 

e . It. s R 17 16 4 2 0 60 c.lt.s HZ . Sf/1 

e . 1 t . d R 17 17 4 2 0 60 e. It.d H2 , Sf4 

Fjeld size 6 bits 5 bits 5 bits 5 bits 5 bits 16 bits All MIPS instructions 32 bits 

RGURE3.18 MIPS floating-point architecture revealed thus far. See Appendix B,Section B. IO, fo r more dClail. This infonn;lIion 
is also fo und in column 2 o f the IvllPS Reference Dolla Card at the front of this book. 
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op(31:26): 

28-26 01000) 1(001) 2(010) 3(011) 4(100) 5(101) 6(110) 7(111) 

31-29 

0(000) Rfmt 6 1 tzta~ 7 j ja l beq I bne blez bgtz 
1(001) addi addi u 5 It i sIt i u Almi ORi ! xO Hi lui 
2(010) ill FIPt. 

3(011) 

4(100) I b I h 11-11 11-1 1 bu 1 hu 1 ~/ r 
5(10.1) sb s h S\'l I 5 1'/ 51'lr 

6(110) hieD 1I-Ie 1 

7(111) S\KO Sl'le 1 

op(31:26) = 010001 (RPt), (rt(16:16) = 0 => c = f, rt(16:16) = 1 => c = t), ,.(25:21): 

23-21 0(000) 1(001) 2(010) 3(011) 4(100) 5(101) 6(1101 7(111) 

25-24 

0(00) mfc l e f e 1 rnte l ete l 
1(01) bel. c 

2(10) I, - Si ng l e I, - do ubl e 

3111) 

op(31:26) = 010001 (RPt), (f above: 10000 => f = s,10001 => f = d), funct(5:0): 

2-0 0(000) 1(001) 2(010) 3(011) 4(100) 5(101) 6(110) 7(111) 

5-3 

0(000) add .f sub .f mU I .f div T abs ,( mav.! neg. ' 
1(001) I 
2(010) I 
3(011) 

~ 
4(100) cvt.s .{ cvt.d .( I ev t. \'1 .( 

5(101) 

6(110) e. f .( e. un .f c. eq .f e.ueq J e . olt ,{ e. ul t ,( e.ule .{ 
7(111) e .sf .! c. ng le .[ e . seq ,{ e. ng l 7 e . lt 7 c.nge ,{ l e.le .f e. ngt .f 

FIGURE 3.19 MIPS noating·point instruction enCOding. This notation givcs the va lue of a fie ld by row and b), column. For eX;1Il1ple. 
in the top POri ion of the figurc , 11'1 is found in row number" (10°1,,11 for bits J 1-29 of the inst rLlc! ion) and column number 3 (0 11

1
1>"11 fo r bi ls 

28-26 of the instruction), so the corresponding value of the op field (bi ts 31-26) is 100011
1
,,11' Underscore means the field is used elsewhere. 

For eXilmple,.El.l1 in row 2 and column 1 (01' = 01 000 I twn) is defined in the bottom part of the fi gure. Hence 5 ub . f in row 0 and column I of 

the bott om section means lhat the functficld (b its 5-0) ortbe in structi on) isOOOOOltw" and the 01' field (bits 31- 26) is 01000 1
1
11'0' No te th ,lIlhe 

5-bit rs field, speCified in the midd le portion of the figure, determin es whether the operation is single precision (f= s, so rs = 10000) or do uh[e 
precision ([= rI. so rs = 10001). Similarl)" bit 16 of the instruction determines if the be 1 . c instruction tests fo r true (bit 16 = I =>be 1 . t) 
or f., lsc (bit 16 = 0 =>be I _ f). Instructions in color are described in Cha pler 1 or this chapter, with Append ix B covering all im tructions. This 
informa tion is also found in colum n 2 of the MIPS Reference Data Card at the front of this book. 
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One issue that architects face in supporting floating-point arithmetic is I"hither 
to use the same registers used by the integer instructions or to add a special set 
for floating point. Because programs normally perform integer operations and 
floating-point operations on different data, sepa rating the registers will only 
slightly increase the number of instructions needed to execute a program. The 
major impact is to create a separate set of data transfer instructions to move data 
between floating-point re~isters and memory. 

The benefits of separate floating-point registers are having twice as many 
registers without lIsing up more bits in the instruction format, having twice the 
register bandwidth by having separate integer and floatin g-point register sets, and 
being able to customize registers to floating point; for example, some computers 
convert all sized operands in registers into a single internal format. 

Compiling a Floating-Point C Program into MIPS Assembly Code 

Let's convert a temperature in Fahrenheit to Celsius: 

fioa t f2e (fioat fa hr ) 
I 

retu r n «5 . 0/9.0) * (failr - 32 . 0»; 

Assume that the floating-point argument fa hl' is passed in H12 and the 
result should go in I fO. (Unlike integer registers, floating-point register 0 can 
contain a number. ) What is the MIPS assembly code? 

We assume that the compiler places the three floating-point constants in 
memory within easy reach of the global pointer I 9 p. The first two instruc
tions load the constants 5.0 and 9.0 into floating-point registers: 

f2e : 

lweI H 16 . eo nst5 (Sgp ) 1/ $f16 5 .0 (5 .0 i n memo ry) 
hlel H18 . eonst9(Sg p) II H18 ~ 9 .0 (9.0 in memo ry ) 

They are then divided to get the fraction 5.0/9.0: 

div.s Sf16. Sf 16 . I f1 8 # Sf 16 5 . 0 / 9 .0 

3.5 Floating Po int 

(Many compilers would divide 5.0 by 9.0 at compile time and save the single 
constant 5.0/9.0 in memory, thereby avoiding the divide at runtime.) Next, we 
load the constant 32 .0 and then subtract it from failr (H1 2): 

l weI I f1 8 . e on st32(lgp)# I f18 - 32 .0 
su b. s HIS , H12 , HIS II H I S - failr - 32 . 0 

Finally, we multiply the two intermediate results, placing the product in $ fO 
as the return result, and then return 

mul. s HO. H16, I flS II $f0 - (5/9)*(fa ll r - 32 . 0) 
jl' $r a 1/ re t ur n 

Now let's perform floating-point operations on matrices, code commonly found 
in scientific programs. 

Compiling Floating-Point C Procedure with Two-Dimensional 
Matrices into MIPS 

Most floating-point calculations are performed in double precision. Let's per
form matrix multiply of X = X + Y • Z. Let's assume X, Y, and Z are all square 
matrices with 32 elements in each dimension. 

vo i d mm (do ubl e x[][ ] . do ub l e y[l []. dou b l e z[] [] ) 
I 

inti, j .k; 

for ( i 0 ; != 32 ; i + 1 ) 
for ( j 0 ; j != 32 ; j j + 1) 
fo r ( k 0; k != 32 ; k - k + 1) 

x[i][ j ] - x[ i][j l + y [i l [ k ] * z [ k][j ]; 

The array starting addresses are parameters, so they are in $ aD , l a 1, and $a 2. 
Assume that the integer variables are in $ s 0, $ s 1, and S S 2, respectively. What 
is the MIPS assembly code for the body of the procedure? 

Note that X [i ] [ j ] is used in the innermost loop above. Since the loop index 
is k, the index does not affect x [i 1 [j ], so we can avoid loading and storing 
x[ i ] [j ] each iteration. Instead , the compiler loads x[ i] [j] into a register 
outside the loop, accumu lates the sum of the products of y [i 1 [k] and 
z [k ] [j 1 in that sa me register, and then stores the sum into x [ i ] [j 1 upon 
termination of the innermost loop. 

We keep the code simpler by using the assembly language pseudoinstrllctions 
1 i (which loads a constant into a register), and 1 . d and s . d (which the 
assembler turns into a pair of data transfer instructions, 1 \'/cl or S\'/C l, to a 
pair of floating-point registers). 
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The body of the procedure starts with saving the loop termination value of 
32 in a temporary register and then initializing the three for loop variable's: 

mm: ... 
1 i HI. 32 II HI ~ 32 (ro Vi s i ze/loop e nd) 
1 i $50 , 0 1/ i 0; initia li ze 1st for l oo p 

Ll : 1 i $ 5 I. 0 II j ~ 0 ; r esta rt 2nd for l oop 
L2 : 1 i $sZ, 0 II k ~ o· restart 3rd for l oop 

To calculate the address of x [i ] [j ] , we need to know how a 32 x 32, two
dimensional array is stored in memory. As you migh t expect, its layout is the same 
as if there were 32 single-dimension arrays, each with 32 elements. So the first 
step is to skip over the i "single-dimensional arrays," or rows, to get the one 
we want. Thus, we multiply the index in the first dimension by the size of the 
row, 32 . Since 32 is a power of 2, we can use a shift instead: 

511 HZ . $50 , 5 1/ StZ ~ i * Z5 (size of row of x) 

Now we add the second index to select the j th elemen t of the desired row: 

addu $tZ . $tZ, $51 1/ StZ ~ i * s i ze(roVl) + j 

To turn this sum into a byte index, we multiply it by the size of a matrix 
element in bytes. Since each element is 8 bytes for double precision, we can 
instead shift left by 3: 

511 St2 . H2 , 3 1/ $t2 ~ byte offset of [i][j ] 

Next we add this sum to the base address of x , giving the address of 
x [i ] [ j] , and then load the double precision number x [i ] [ j ] into H4 : 

ad du 
1 . d 

HZ . Sa O, St2 
H4 , 0(lt2) 

1/ $t2 byte address of x[ i][ j ] 
1/ $f4 ~ 8 bytes of x [i][j] 

The following five instructions are virtually identical to the last five: calcu
late the address and then load the double precision number z [k] [j ] . 

L3 : 511 ItO , $sZ , 5 
addu StO , StO, $51 
511 $tO , HO , 3 
addu $tO . $aZ , $tO 
l.d $flG, O(HO) 

1/ StO k * 25 (s i ze of roVi of z) 
1/ ItO k * s i ze(ro w) + j 
1/ ItO byte offset of [ k][j] 
1/ ItO byte add r ess of z[k][j] 
1/ Sf16 ~ 8 bytes of z[k ] [ j ] 

Similarly, the next five instructions are like the last five: calculate the address 
and then load the double precision number y [i ] [k] . 

3.5 Floating Point 

511 StO , $50. 5 II HO i * Z5 (s i ze of row of y) 
ad du HO , $tO . $sZ 1/ $tO i * size(row) + k 
511 HO . HO , 3 1/ $to byte offset of [i][k] 
addu HO, $a I. $tO 1/ HO byte address of y[ i][ k] 
l. d $fl S , O( $tO) 1/ $f 18 ~ 8 bytes o f y [i ] [ k ] 

Now that we have loaded all the data, we are finally ready to do some 
floating-point operations! We multiply elements of y and z located in registers 
$fl8 and $flG, and then accumulate the sum in H4 . 

·mul.d $fl 6 , $fl8 , SflG 1/ $f I G ~ y [ i][k] * z[k ][j ] 
add . d $f4 , $f4. $f 16 1/ f4 ~ x[ i] [ j]+ y[i][k] * z[k][j] 

The final block increments the index k and loops back if the index is not 32. 
If it is 32, and thus the end of the innermost loop, we need to store the sum 
accumulated in Sf 4 into x [i ] [ j ]. 

addi u $s2 , SsZ , 1 
bne $sZ. HI . L3 
s .d $f4 . OrItZ) 

II$kk+l 
1/ if (k !~ 32) go to L3 
II x[ i][j] ~ H 4 

Similarly, these final four instructions increment the index variable of the 
middle and outermost loops, looping back if the index is not 32 and exit ing if 
the index is 32. 

add ill $ 51 . $ s I. 1 II $j j + 1 
bile $5 I. HI. LZ 1/ if ( j != 32) go to LZ 
add iu $sO , $50 , 1 1/ $ i ~ i + 1 
bne $50 , H I. Ll 1/ if ( i != 3Z) go to Ll 

Elaboration: The array layout discussed in tl18 example, called row-major order, is 
used by C and many other programming languages. Fortran instead uses column-major 
order, whereby the array is stored column by column. 

Elaboration: Only 16 of the 32 MIPS floating·point registers could originally be used 
for double precision operations: HO , HZ , H4 . "" $f30 . Double precision is 
computed using pai rs of these single precision registers. The odd-numbered floating
point registers were used only to load and store the right half of 54-bit fioating·point 
numbers. MIPS·32 added 1 . d and s . d to the instruction set. MIPS·32 also added 
"pa ired single" versions of all floating-point instructions, where a single instruction 
results in two parallel floating-point operations on two 32-bit operands inside 64-bit 
registers. Fore,ample, add. ps $f0 . HZ . H4 is equivalent to add . s $f0 . H2 , 
H4 followedby add . s Hl, $f3 . $[5 . 
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guard The first of two 
extra bits kept on the 
right during intermediate 
calculations of floating
point numbers; lIsed 

to improve rounding 
accuracy. 

round Method to 
make the intermediate 
floating-point result fit the 
floating-point format; the 
goal is typically to find 
the nearest number that 
can be represented in the 
format. 
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Elaboration: Another reason for separate integers and floating-point registers is that 
microprocessors in the 19805 didn't have enough transistors to put the floating-point unit 
on 1118 same chip as the integer unit. Hence, tile floating-point unit, including the f1oating
point registers, was optionally available as a second chip. Such optional accelerator 
cilips are called coprocessors, and explain tile acronym for floating-point loads in MIPS: 
1 \oJC 1 means load word to coprocessor 1, the floating-point unit. (Coprocessor 0 deals 
wittl virtual memory, described in Chapter 5.) Since the early 19905, microprocessors 
have integrated floating point (and just about everything else) on chip, and Ilence the 
term coprocessor joins accumulator and core memory as quaint terms tllat date the 
speaker. 

Elaboration: As mentioned in Section 3.4, accelerating division is more challenging 
than multiplication. In addition to SRT, another technique to leverage a fast multiplier 
is Newton's iteration, where division is recast as finding tile zero of a function to find 
the reciprocal l/x, which is then multiplied by tile oiller operand. Iteration teclmiques 
cannot be rounded properly witllout calculating many extra bits. A TI chip solves this 
problem by calculating an extra~precise reciprocal. 

Elaboration: Java embraces IEEE 754 by name in its definition of Java floating-point 
data types and operations. Thus, tile code in tile first example could Ilave well been 
generated for a class method that converted Fallrenileit to Celsius. 

Tile second example uses multiple dimensional arrays, Wllich are not explicitly 
supported in Java. Java allows arrays of arrays, but each array may have its own length, 
unlil~e multiple dimensional arrays in C. LiI~e the examples in Chapter 2, a Java version 
of tllis second example would require a good deal of cllecking code for array bounds, 
including a new length calculation at the end of row access. It would also need to checl, 
that tile object reference is not null. 

Accurate Arithmetic 

Unlike integers, \vhich can represent exactly every number between the smallest and 
largest number, floating-point numbers are normally approximations for a number 
they can't really represent. The reason is that an infinite variety of real numbers 
exists between, say, 0 and 1, but no more than 253 can be represented exactly in 
double precision floating point. The best we can do is getting the floating-point 
representation close to the actual numbeL Thus, IEEE 754 offers several modes of 
rounding to let the programmer pick the desired approximation. 

Rounding sounds simple enough, but to round accurately requires the hardware 
to include extra bits in the calculation. In the preceding examples, we were vague 
on the number of bits that an intermediate representation can occupy, but clearly, 
if every intermediate result had to be truncated to the exact number of digits, there 
would be no opportunity to round. IEEE 754, therefore, always keeps two extra bits 
on the right during intermediate additions, called guard and round , respectively. 
Let's do a decimal example to illustrate their value. 

3.5 Floating Point 

Rounding with Guard Digits 

Add 2.56 ten x 100 to 2.34tcn x 102
, assuming that we have three significant 

decimal digits. Round to the nearest decimal number with three significant 
decimal digits, first with guard and round digits, and then without them. 

First we must shift the smaller number to the right to align the exponents, so 
2.56tt:n x 100 becomes 0.02561cn X 102. Since we have guard and round digits, 
we are able to represent the two least significant digits when we align expo
nents. The guard digit holds 5 and the round digit holds 6_ The sum is 

2.34001cn 
+ 0.0256,," 

23656'0" 

Thus the sum is 2.3656tcn X 102. Since we have two digits to round, we want values 
o to 49 to round down and 51 to 99 to round up, with 50 being the tiebreaker. 
Rounding the sum up with three significant digits yields 2.371,,, x 10'. 

Doing this withollt guard and round digits drops two digits from the 
calculation. The new sum is then 

2.34 tcn 
+ 0.021en 

2.361m 

The answer is 2.361,,, x 10', off by I in the last digit from the sum above. 

Since the worst case for rounding would be when the actual number is halfway 
between two floating-point representations, accuracy in floating point is normally 
measured in terms of the number of bits in error in the least significant bits of the 
significand; the measure is called the number of units in the last place, or ulp _ [f 
a number were off by 2 in the least significant bits, it would be called off by 2 ulps. 
Provided there is no overflow, underflow, or invalid operation exceptions, [EEE 754 
guarantees that the computer uses the number that is within one-half ulp. 

Elaboration: Although tile example above really needed just one extra digit, multiply 
can need two. A binary product may have one leading 0 bit; hence, tile normalizing step 
must Sllift tile product one bit left. Tilis shifts the guard digit into the least significant bit 
of the product, leaving the round bit to help accurately round the product. 
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sticky b it A bit used in 
rounding in addition to 
guard and round that is 
set whenever there <Irc 
nonzero bits to the right 
of the round bit. 

fused multiply add 
A floating-point 
instruction that performs 
both a multiply and an 
add, but rounds only once 
after the add. 
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IEEE 754 has four rounding modes: always round up (toward +~), always round down 
(toward - 00), truncate, and round to nearest even. The final mode determines wllat to 
do if the number is exactly halfway in between. The U.S. Internal Revenue Service (IRS) 
always rounds 0.50 dollars up, possibly to tile benefit of the IRS. A more equitable way 
would be to round up this case half the time and round down the other half. IEEE 754 
says that if the least significant bit retained in a halfway case would be odd, add one; 
if it's even, truncate. Tl1is method always creates a 0 in tile least significant bit in the 
tie-breal<ing case, giving the rounding mode its name. This mode is the most commonly 

used, and the only one that Java supports. 
The goal of the extra rounding bits is to allow the computer to get the same results 

as if the intermediate results were calculated to infinite precision and then rounded. To 
support this goal and round to the nearest even, the standard has a tllird bit in addition 
to guard and round; it is set whenever there are nonzero bits to tIle right of the round 
bit. This stiCky bit allows the computer to see the difference between 0.50 ... 00 ten 

and 0.50 ... 01 ten wIlen rounding. 
The sticky bit may be set, for example, during addition, wilen tile smaller number is 

shifted to the rigllt. Suppose we added 5.01ten x 10-1 to 2.34ten x 102 in the example 
above. Even with guard and round, we would be adding 0.0050 to 2.34, with a sum of 
2.3450. The sticky bit would be set, since tilere are nonzero bits to the right. Without the 
stiCky bit to remember whether any ls were shifted off, we would assume the number is 
equal to 2.345000 ... 00 and round to the nearest even of 2.34. With the sticllY bit to 
remember that the number is larger than 2.345000 ... 00, we round instead to 2.35. 

Elaboration: PowerPG, SPARC64, and AMD SSE5 architectures provide a single 
instruction that does a multiply and add on three registers: a = a + (b x c). Obviously, this 
instruction allows potentially higller floating·point performance for this common operation. 
Equally important is that instead of performing two roundings-after tile multiply and then 
after the add-which would happen with separate instructions, the multiply add instruction 
can perform a single rounding after tile add. A single rounding step increases the precision 
of multiply add. SUCll operations with a single rounding are called fused multiply add . It 
was added to the revised IEEE 754 standard (see ttl Section 3.10 on the CD). 

Summary 
The Big Pict"re that follows reinforces the stored-program concept from Chapter 2; 
the meaning of the information cannot be determined just by looking at the bits, for 
the same bits can represent a variety of objects. This section shows that computer 
arithmetic is finite and thus can disagree with natural arithmetic. For example, the 
IEEE 754 standard floating-point representation 

(-l)s x (l + Fraction) x 2(Exponcnt - Bios) 

is almost always an approximation of the real number. Computer systems must 
take care to minimize this gap between computer arithmetic and arithmetic in the 
real world, and programmers at times need to be aware of the implications of this 

approximation. 

in t 

3.5 Floating Point 

Bit patterns have no inh~ren t meaning. They may represent signed integers, 
u.nslgned Integers, Ooatlllg-point nu.mbers, instructions, and so on. What 
is represented depends o n the instrucrion thaI' operates on the bits ill 
the word. 

The majo r differen ce between computer numbers and numbers in the 
real wo rld is that computer numbers have limited size and hence limited 
precision; it's possible to calculate a nu mber too big o r too small to be 
represented in a word. Programmers must remember these limits and 
wr ite programs accordingly. 

Ctype IH%·,'!5"Mh'Cilbio1tJ Operations 

lin t I II, . 51'1. 1 ui addu , add iu. subu , multo d i y , 
AND . ANDi , OR . ORi . NOR . 51 t. 51 ti 

unsigned in t 

~=Jw, 
sw , lui 

l
addU . add iu. subu . multu . divu . 

char _ lb . sb . 1 ui 

cha r 11 h. sll . lui 

floi'lt fl aa t 11K 1 . SI'le 1 

AND . ANDi . OR . OR; , NOR. sHu. slLiu 

l
add . iHldi . sub , mult o div 
AND. MIDi . OR . ORi . NOR. sIt . slt i 

addu . addiu . subu . multu. divu . 
AND, ANDi . OR . OR i. NOR. sItu . sltiu 

add.s. sUb . s . mult.s, d iv. s . 
c . eq . s . c .l t . s . c . le . s 

double double 1. d. s. d ildd . d . sUb . d . mult.d . div.d. 
c . eq . d . c . lt . d, c .l e . d 

In the last chapter, we presented the storage classes of the programming language C 
(see the HnrdlVnrelSojtlVnre Illte/fnce section in Section 2.7). The table above 
shows some of the C and Java data types, the MIPS data transfer instructions and 
instructions that operate on those types that appear in Chapter 2 and this ch;pter. 
Note that Java omits unsigned integers. 

Suppose there was a 16-bit IEEE 754 floating-point format with five exponent bits. 
What would be the likely range of numbers it could represent? 

l. 1.0000 0000 00 x 2° to l.1I11 1111 II X231,0 

2. ± 1.0000 0000 a x r l4 to ±I.IIII 1111 I x 2 15 , ±O, ±~, NaN 

3. ±l.0000 0000 00 x r l4 to ±l.1111 1111 
1 -II x 2 ',±O, ±~, NaN 

4. ±l.0000 0000 00 x r 15 to ±l.lll l 1111 II x 21 '1, ±O, ±~, NaN 
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Elaboration: To accommodate comparisons that may include NaNs, the standard includes 
ordered and unordered as options for compares. Hence. the full MIPS instruction set has 
many flavors of compares to support NaNs. (Java does not support unordered compares.) 

In an attempt to squeeze every last bit of precision from a floating-point operation , 
the standard allows some numbers to be represented in unnormalized form. Rather than 
having a gap between 0 and the smallest normalized number, IEEE allows denormalized 
numbers (also known as denorms or subnormals) . They have the same exponent as 
zero but a nonzero significand. They allow a number to degrade in significance until it 
becomes 0, called gradual underflow. For example, the smallest positive single preCision 
normalized number is 

1.0000 0000 0000 0000 0000 OOOtwo x 2-126 

but the smallest single precision denormalized number is 

0.0000000000000000 0000 001two x 2-126 , or 1.0two x 2-149 

For double precision, the denorm gap goes from 1.0 x 2-1022 to 1.0 x 2-1074 . 

The possibility of an occasional unnormalized operand has given headaclles to floating
point designers who are trying to build fast floating-point units. Hence, many computers 
cause an exception if an operand is denormalized, letting software complete the operation. 
Although software implementations are perfectly valid , their lower performance has 
lessened the popularity of denorms in portable floating-point software. Moreover, if 
programmers do not expect denorms, tlleir programs may surprise tllem. 

II Parallelism and Computer Arithmetic: 
Associativity 

Programs have typically been written first to ru n sequentially before being rewritten 
to run concurrently, so a natural question is, "do the two versions get the sa me 
answer?" If the answer is no, you presume there is a bug in the parallel version that 
you need to track down. 

This approach assumes that computer arithmetic does not affect the results when 
going from sequential to parallel. That is, if you were to add a million 11llmbers together, 
you would get the same results whether you used I processor or 1000 processors. This 
assumption holds for two's complement integers, even if the computation overflows. 
Another way to say this is that integer addition is associat ive. 

Alas, because floating-point numbers are approximations of real numbers and 
because computer arithmetic has limited precision, it does not hold for floating
point numbers. That is, fl oating-point addition is not associative. 

Testing Associativity of Floating·Point Addition 

See if x + (y+ z) = (x + y) + z. For example, suppose x = -1.5 ICn X 1038, 
y= 1.5 ICn X 1038, and z = 1.0, and that these are all single precision numbers. 

3.6 Parallelism and Computer Arithmetic: Associativity 

Given the great range of numbers that can be represented in Aoating point, 
problems occur when adding two large numbers of opposite signs plus a small 
number, as we shall see: 

x+ (y+ z) = -1.5"" x 1038 + (1.5"" x 1038 + 1.0) 
= -1 .5,cn x 10'8 + ( 1.5,,,, x 1038) = 0.0 

(x + y) + z = (- 1.5"n x 1038 + 1.51c" x 1038) + 1.0 
= (O.O'en) + 1.0 
= 1.0 

Therefore x + (y + z) " (x + y) + z, so flo,ting-point addition is not 
associative. 

Since Aoating-point numbers have limited precision and result in 
app roxi mations of real results, 1.5'cn x 1038 is so much larger than 1.0 that 

38 . '11 38. ten . 
I.\cn X 10 + 1.0 tS stt 1.5 ICn X 10 . That IS why the sum of x, y, and z tS 
0.0 or 1.0, depending on the order of the floating-point additions, and hence 
fioating-point add is lzot associative. 

A more vexing version of this pitfall occurs on a parallel computer where the 
operating system scheduler may use a different number of processors depend ing 
on what other programs are running on a parallel computer. The un,ware parallel 
programmer may be flummoxed by his or her program getting slightly different 
answers each time it is run for the same identical code and the same identical input, 
as the varying number of processors from each run would cause the floating-point 
sums to be calculated in different orders. 

Given this quandary, programmers who write parallel code with Aoating-point 
numbers need to verify whether the results are credible even if they don't give the 
same exact answer as the sequential code. The field that deals with such issues is 
called numerical analysis, which is the subject of textbooks in its own right. Such 
concerns are one reason for the popularity of numerical libraries such as LAPACI( 
,nd SCALAPAK, which have been validated in both their sequential and parallel 
forms. 

Elaboration: A subtle version of the associativity issue occurs when two processors 
perform a redundant computation that is executed in different order so they get slightly 
different answers, although both answers are considered accurate. The bug occurs if 
a conditional branch compares to a floating-paint number and the two processors take 
different branches when common sense reasoning suggests they should take the same 
brancll. 
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II Real Stuff: floatIng PoInt ;n the .8S 

The x86 has regular multiply and divide instructions that operate entirely on 
registers, unlike the reliance on Hi and La in MIPS. (In fact, later versions of the 
MIPS instruction set have added similar instructions.) 

The main differences are found in floating-point instructions. The x86 f1oating
point architecture is different from all other computers in the world. 

The x86 Floating-Point Architecture 

The Intel 8087 floating-point coprocessor was announced in 1980. This architecture 
extended the 8086 with about 60 floating-point instructions. 

Intel provided a stack architecture with its floating-point instructions: londs 
push numbers onto the stack, operntiolls find operands in the two top elements of 
the stacks, and stores can pop elements off the stack. Intel supplemented this stack 
architecture with instructions and addressing modes that allow the architecture 
to have some of the benefits of a register-memory model. In addition to finding 
operands in the top two elements of the stack, one operand can be in memory or in 
one of the seven registers on-chip below the top of the stacl,- Thus, a complete stack 
instruction set is supplemented by a limited set of register-memory instructions. 

This hybrid is still a restricted register-memory model, however, since loads 
always move data to the top of the stack while incrementing the top-of-stack pointer, 
and stores can only move the top of stack to memory. Intel uses the notation 5T 
to indicate the top of stack, and 5T (i ) to represent the ith register below the top 
of stack. 

Another novel feature of this architecture is that the operands are wider in the 
register stack than they are stored in memory, and all operations are performed at this 
wide internal precision. Unlike the maximum of 64 bits on MIPS, the x86 floating
point operands on the stack are 80 bits wide. Numbers are automatically converted 
to the internal80-bit format on a load and converted back to the appropriate size on 
a store. Th is dOl/ble extended precisioll is not supported by programming languages, 
although it has been useful to programmers of mathematical software. 

Memory data can be 32-bit (single precision) or 64-bit (double precision) 
floating-point numbers. The register-memory version of these instructions will 
then convert the memory operand to this Intel SO-bit format before perform
ing the operation. The data transfer instructions also wi ll automatically convert 
16- and 32-bit integers to floating point, and vice versa, for integer loads and slores. 

3.7 Real Stuff: Floating Point In the x86 

The x86 floating-point operations can be divided into four major classes: 

1. Data movement instructions, including load, load constant. and store 

2. Arithmetic instructions, including add, subtract, multiply, divide, square 
root, and absolute value 

3. Comparison, including instructions to send the result to the integer processor 
so that it can branch 

4. Transcendental instructions, including sine, cosine, log, and exponentiation 

Figure3.20 shows some of the 60 floating-point operations. Note that we get even 
n:ore combinations when we include the operand modes for these operations. 
Figure 3.21 sholVs the many options for floating-point add. 

Data transfer Arithmetic Compare Transcendental 

FII llD me rn lSHi ) FI I IAOOI PI memlST! i ) FI I ICor·IIP I FPATA N 
F I i I ST I PI mern l 
ST( i) 

FIII SUB IR IIPI mem/S T! i ) FI I IUCor·I IPIIP I F2X I.JI 

FLO PI F I IIHUUP I mem/ST( i ) FSTSH AX/mem FCOS 
FLOI FIIIO IVIRIiP I melll /51( i) FP TAN 
FLOI FS ORT FPRHI 

FABS FSIN 
FR fl OI NT I FYL2X 

FIGURE 3.20 The floating-point instructions of the x86. \VC LIse tile curlr brad,cls 1)10 show 
optional variations of the basic operations: !II means there is an integer version of the instruction, [PI 
means this varialiOl1 will pop one operand ofT the stack after the operation, ilnd r R) means reverse the order 
of the opcrand.~ in this opcr:uion. The first column shows the datil transfer instructions, wh ich muve dat'l 
to memory Of to one of the registers below the top of the stack. The last three operations in the firs! column 
push constallls on the stack: pi, 1.0, ;lI1d 0.0. The second column contain .~ the arithmeti c operations described 
a~o"e. Notc tilat the- last three operat e onl), onthe top of stack. The third column is the compare instructions. 
Since there arc no spccial floating- point branch instructions, the fesul! of the compare must be tr.msferred 
to the .integer .C PU via the FS T~ I'! instruction, either into the AX register or into nH.'mof)" followed by an 
SAHF l~struc ll~ n 10 sct the condliion c~des . The floating-poilll comparison can then he lesl/.'d lIsing inleger 
branch IIlstruclions. The fi nal colullln gn'es the higher-Icvel floaling-point operations. N OI all combinaliolls 
suggest.ed by the notation are provided. Hence. F I I J SUB I R J I P I operations represent these instructions 
found III the x86: FS UB. F I SUB. FSUBR. F I SUBR. FSUBP. FSUBRP. For the int eger subtract inslructions. 
there is no pop ( F I SUBP ) or reverse pop (F I SUBRP ). 

The floating-point instructions are encoded using the E5C opcode of the 8086 
and the postbyte address specifier (see Figure 2.47). The memory operations reserve 
2 bits to decide wh ether the operand is a 32- or 64-bit floating point or a 16- or 
32-?it integer, Those same 2 bits are used in versions that do not access memory to 
deCide whether the stack should be popped after the operation and whether the top 
of stack or a lower register should get the result. 
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Comment 

Both operands in stacl(; result replaces top of stack. 

F ADD S T ( 1 ) One source operand is ilh register below the top of stacl<; result 
replaces the top of stack. 

FADD ST( i ) . ST One source operand is the top of stack; resul t replaces ilh register 
below the top of stack. 

FADO mem32 One source operand Is a 32·bit location in memory; result replaces the 
top of staclt. 

FADO rnern64 One source operand Is a 64·bit location in memory; result replaces the 
top of stack. 

FIGURE 3.21 The variations of operands for floating-point add In the x86. 

In the past, floating-point performance of the x86 family lagged far behind other 
computers. As a result, Intel created a more traditional floatin g-point architecture 
as part of SSE2. 

The Intel Streaming SIMD Extension 2 (SSE2) 
Floating·Point Architecture 

Chapter 2 notes that in 200 1 In tel added 144 instructions to its architecture, 
including double precision floating-point registers and operations. It includes eight 
64-bit registers that can be used for floating-poin t operands, giving the compiler 
a different target for fl oa ting-point operations than the unique stack architecture. 
Compilers can choose to use the eight SSE2 registers as floating-point registers like 
those fo und in other computers. AMD expanded the number to 16 registers as pa rt 
of AMD64, which Intel relabeled EM64T fo r its use. Figure 3.22 summarizes the 
SSE and SSE2 instructions. 

In addition to holding a single precision or double precision number in a register, 
Intel allows multiple floatin g-point operands to be packed into a single 128-bit 
SSE2 register: four single precision or two double precision. Thus, the 16 floating
point registers for SSE2 are actually 128 bits wide. If the operands can be arranged 
in memory as 128-bit aligned data, then 12B-bit data transfers can load and store 
mul tiple operands per instruction. This packed floating-point format is supported 
by ar ithmetic operations that can operate simultaneously on four singles (PS) or 
two doubles (PD ). This architecture more than doubles performance over the stack 
architecture. 

3.8 FallaCies and Pitfalls 

Data transfer Arithmetic Compare 

HOVIA/ UI1 55/P5/501 AOOl55/P5/50/POI xmm , CI~: 155/P5/501 
PO I xmm, mem/xrnm mem/xrnm PO 

5UB I55/P5/50/POI Xffim , 
mem/xmm 

HOV IHILI IP5/POI HULI55/P5/50/POI xmrn , 
xrnm , mem/Xf11m rnem/xmffi 

0l VI55/P5/50 /POI xmm . 
mem/xrnm 
SORT ISS/PS/SD/PDJ mem/ xmm 
MAX ISS/PS/SD/PD) mem/xmm 
MIN1SS/ PS/SO/PDI mem/ xmm 

FIGURE 3.22 The SSE/ SSE2 floating·polnt instructions of the x86. Xnl m means onc operand is 
a 128-bi t SSE2 register, and ll1 l'm/xmm mC<lI1S the olher operand is either in mcmor}' or it is an 5SE2 register. 
We usc the curly bmckt.·t s I! 10 show optional variati ons of the basic operations: ISSI stands for Scalar Single 
precision floating point. or one 32-bit operand in a 128-bit register; IPS! sl.mds for Packed Single precision 
floating pain! , or four 32·bi! operands in a Il8 ·bi! regisler; ISDI siands ror SC:l lar Double precision floaling 
poinl , or one 64-bil operand in a 128-bil register; IPD I slands ror Packed Double precision floating !,oim , or 
two 64·bil operands in a 12E1 ·bi t register; IAI means the 12B·bit operand is aligned in memory; lUI means 
Ihe 128·bil opera nd is una ligned in memory; IHI means move the high ha lf of the 128-bil operand; and ILl 
means 010\'1.' Ihe low half of the 128·bil opemnd. 

Fallacies and Pitfalls 

Arithmetic fallacies and pitfalls generally stem from the difference between the 
limited precision of computer arithmetic and the unlimited precision of natural 
arithmetic. 

Fallacy: jllst as a left shift ill5t ructioll enll replace all illteger III lilt iply by a pOlYer of 
2, a right shift is the sa11le as (III illteger divisioll by a power of2. 

Recall that a binary number x, where xi means the ith bit, represents the number 

... + (x3 X 23) + (x2 X 22) + (xl X 2') + (xO x 2°) 

Shifting the bits of x right by 11 bits would seem to be the same as dividing by 2". 
And this is true for unsigned integers. The problem is with signed integers. For 
example, suppose we want to divide -5,," by 4",,; the quot ient shou ld be - I "". The 
two's complement representation of - 5'1.'11 is 
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11 11 111 1 1111 1111 1111 1111 1111 1011 tw o 

According to th is fallacy, shifting right by two should divide by 41<n (22): 

0011 1111 11 11 111 1 11 11 111 1 111 1 1110 t oo 

With a 0 in the sign bit, this result is clearly wrong. The value created by the shift 

right is actually 1,073,741,8221<" instead of -1"". 
A solution would be to have an arithmetic right shift that extends the sign bit 

instead of shifting in Os. A 2-bit arithmetic shift right of -5"" produces 

1111 1111 1111 11 11 1111 1111 1111 111 0too 

The result is -lten instead of -1 ten; close, but no cigar. 
Pitfall: The MIPS illstrllctioll add illllllediate IIllsiglled (addi u) sigll-extellds its 

16-bit illllllediate field. 
Despite its name, add immediate unsigned (add i u ) is used to add constants to 
signed integers when we don't care about overflow. MIPS has no subtract immediate 
instruction, and negative numbers need sign extension, so the MIPS arch itects 
decided to sign-extend the immediate field. 

Fallacy: Dilly theoreticall1lathelllaticialls care abollt floatillg-poillt aeClimey. 

Newspaper headlines of November 1994 prove this statement is a fallacy (see 
Figure 3.23). The following is the inside story behind the headlines. 

The Pentium uses a standa rd floating-point divide algorithm that generates 
multiple quotient bits per step, using the most significant bits of divisor and 
dividend to guess the next 2 bits of the quotient. The guess is taken from a lookup 
table containing -2, -1, 0, +1, or +2. The guess is multiplied by the divisor and 
subtracted from the remainder to generate a new remainder. Like non restoring 
division, if a previous guess gets too large a remainder, the partial remainder is 

adjusted in a subsequent pass. 
Evidently, there were five elements of the table from the 80486 that Intel thought 

could never be accessed, and they optimized the PLA to return 0 instead of 2 in 
these situations on the Pentium. Intel was wrong: while the first 11 bits were always 
correct, errors would show up occasionally in bits 12 to 52, or the 4th to 15th 

decimal digits. 
The following is a timeline of the Pentium bug morality play. 

• lilly 1994: Intel discovers the bug in the Pentium. The actual cost to fix the bug 
was several hundred thousand dollars. Following normal bug fix procedures, it 
will take months to make the change, reverify, and put the corrected chip into 
production. Intel planned to put good chips into production in January 1995, 
estimating that 3 to 5 million Pentiums would be produced with the bug. 

3.8 Fallacies and Pitfalls 

RGURE 3.23 A .amp!' g f . including the N v k'"T' 0 newspaper and magazme articles from November 1994 
ell' lor lilies Sail Jose M N S' ' 

The Pentium flO<lling-poilll dividc 'bu even m<l:r~~'r~, CIVS, ~tlfrallClsco C/lrollicic, and II/Jowor/d. 
television. Intel eventually !Oo l- '\ $300 g 'I I' ',e lefT Top 10 List of th e Drn'hl Leltermal1 Lllte SllolI' on 

~, m! IOn wntc-o 10 replace the buggy chips. 

• September 1994: A math professor at Lvnchburg College I'n V' · . . Th N' I d" II gUlla, omas 
Ice y, .Iscovers the bug. After calling Intel technical support and getting 

no officl.al reaction, he posts his discovery on the Internet. It quickly gained 
a followlI1g, and some pomted out that even small errors become big when 
multiplied ~y big numbers: the fraction of people with a rare disease times 
thhe population of Europe, for example, might lead to the wrong estimate of 
t e number of SICk people. 

• November 7,. 1994: EleC/l'Dllic Engilleerillg Times puts the story on its front 
page, wh ich IS soon picked up by other newspapers. 

• !;I0velllber 22, 1994:. Intel issues a press release, calling it a "glitch." The Pentium 
can 111a~(e e~':ors 111 the ninth digit. ... Even most engineers and financial 

analysts lequll e accuracy only to the fourth or fifth decimal point. Spreadsheet 
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and word processor users need not worry ... . There are maybe several dozen 
people that this would affect. So far, we've only heard from one .. : . \Only] 
theoret ical mathematicians (with Pentium computers purchased before the 
summer) should be concerned." What irked many was that customers were told 
to describe their application to Intel, and then bile! would decide whether or 
not their application merited a new Pentium without the divide bug. 

• Decelllber 5, 1994: Intel claims the flaw happens once in 27,000 years for the 
typical spreadsheet user. Intel assumes a user does 1000 divides per day and 
multiplies the error rate assuming fl oating-point numbers are random, which 
is one in 9 billion, and then gets 9 million days, or 27,000 years. Things begin 
to calm down, despite Intel neglecting to explain why a typical custo mer 
would access float ing-point numbers randomly. 

• Decelllber 12, 1994: IBM Research Division disputes Intel's calculation of the 
rate of errors (you can access this art icle by visiting IVlI'lv.lllkp.colI//books_ 
cntnlog/cod/lillks.lltIll). IBM claims that common spreadsheet programs, 
recalculating for IS minutes a day, could prod uce Pentium- related errors 
as often as once every 24 days. IBM assumes 5000 divides per second, for 
IS minutes, yielding 4.2 million divides per day, and does not assume 
random distribution of numbers, instead calculating the chances as one in 
100 million . As a result, IBM immediately stops shipment of all IBM personal 
computers based on the Pentium. Things heat up again for Intel. 

• Decelllber 21, 1994: Intel releases the fo llowing, signed by Intel's president, 
chief executive officer, chief operating officer, and chairman of the board: 

"We at Intel wish to sincerely apologize for our handling of the recently 
publicized Pentium processor fl aw. The Intel Inside symbol mea ns that 
your computer hns a microprocessor second to none in quali ty and 
performance. Thousands of Intel employees work very hard to ensure that 
this is true. But no microprocessor is ever perfect. What Intel continues to 
believe is techn ically an extremely minor problem has taken on a life of its 
own. Although Intel firmly stands behind the quality of the current version 
of the Pentium processo r, we recognize that many users have concerns. 
We want to resolve these concerns. Intel will exchange the current version 
of the Pentium processor for an updated version, in which this fl oating
point divide flaw is co rrected, for any owner who requests it, free of charge 
anytime du ring the li fe of their computer." 

Analysts estimate that th is reca ll cost Intel $500 million , and Intel engineers did not 
get a Christmas bonus that year. 

This story brings up a few points for everyone to ponder. I-low much cheaper 
would it have been to fix the bug in July 1994? What was the cost to repair the 
damage to Intel's reputa tion? And what is the corporate responsibility in disclosing 
bugs in a product so widely used and relied upon as a microprocesso r? 
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MIPS core Instructions -mi"ioN-i,i! ,,;,M MIPS arithmetic core 

add add R multiply mult R 

add immediate add i I multiply unsigned mul tu R 

add unsigned ad du R divide d i v R 

add immediate unsigned addiu I divide unsigned divu R 

subtract sub R I move from Hi mf hi R 

subtract unsigned subu R move from Lo mno R 

AND AND R I move from system control (EPG) mfeO R 

AND immediate ANDi I I floating·point add single add. S R 

OR OR R I floating'point add double add . d R 

OR immediate OR! floating-point subtract single sub. s R 

NOR NOR R floatlng·point subtract double sub. d R 

shift left logical s I I R floatlng·polnt multiply single rnu I . s R 

shift right logical s ri R floating-point multiply double Ulul. d R 

load upper immediate l ui floating-point divide single di v . S R 

load word hi I floating-point divide double d i v . d R 

store word S I'1 I load word to floating·point single 1 I'I C 1 
load halfword unsigned 1 Ilu store word to floatlng·point single SI'iC 1 
store halfword sll load word to floating·point double Ide t 
load byte unsigned Ibu store word to floating'point double sde l 

store byte sb branch on floating·point true be I t I 

load linked (atomic update) 11 branch on floating'point false be 1 f I 

store condo (a/omlc update) se floating·point compare Single c . x . s R 

branch on equal beq (x = eq. neQ. 1 t. 1 e. gt . gel 

branch on not equal floating'point compare double c . x .d R 

jump (x - eQ . neQ. 1 t . leo gt . gel 

jump and link 

jump register jr R 

set less than slt R 

set less than immediate s lt i 

set less than unsigned sltu R 

set less than immediate unsigned s 1t i u 

FIGURE 3 .24 The MIPS instruction set. This book tortcentrates on th c instructions in the left (Ohllllll . This information is also fo und 
in columns I and 2 of the ivi lPS Reference Da ta Cardin the front of this book. 

In April 1997, another fl oa ting-po int bu g was revealed in the Pentium Pro and 
Pentium IImicroprocessoJ's. When the floating-point-to-integer store instructions 
(f i st , f i s t p) encounter a negative floating-poi nt number that is too large to fi t 
in a 16- or 32-bit word after being converted to in teger, they set the wrong bit in 
the FPO status word (precision excep tion instead of invalid operation excepti on). 
To Intel's credit, this time they publicly acknowledged the bug and offered a software 
patch to get around it-quite a different reaction fro m what they did in 1994. 
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Concluding Remarks 

A side effect of the stored-program computer is that bit patterns have no inherent 
meaning. The same bit pattern may represent a signed integer, unsigned integer, 
floating-point number, instruction , and so on. It is the instruction that operates on 
the word that determines its meaning. 

Computer arithmetic is distinguished from paper-and-pencil arithmetic by the 
constraints of limited precision. This limit may result in invalid operations through 
calculating numbers larger or smaller than the predefined limits. Such anomalies, 
called "overflow" or "underflow," may result in exceptions or interrupts, emergency 
events similar to unplanned subroutine calls. Chapter 4 discusses exceptions in 

more detail. 
Floating-point arithmetic has the added challenge of being an approximation 

of real numbers, and care needs to be taken to ensure that the computer num
ber selected is the representation closest to the actual number. The challenges of 
imprecision and limited representation are part of the inspiration for the field of 
numerical analysis. The recent switch to parallelism will shine the searchlight on 
numerical analysis again, as solutions that were long considered safe on sequential 
computers must be reconsidered when trying to find the fastest algorithm for par
allel computers that sti ll achieves a correct result. 

Over the years, computer arithmetic has become largely standardized, greatly 
enhancing the portability of programs. Two's complement binary integer arithme
tic and IEEE 754 binary floating-point arithmetic are found in the vast majority of 
computers sold today. For example, every desktop computer sold since this book 
was first printed fo llows these conventions. 

With the explanation of computer arithmetic in this chapter comes a description 
of much more of the MIPS instruction set. One point of confusion is the instructions 
covered in these chapters versus instructions executed by MIPS chips versus the 
instructions accepted by MIPS assemblers. Two figures try to make this clear. 

Figure 3.24 lists the MIPS instructions covered in this chapter and Chapter 2. 
We call the set of instructions on the left-hand side of the figure the MIPS core. 
The instructions on the right we call the MIPS arithllletic core. On the left of 
Figure 3.25 are the instructions the MIPS processor executes that are not found 
in Figure 3.24. We call the full set of hardware instructions MIPS-32. On the right 
of Figure 3.25 are the instructions accepted by the assembler that are not part of 
MIpS-32. We call this set of instructions Pse/ldo MIPS. 

Figure 3.26 gives the popularity of the MIPS instructions for SpEC2006 integer 
and floating-point benchmarks. All instructions are listed that were responsible for 
at least 0.3% of the instructions executed. 

Note that although programmers and compiler writers may use MIpS-32 to 
have a richer menu of options, MIPS core instructions dominate integer SPEC2006 
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Remaining MIPS-32 Pseudo MIPS 

exclusive or (rs EB rt) xor absolute value abs rd,rs 

exclusive or immediate xo ri negate (signed or unsigned) ne S rd,rs 

shift right arithmetic s ra R rotate left rol rd ,rS ,rt 

stlift lefl logica l variable 51 1 v R rotate right ror rd,rs,rt 

shift right logical variable S r 1 v R multiply and don't checi< ollw (signed or uns.) lilu l S rd,rs,rt 

shift right arithmetic variable srav R multiply and check allw (signed or yns.) lU ll 1 05 rd,rs,rt 

move to Hi /U t hi R divide and check overflow div rd,rs,rt 

move to Lo mt 1 0 R divide and don't checl\ overflow d iv u rd,rs,rt 

load halfword 111 remainder (signed or unsigned) remS rd,rs,rt 

load byte I b load immediate 1 i rd,lmm 

load word left (unaligned) h l1 load address 1 a rd,addr 

load word right (unaligned) l\·/r load double 1 d rd,addr 

store word left (unaligned) swl store double sd rd,addr 

store word right (unaligned) $\-Ir unaligned load word u 11-1 rd,addr 

load linked (aromic update) II unaligned store word U51.,. rd,addr 

store condo (atomic update) sc unaligned load halfword (signed or 1.1ns.) ulhS rd,addr 

move if zero rnovz R unaligned store halfword ush rd,addr 

move If not zero mov n R branch b l abel 

multiply and add (5 or uns.) milddS R branch on equal zero beQz rS,l 

multiply and subtract (5 or 11ns.) msuhS branch on compare (signed or unsigned) bxS rS,rt,L 

branch on > zero and link bgezal (x It , 10. gt, ge) 
branch on < zero and link bltza l set equal seq rd,rS,rt 

jump and link register j al r R set not equal s ne rd,rs,rt 

branch compare to zero bxz set on compare (signed or unsigned) s xS rd,rs,rt 

branch compare to zero lil<ely bxz l (x -1 t. le . gt , gel 
(x - I t , Ie. gt , gel load ta floating point (S: or If) 1.} rd,addr 

branch compare reg likely bxl store from lloating point (li or f1) s . rd,addr 

trap if compare reg t x R 

trap if compare immediate tx i 

(x - eq . neq. 1 t. l e. gt . gel 
return from exception r f. R 

system call sysca l l 

breal( (cause exception) break 
move from FP to integer mfc l R 

move to FP from integer IIItcl R 

FP move (~ ,or Q) fIIOy·f R 

FP move if zero (li or !V mayz.} R 

FP move if not zero (8, or Q) movn .J R 

FP square root (li or Q) sQ r t . R 

FP absolute va lue (5 or Q) ab s .} R 

FP negate (,5. or !il neg .} R 

FP convert (~ ~ or dJ cvt. jj R 

FP compare un (~ or f1) c. xn . R 

~IGUR~ 3.25 Remaini~g MIP5-32 .and pseUdo. MIPS Instruction sets. J mcilns single (s) or double (d ) precision floating-point 
In~t.ru~tlons.' and oS means Signed and unsigned (u) versIOns. MIPS-32 also has FP instructions ror multiply and add/sub (madd .J/ Ill S ub .J ), 
celhng (cell .fl , tru ncate (t ru nc .J), round (round .J), and reciprocal (reci p .J). The underscore rcpresents the leiter to include to 
represent that dat>ltype. 
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Core MIPS Arithmetic core + MIP5-32 

add FP add double add .d 0.0% 10.6% 

add immediate FP subtract double sub. d 0.0% 4.9% 

add unsigned 3.5% FP multiply double rnu 1 . d 0.0% 15.0% 

add immediate unsigned 9 .0% 7.2% FP divide double div . d 0.0% 0.2% 

subtract unsigned subu 2.2% 0.6% I FP add single ildd. S 0.0% 1.5% 

AND AND 0.2% 0.1% FP subtract single sub . s 0,0% 1.8% 

AND immediate Armi 0 .7% 0 .2% FP multiply single I fIIul . S 0 .0% 2.4% 

OR DR 4.0% 1.2% FP divide single div . s 0.0% 0.2% 

OR immediate I DR; 1.0% 0.2% I load word to FP double l.d 0.0% 17.5% 

NOR NOR 0.4% 0 .2% I store word to FP double s.d 0.0% 4 .9% 

shift left logical s11 4.4% 1.9% load word to FP single l.s 0.0% 4.2% 

shift right logical I sri 1.1% 0.5% store word to FP single s . s 0.0% 1.1% 

load upper immediate Il u; 3.3% 0.5% branch on floating-point true belt 0.0% 0.2% 

load word I II-, 18.6% 5.8% branch on floating-point false be 1 f 0.0% 0.2% 

store word sw 7.6% 2.0% floating-point compare double C. X d 0.0% 0.6% 

load byte Ibu 3 .7% 0 .1% multiply mul 0.0% 0.2% 

store byte s b 0.6% 0.0% shift right arithmetic sra 0.5% 0.3% 

branch on equal (zero) I beq 8.6% 2.2% load half lllu 1.3% 0.0% 

branch on not equal (zero) I bne 8.4% 1.4% store half s ll 0.1% 0.0% 

jump and Jinlt jill 0 .7% 0 .2% 

jump register j r 1.1% 0.2% 

set less than sit 9.9% 2.3% 

set less than immediate sIt i 3 .1% 0 .3% 

set less than unsigned s I t u 3.4% 0.8% 

set less than imm. uns. s lt i u 1.1% 0 .1% 

RGURE 3.26 The frequency of the MIPS instructions for SPEC2006 integer and floating point. All instructions that 
accounted for at least 1 % of the instructions arc included in tbe table. Pseudoinstructions arc converted intn M IPS· 32 before exccution, and 
hence do not appear herc. 

execution , and the integer core plus arithmetic core dominate SPEC2006 floating 
point, as the table below shows. 

Instruction subset 'fuM'aM 
MIPS core 98% 31% 

MIPS arithmetic core 2% 66% 

Rema ining MIP5-32 0% 3% 

For the rest of the book, we concentrate on the MIPS core instructions-the 
integer instruction set excluding multiply and divide-to make the explanation 
of computer design easier. As you can see, the MIPS core includes the most popu
lar MIPS instructions; be assured that understanding a computer that runs the 
MIPS core will give you sufficient background to understand even more ambitious 
computers. 

3.U. Exercises 

Historical Perspective and Further 
Reading 

This section surveys the history of the floating point going back to von Neumann, 
mcludmg the surpnsmgly controversial IEEE standards effort, plus the rationale 
for the 80-bit stack architecture for floating point in the x86. See III Section 3.10. 

Exercises 
Cont ributed b)' Matthew Farrens. UC Davis 

Exercise 3.1 

The book shows how to add and subtract binary and decimalnul11bers. However, 
other numbering systems were also very popular when dealing with computers. 
Octal (base 8) numbering system was one of these. The following table shows pairs 
of octal numbers. 

3.1.1 [5[ <3.2> What is the sum of A and B if they represent unsigned 12-bit 
octal numbers? The result should be written in octal. Show your work . . 

3.1.2 [5[ <3.2> What is the sum of A and B if they represent signed 12-bit octal 
numbers stored in sign-magn itude format? The result should be written in octal. 
Show your work. 

3.1.3 110[ <3.2> Convert A into a decimal number, assuming it is unsigned. 
Repeat assuming it stored in sign-magn itude format. Show your work. 

The following table also shows pairs of octal numbers. 
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3.1.4 [51 <3.2> What is A - B if they represent unsigned 12-bit octal numbers? 
The result should be written in octal. Show your work. 

3.1.5 [5 ] <3.2> What is A - B if they represent signed 12-bit octal numbersstored 
in sign-magnitude format? The result should be written in octal. Show your \vorl.::. 

3.1.6 [10] <3.2> Convert A into a binary number. What makes base 8 (octal) an 
attractive numbering system fo r representing values in computers? 

Exercise 3.2 
Hexadecimal (base 16) is also a com monly used numbering system for representing 
values in computers. In fact, it has become much more popular than octal. The 
following table shows pairs of hexadecimal numbers. 

3.2.1 [5] <3.2> What is the sum of A and B if they represent unsigned 16-bit 
hexadecimal numbers? The result should be written in hexadecimal. Show your 
work. 

3.2.2 ]5] <3.2> What is the sum of A and B if they represent signed 16-bit hexa
deci mal numbers stored in sign-magnitude format? The result should be written 
in hexadecimal. Show your work. 

3.2.3 [10 ] <3.2> Convert A into a decimal number, assuming it is unsigned. 
Repeat assuming it stored in sign-magnitude format. Show your work. 

The followin g table also shows pairs of hexadecimal numbers. 

3.2.4 151 <3.2> What is A - B if they represent unsigned 16-bit hexadecimal 
numbers? The result should be written in hexadecimal. Show your work. 

3.2.5 [5] <3.2> What isA - B if they represent signed 16-bit hexadecimal numbers 
sto red in sign-magni tude form at? The result sho uld be written in hexadeci mal. 
Show your work. 

3.11 Exercises 

3.2.6 [10 ] <3.2> Convert A into a binary number. What makes base 16 (hexa
decim al) an nttractive numbering system for representing values in computers? 

Exercise 3.3 

Overflow occurs when a result is too large to be represented accura tely given a 
finite word size. Underflmv occu rs when a number is too small to be represen ted 
correctly-a negative result when doing unsigned arithmetic, for example. (The 
case when a positive res ult is generated by the addition of two neg,ltive integers is 
al so referred to as underflow by many, but in this textbook, that is considered an 
overflow) . The fo llowing table shows pairs of decimal numbers. 

3.3.1 [5[ <3.2> Assume A and B are unsigned 8-bit deci mal integers. Calculate 
A - B. Is there overflo w, underflow, or neither? 

3.3.2 [51 <3.2> Assume A and B are signed 8-bit decimal integers stored in sign
magnitude format. Calculate A + B. Is there overflow, underflow, or neither? 

3.3.3 [5] <3.2 > Assume A and B are signed 8-bit decimal integers stored in sign
magnitude format. Calculate A - B. Is there overflow, underfl ow, or nei ther? 

The following table also shows pairs of decimal numbers. 

3.3.4 [!O] <3.2> Assume A and B are signed 8-bit decimal integers stored in 
two's-co mplement format. Calculate A + B using saturating ar ithmetic. The result 
shou ld be written in decim al. Show your work. 

3.3.5 [101 <3.2> Assume A and B are signed 8-b it decimal integers sto red in 
two's-co mplcmcnt format. Calculate A - B using saturating arithmetic. The result 
should be written in decimal. Show you r work. 

3.3.6 [101 <3.2> Assume A and B are unsigned 8-bit integers. Calcula te A + Busing 
saturating arithmetic. The result should be written in decimal. Show you r work. 
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Exercise 3.4 
Let's look in more detail at multiplication. We will use the numbers in the following 
table. 

3.4.1 1201 <3.3> Using a table similar to that shown in Figure 3.7, calculate the 
product of the octal unsigned 6-bit integers A and B using the hardware described 
in Figure 3.4. You should show the contents of each register on each step. 

3.4.2 120] <3.3> Us ing a table similar to that shown in Figure 3.7, calculate the 
product of the hexadecimal unsigned 8-b it integers A and B using the hardware 
described in Figure 3.6. You should show the contents of each register on each 
step. 

3.4.3 160] <3.3> Write a MIPS assembly language program to calculote the 
product of unsigned integers A and B, us ing the approach described in Figure 3.4. 

The fo llowing table shows pairs of octal numbers. 

3.4.4 130] <3.3 > When multiplying signed numbers, one way to get the co rrect 
answer is to convert the multiplier and multiplicand to positive numbers, save the 
original signs, and then adjust the final value accordingly. Using a table similar 
to that shown in Figure 3.7, calculate the product of A and B using the hardware 
described in Figure 3.4. You should show the contents of each register on each step, 
and include the step necessary to produce the correctly signed result. Assume A and 
B are stored in 6-b it sign-magnitude format. 

3.4.5 130] <3 .3> When shifting a register one bit to the right, there are several 
ways to decide what the new entering bit should be. It can always be a 0, or always 
a I, or the incoming bit could be the one that is being pushed out of the right side 
(turning a shift in to a rotate), or the value that is already in the leftmost bit can 

3.11 Exercises 

simply be retained (called an arithmetic shift right, because it preserves the sign of 
the number that is being shi fted.) Using a table similar to that shown in Figu re 3.7, 
calculate the product of the 6-bit two's-complement numbers A and Busing 
the hardware described in Figure 3.6. The righ t shi fts should be done using an 
arithmetic shift right. Note that the algo rithm described in the text wi ll need to be 
modified slightly to make this work-in particular, things must be done differently 
if the multiplier is negative. You Can find details by searching the Web. Show the 
contents of each register 011 each step. 

3.4.6 160] <3.3> Write a MIPS assembly language program to calculate the 
product of the signed integers A and B. State if you are using the approach given in 
Exercise 3.4.4 or Exercise 3.4.5. 

Exercise 3.5 

For many reasons, we would like to design mul tipliers that require less time. Many 
different approaches have been taken to accomplish this goal. In the following 
table, A represents the bit width of an integer, and B represents the number of time 
units (tu) taken to perform a step of an operation. 

• A (bit width) B (time units) 

~11-------------:-2--------------------------~-:-~------------~ 
3.5.1 110] <3 .3> Calculate the time necessary to perform a multiply using the 
approach given in Figures 3.4 and 3.5 if an integer is A bits wide and each step 
of the operation takes B time units. Assume that in step I a an addition is always 
performed-either the multiplicand will be added, or a 0 wi ll be. Also assu me that 
the registers have already been initialized (you are just counting how long it takes 
to do the multiplication loop itself). If this is being done in hardware, the shi fts of 
the mult iplicand and multiplier can be done simultaneously. If this is being done in 
software, they will have to be done one after the other. Solve for each case. 

3.5.2 110] <3.3> Calculate the time necessa ry to perform a multiply using the 
approach described in the text (3 1 adders stacked vertically) if an integer is A bits 
wide and an adder takes B time units. 

3.5.3 1201 <3 .3> Calculate the time necessary to perform a multiply using the 
approach given in Figure 3.8, if an integer is A bits wide and an adder takes B time 
units. 
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Exercise 3.6 
In this exercise we will look at a couple of other ways to improve the performance 
of multiplication, based primarily on doing more sh ifts and fewer ari thmetic 
operations. The following table shows pairs of hexadecimal numbers. 

3.6.1 [20[ <3.3> As discussed in the text, one possible performance enhancement 
is to do a shift and add instead of an actual multiplication. Since 9 x 6, for example, 
can be written (2 x 2 x 2 + 1) x 6, we can calculate 9 x 6 by shifting 6 to the left three 
times and then adding 6 to that result. Show the best way to calcu late A x Busing 
shifts and adds/subtracts. Assume that A and Bare 8-bit unsigned integers. 

3.6.2 120[ <3.3> Show the best way to calculate A x B using shift and adds, if A 
and Bare 8-bit signed integers stored in sign -magnitude format. 

3.6.3 [60J <3.3> Write a MIPS assembly language program that performs a 
multiplication on signed integers using shift and adds, as described in 3.6. 1. 

The following table shows further pairs of hexadecimal numbers. 

3.6.4 [30J <3 .3> Booth's algorithm is another approach to reducing the number 
of ar ithmetic operations necessary to perform a multiplication. This algorithm has 
been around for years, and details about how it works are available on the Web. 
Basically, it assumes that a shift takes less time than an add or subtract, and uses 
this fact to reduce the number of arithmetic operations necessary to perform a 
multiply. It works by identifying runs of Is and Os, and performing shifts during 
the runs. Find a description of the algorithm and explain in detail how it works. 

3.6.5 130J <3.3> Show the step-by-step result of mUltiplying A and B, using 
Booth's algorithm. Assume A and Bare 8-bit two's-complement integers, stored in 

hexadecimal format. 

3.6.6 [60J <3.3> Write a MIPS assembly language program to perform the 
multiplication of A and B using Booth's algorithm. 

3.11 Exercises 

Exercise 3.7 
Let's look in more detail at division. We wi ll use the octal numbers in the following 
table. 

3.7 .. 1. 120[ <3.4> Using a table similar to that shown in Figure 3. 11 , calculate 
A dIVIded by B uSll1g the hardware described in Figure 3.9. You should show 
the contents of each register on each step. Assume A and B are unsigned 6-bit 
Integers. 

3:7.2 130[ <3 .4> Using a table similar to that shown in Figure 3.11, calculate A 
diVided by B uSll1g the hardware described in Figure 3.1 2. You should show the 
contents of each register on each step. Assume A and B are unsigned 6-bit integers. 
TIllS "Igol'lthm reql~"'es" slightly different approach than that shown in Figure 3. 1 O. 
You Will want to tlllnk hard about tillS, do an experiment or two, or else go to the 
Web to fig~re out how to make this work correctly. (Hint: one possible solution 
lI1volves uSll1g the fact that Figure 3.12 implies the remainder register can be shi fted 
either direction ). 

3.7.3 160j <3.4> Write a MIPS assembly language program to calculate A divided 
by B, uSll1g the approach described in Figure 3.9. Assume A and B are unsigned 
6-bit integers. 

The fo llowing table shows further pairs of octal numbers. 

3.7:4 [30[ <3.4> Usi ng a table similar to that shown in Figure 3. 11, calculate 
A diVided by B uSlllg the hardware described in Figure 3.9. You shou ld show the 
c?ntents of each register on each step. Assume A and Bare 6-bit signed integers in 
S1gn-magllltude format. Be sure to lI1c1ude how you are calculating the signs of the 
quotient and remainder. 

3:7.5 130j <3.4> Using a table similar to that shown in Figure 3. 11, calculate A 
diVided by B uSlllg the hardware described in Figure 3.12. You should show the 
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contents of each register on each step. Assume A and Bare 6-bit signed integers in 
sign-magnitude format. Be sure to include how you are calculating the signs of the 
quotient and remainder. 

3.7.6 [60] <3.4> Write a MIPS assembly language program to calculate A divided 
by B, using the approach described in Figure 3.12. Assume A and B are signed 
integers. 

Exercise 3.8 
Figure 3.10 describes a restoring division algorithm, because when subtracting the 
divisor from the remainder produces a negative result, the divisor is added back to 
the remainder (thus restoring the value). However, there are other algorithms that 
have been developed that eliminate the extra addition. Many references to these 
algorithms are easily found on the Web. We will explore these algorithms using the 
pairs of octal numbers in the following table. 

3.8.1 [30] <3.4> Using a table similar to that shown in Figure 3.1 1, calculate A 
divided by Busing nonrestoring division. You should show the contents of each 
register on each step. Assume A and Bare 6-bit unsigned integers. 

3.8.2 [60] <3.4> Write a MIPS assembly language program to calculate A 
divided by Busing nonrestoring division. Assume A and Bare 6-bit signed (two's
complement) integers. 

3.8.3 [60J <3.4> How does the performance of restoring and nonrestoring 
division compare? Demonstrate by showing the number of steps necessary to 
calculate A divided by B using each method. Assume A and Bare 6-bit signed 
(sign-magnitude) integers. Writing a program to perform the restoring and non
restoring divisions is acceptable. 

The following table shows further pairs of octal numbers. 

3.11 EXercises 

3.8.4 [30J <3.4> Using a table similar to tha t shown in Figure 3.11, calculate A 
divided by Busing nonperforming division. You sho uld show the contents of each 
register on each step. Assume A and Bare 6-bit unsigned integers. 

3.8.S ]60] <3.4> Write a MIPS assembly language program to calculate A divided 
by Busing non performing division. Assume A and Bare 6-bit two's complement 
signed integers. 

3 .. 8.6 ]60] <3.4> How does the performance of non restoring and non performing 
dlvlslQn compare? Demonstrate by showing the number of steps necessary to 
calculate A divided by B using each method. Assume A and B are signed 6-bit 
integers, stored in sign-magnitude format. Writing a progrnm to perform the 
l1onperformlng and nOll restoring divisions is acceptable. 

Exercise 3.9 

Division is so time-consuming and difficult that the CRAY T3E Fortran Optimiza
tion guide states, "The best strategy for division is to avoid it whenever possible." 
This exercise looks at the following different strategies for performing divisions. 

LJ reSioration division 

liJ SRT division 

3.9.1 [30] <3.4> Describe the algorithm in detail. 

3.9.2 [60J <3.4> Use a flow chart (or a high-level code sn ippet) to describe how 
the algorithm works. 

3.9.3 [60] <3.4> Write a MIPS assembly language program to perform a division 
using the algorithm. 

Exercise 3.10 

In a Von Neumann architecture, groups of bits have no intrinsic meanings by 
themselves. What a bit pattern represents depends entirely on how it is used. The 
following table shows bit patterns expressed in hexademical notation. 

GJ 0, 24A60004 

GJ O>AFBFOOOO 

3.10.1 [5J <3 .5> What decimal number does the bit pattern represent if it is a 
two's-complement integer? An unsigned integer? 

3.10.2 'lOJ <3.5> If this bit pattern is placed into the Instruction Register, what 
MIPS instruction will be executed? 
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292 Chapter 3 Arithmetic for Computers 

3.10.3 [10[ <3.5> What decimal number does the bit pattern represent if it is a 
floating-point number? Use the IEEE 754 standard. 

The following table shows decimal numbers. 

I " 1 -160905 

b. -938.8125 

3.10.4 [10 I <3.5> Wrire clown the binary representation of the decimal number, 
assuming the IEEE 754 single precision format. 

3.10.5 110] <3.5 > Wrire down the binary representation of the decimal number, 
assuming the IEEE 754 double precision format. 

3.10.6 [1 0] <3.5> Write down the binary representation of the decimal number 
assuming it was stored using the si ngle precision IBM format (base 16, instead of 
base 2, with 7 bits of exponent). 

Exercise 3.11 
In the IEEE 754 floating point standard the exponent is stored in "bias" (also known 
as "Excess-N") format. This approach was selected because we want an all-zero 
pattern to be as close to zero as possible. Because of the use of a hidden I, if we were 
to represent the exponent in nvo's-complement format an all -zero pattern would 
actually be the number I r (Remember, anything raised to the zeroth power is I, so 
1.00 = 1.) There are many other aspects of the IEEE 754 standard that exist in order 
to help hardware floating-po int units work more quickly. However, in many older 
machines floating-point calculations were handled in software, and therefore other 
formats were used. The following table shows decimal numbers. 

I " 1 5.00736125 x la' 

3.11.1 [201 <3.5> Write down the binary bit pattern assuming a format similar 
to that employed by the DEC PDP-8 (leftmost 12 bits are the exponent stored as a 
t\Vo's-complement number, and the rightmost 24 bits are the 111.mtissa stored as a 
two's-complcmcnt number.) No hidden I is used. Comment on how the range and 
accuracy of this 36-bit pattern compares to the single and double precision IEEE 
754 standards. 

3.11.2 [20] <3.5> NVIDIA has a "half" format, which is sim ilar to IEEE 754 except 
that it is only 16 bits wide. The leftmost bit is still the sign bit, the exponent is 5 bits 
wide and stored in excess-1 6 format, and the mantissa is 10 bits long. A hidden I 

3.11 Exercises 

is assumed. Write down the bit pattern assuming this format. Commen t on how 
the range and accuracy of this 16-bit pattern compares to the si ngle precision IEEE 
754 standard. 

3.11.3 [20 ] <3.5> The Hewlett-Packard 2114, 2115, and 2 11 6 used a format 
with the leftmost 16 bits being the mantissa stored in two's-complement format, 
followed by another 16-bit field which had the leftmost 8 bits an extension of the 
mantissa (making the mantissa 24 bits long), and the rightmost 8 bits representing 
the exponent. However, in an interesting twist, the exponent wns stored in sign
magnitude format with the sign bit on the far right! Write down the bit pattern 
assuming this formal. No hidden I is used. Comment on how the range and accuracy 
of th is 32-bit pattern compares to the single precision IEEE 754 sta ndard. 

The following table shows pairs of decimal numbers. 

b . 2.3109375 X 101 6.391601562 X 10-1 

3.11.4 [20] <3.5> Calculate the sum of A and B by hand, assuming A and Bare 
stored in the 16-bit NVIDIA format described in Exercise 3.11.2 (and also described 
in the text). Assume one guard, one round bit and one sticky bit, and round to the 
nearest even. Show all the steps. 

3.11.5 [60] <3.5> Write a MIPS assembly language program to calculate the sum 
of A and B, assuming they are stored in the 16-bit NVIDIA format described in 
Exercise 3.11.2 (and also described in the text). Assume one guard, one round and 
one sticky bit, and round to the nenrest even. 

3.11.6 1601 <3.5> Write a MIPS assembly language program to calculate the sum of 
A and B, assuming they are stored using the format described in Exercise 3.11.1. Now 
modify the program to calculate the sum assuming the format described in Exercise 
3.11.3. Which format is easier for a programmer to deal with? How do they each 
compare to the IEEE 754 format? (Do not worry about sticky bits for this question.) 

Exercise 3.12 
Floating-point multiplication is even more complicated and challenging than 
floating-point addition, and both pale in comparison to floating-point division. 
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3.12.1 [301 <3.5> Calculate the product of A and B by hand, assuming A and 
B are stored in the 16-bit NVlDIA format described in Exercise 3.11.2 (and also 
described in the text). Assume one guard, one round bit and one sticky bit, and 
rollnd to the nearest even . Show all the steps; however, as is done in the example in 
the text, you can do the multiplication in human-readable format instead of using 
the techniques described in Exercises 3.4 through 3.6. Indicate if there is overflow 
or underflow. Write your answer as a 16-bit pattern, and also as a decimal number. 
How accurate is your result? How does it compare to the number you get if you do 
the multiplication on a calculator? 

3.12.2 [60J <3.5> Write a MIPS assembly language program to calculate the 
product of A and B, assuming they are stored in IEEE 754 format. Indicate if there 
is overflow or underflow. (Remember, IEEE 754 assumes one guard, one round and 
one sticky bit, and rounds to the nearest even.) 

3.12.3 [601 <3.5> Write a MIPS assembly language program to calculate the 
product of A and B, assuming they are stored using the format described in 
Exercise 3.1 1. 1. Now modify the program to calculate the sum assuming the format 
described in Exercise 3.11.3. Which format is easier for a programmer to deal with? 
How do they each compare to the IEEE 754 format? (Do not worry about sticky 
bits for this question. ) 

The following table shows further pairs of decimal numbers. 

•. 3.264 X 103 6.52 X 102 

b. -2.27734375 x 10° 1.154375 X 102 

3.12.4 [30J <3.5> Calculate by hand A divided by B. Show all the steps necessary to 
achieve your answer. Assume there is a guard, round, and stick], bit, and use them if 
necessary. Write the final answer in both 16-bit floating-point format and in decimal 
and compare the decimal result to that which you get if you use a calculator. 

The Livermore Loops are a set of floating-point intensive kernels taken from 
scientific programs run at Lawrence Livermore Laboratory. The following table 
identifies individual kernels from the set. 

You can find them at http://www.netlib.orglbenchmark/ livermore. 

l a' l U,ermore Loop 1 

b. Livermore loop 7 

3.12.5 [601 <3.5> Write the loop in MIPS assembly language. 

3.11 Exercises 

3:12.6 [601 <3.5> Describe in detail one technique for performing floating-point 
diVIsion 111 a dIgital computer. Be sli re to include references to the sources you used. 

Exercise 3.13 

Operations performed on fixed-point integers behave the way one expects-the 
commutative, associat ive, and distributive laws all hold. This is not always the case 
when worklllg with floatmg-point numbers, however. Let 's first look at the associative 
law. The following table shows sets of decimal numbers. 

3.13.1 [201 < 3.2,3.5,3.6> Calculate (A + B) + C by hand, assuming A, B, and 
C are stored III the 16-bJt NVIDIA format described in Exercise 3.11.2 (and also 
descnbed In the text). Assume one guard, one round bit and one sticky bit, and 
round to the nearest even. Show all the steps, and wri te your answer both in J 6-bit 
floating-point format and in decimal. 

3.13.2 [20 J < 3.2,3.5,3.6> Calcula te A + (B + C) by hand , assuming A, B, and 
C are stored III the 16-b.t NVIDIA format described in Exercise 3. J 1.2 (and also 
descnbed III the text). Assume one guard, one rou nd bit and one sticky bit, and 
round to the nearest even. Show all the steps, and write yo ur answer both in 16-bit 
floating-point format and in decimal. 

3.13.3 [101 <3.2,3.5, 3.6> Based on your answers to Exercise 3. I 3. I and Exercise 
3.13.2, does (A + B) + C = A + (B + C)? 

The following table shows further sets of decimal numbers. 

3.13.4 [30J < 3.3, 3.5,3.6> Calculate (A x B) x C by hand, assuming A, B, and 
C are stored III the 16-b.t NVIDIA format described in Exercise 3.11.2 (and also 
described in the text). Assume one guard, one round bit and one sticky bit, and 
round to the nearest even. Show all the steps, and write your answer both in 16-bit 
floating-point format and in decimal. 
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3.13.5 [30[ <3.3,3.5,3.6> Calculate A x (B x C) by hand, assuming A, B, and 
C are stored in the 16-bit NVIDIA format described in Exercise 3.11.2 (and also 
described in the text). Assume one guard, one round bit and one sticky bit, and 
round to the nearest even. Show all the steps, and write your answer both in 16-bit 
floating-point format and in decimal. 

3.13.6 [10) <3.3,3.5,3.6> Based on your answers to Exercise 3.13.4 and Exercise 
3.1 3.5 , does (A x B) x C = A x (B xC)? 

Exercise 3.14 

The associative law is not the only one that does not always hold in dealing with 
floating-point numbers. There are other oddities that occur as well. The followmg 
table shows sets of decimal numbers. 

D. 1 .5234375 X 10-1 2.0703125 X 10-1 

b. -2.7890625 x 101 -8.08S X 103 1.0216 X 104 

3.14.1 [30) <3 .2,3.3,3.5,3.6> Calculate A x (B + C) by hand, assuming A, B, and 
C are stored in the 16-bit NVIDIA format described in Exercise 3.11.2 (and also 
described in the text). Assume one guard, one round bit and one sticky bit, and 
round to the nearest even. Show all the steps, and write your answer both in 16-bit 
floating-point format and in decimal. 

3.14.2 [30) <3.2,3.3,3.5,3.6> Calculate (A x B) + (A x C) by hand, assuming 
A Band C are stored in the 16-bit NVlDIA format described in Exercise 3. 11.2 
(;nd also described in the text). Assume one guard, one round bit and one sticky 
bit, and round to the nearest even. Show all the steps, and wnte your answer both 
in 16-bit float ing-point format and in decimal. 

3.14.3 [10] <3.2,3 .3,3.5,3.6> Based on your answers to Exercise 3. 14. 1 and 
Exercise 3.14.2, does (A x B) + (A xC) = A x (8 + C)? 

The following table shows pairs, each consisting of a fraction and an integer. 

3.14.4 [10] <3.5> Using the IEEE 754 floating-point format, write down the bit 
pattern that would represent A. Can you represent A exactly? 

3.11 Exercises 

3.14.5 [10] <3.2,3.3,3.5,3.6> What do you get if you add A to itself B times? 
What is A x B? Are they the same? What should they be? 

3.14.6 [60 ) <3 .2, 3.3, 3.4, 3.5, 3.6> V\~,at do you get if you take the square root 
of B and then multiply that value by itself? What should you get? Do for both 
single and double precision floating-point numbers. (Write a program to do these 
calculations). 

Exercise 3.15 

Binary numbers are used in the mantissa field, but they do not have to be. IBM used 
base 16 numbers, for example, in some of their floating-point formats. There are 
other approaches that are possible as well, each with their own particular advan tages 
and disadvantages. The following table shows fractions to be represented in various 
floating-point formats. 

3.15.1 110) <3 .5,3.6> Write down the bit pattern in the mantissa assuming a 
floating-point format that uses binary numbers in the mantissa (essentia lly what 
you have been doing in this chapter). Assume there are 24 bits, and you do not need 
to normalize. Is this representation exact? 

3.15.2 110) <3.5,3.6> Write down the bit pattern in the mantissa assuming a 
float ing-point format that uses Binary Coded Decimal (base 10) numbers in 
the mantissa instead of base 2. Assume there are 24 bits, and you do not need to 
normalize. Is this representation exact? 

3.15.3 [10) <3.5,3.6> Write down the bit pattern assuming that we are using base 
15 numbers in the mantissa instead of base 2. (Base 16 numbers use the symbols 
0-9 and A-F. Base 15 numbers would use 0-9 and A-E.) Assume there are 24 bits, 
and YOll do not need to normalize. Is this representation exact? 

3.15.4 [20) <3.5,3.6> Write down the bit pattern assuming that we are using base 
30 numbers in the mantissa instead of base 2. (Base 16 numbers use the symbols 
0-9 and A-F. Base 30 numbers would use 0-9 and A- T.) Assume there are 20 bits, 
and YOll do not need to normalize. Is this representation exact? Do you see any 
advantage to using this approach? 

§3.2, page 229: 3. 
§3.4, page 269: 3. 

Answers to 
Check Yourself 
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300 Chapter 4 The Processor 

II . 
. Introduction 

Chapter 1 explains that the performance of a computer is determined by three key 
factors: instruction count. clock cycle time, and clock cycles per InstructIOn (CPI). 
Chapter 2 explains that the compiler and the instruction set arcllltecture determIne 
the instruction count required for a given program .. However, the tnlplen.lentatlOn 
of the processor determines both the clock cycle time and the numbel of clock 
cycles per instruction. In this chapter, we const~uct thedatapath and controluIllt 
for two different implementations of the MIPS lllstructlOn set.. . 

This chapter contains an explanation of the principles and techJ11ques used In 

implementing a processor, starting with a Illghly abstract and slmplrfied overview 
in this section. It is followed by a section that builds up a data path and constructs a 
simple version of a processor sufficient to implement an instructl?n set Irke MIPS. 
The bulk of the chapter covers a more reallsllc plpelrned MIPS .Implementatlon, 
followed by a section that develops the concepts necessary to Implement more 

complex instruction sets, like the x86. . . . . 
For the reader interested in understandlllg the high-level lllterpretation of 

instructions and its impact on program performance, this Initial sectlon a~d 
Section 4.5 present the basic concepts of pipelining. Recent trends are covered In 

Section 4.10, and Section 4.11 describes the recent AMD Opteron X4 (Barcelona) 
microprocessor. These sections provide enough background to understand the 

pipeline concepts at a high level. . 
For the reader interested in understanding the processor and Its perf?rmance 

in more depth, Sections 4.3, 4.4, and 4.6 will be useful. Those interested llliearn
ing how to build a processor should also cover 4.2, 4.7, 4 .8, and 4.9. For readers 
with an interest in modern hardware design, til Section 4.12 on the CD descnbes 
how hardware design languages and CAD tools are used to. Implement hardware, 
and then how to use a hardware design language to descnbe.a p~pelrned Imple
mentation. It also gives several more illustrations of how plpehlllng hardware 

executes. 

A Basic MIPS Implementation 
We will be examining an implementation that includes a subset of the core MIPS 

instruction set: 

• The memory-reference instructions load word (1 ,,) and store word (sw) 

• The arithmetic-logical instructions add, sub, AND, OR, and 51 t 

• The instructions branch equal (beq) and jump (j), which we add last 

4.1 Introduction 

This subset does not include all the integer instructions (fo r example, shift, multiply, 
and divide are missing), nor does it include any floating-point instructions. How
ever, the key principles used in creating a datapath and designing the control are 
illustrated. The implementation of the remaining instructions is similar. 

In exa mining the implementation, we will have the opportunity to see how the 
instruction set architecture determines many aspects of the implementation) and 
how the choice of various implementation stmtegies affects the clock rate and CP I 
for the computer. Ma ny of the key design principles introduced in Chapter 1 can 
be illustrated by looking at the implementation, such as the guidelin es Mnke the 
callill/DII ense [nsl and Silllplicil), [nl'ars regllinril),. In addition. most concepts used 
to implement the MIPS subset in this chapter are the same basic ideas that are used 
to construct a broad spectrum of computers, from high-perfo rmance servers to 
general-purpose microprocessors to embedded processo rs. 

An Overview of the Implementation 

In Chapter 2, we looked at the core MIPS instructions, includ ing the integer 
arithmetic-logical instructions, the memory-reference instructions, and the branch 
instructions. Much of what needs to be done to implement these instructions is the 
sa me, independent of the exact class of instruction. FoJ' every instruction, the nrst 
two steps are identical: 

I. Send the program counter (PC) to the memory that contains the code and 
fetch the instruction from that memory. 

2. Read one or two registers, using fields of the instruction to select the registers 
to read. For the load word instruction, we need to read only one register, but 
most other instructions require that we read two registers. 

After these two steps, the actions required to complete the instruction depend 
on the instruction class. Fortunately, for each of the three instruction classes 
(memory-reference, arithmetic-logical, and branches), the actions are largely the 
same, independent of the exact instruction. The si mplicity and regularity of the 
MIPS instruction set simplifies the implementation by making the execution of 
many of the instruction classes similar. 

For example, all instruction classes, except jump, use the arithmetic-logical unit 
(ALU) after reading the registers. The memory-reference instructions use the ALU 
for an address calculation, the arithmetic-logical instructions for the operation 
execution, and branches for comparison. After using the ALU, the act ions required 
to complete various instruction classes di ffer. A memory-reference instruction will 
need to access the memory either to read data for a load or write data for a store. 
An arithmetic-logicol or load instruction must write the data from the ALU or 
memory back into a register. Lastly, for a branch instruction, we may need to change 
the next instruction address based on the comparison; otherwise, the PC should be 
incremented by 4 to get the address of the next instruction. 
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Figure 4.1 shows the high-level view of a MIPS implementation, focusing on 
the various functional un its and their interconnection. Although this figure shows 
most of the flow of data through the processor, it omits two important aspects of 
instruction execution. 

.~ Add 

- L Data 
f--.-I ~ ,... Register #I 

PC Address Inslruclion Registers ALU - Address 

~ Register It 

~r+I/ 
Data 

Instruction memory ~ memory ~ Register :: 

Data 

FIGURE 4.1 An abstract view of the Implementation of the MIPS subset showing the 
major functional units and the major connections between them. All instructions stnn by using 
the program counter to supply the instruction address to the instruction memory. After the instruction is 
fetched, the register operands used by ;111 instruction arc specified by fields of that instruction. Once the 
register operands have been fetched, they can be operated on to compute a memory nddrcss (for a load or 
store), to compute an arithmetic result (for an integer arithmetic-logical instruction), or a compare (for a 
branch). If the instruction is an arithmetic-logical instruction, the result from the ALU must be written 10 

a register. If the operation is a load or store. the ALU result is used as an address to either store a \'~lue (orom 
the registers or load a value from memory into the registers. The result from the ALU or ml'm0f)' IS written 
back into the register file. Branches requ ire the use of the ALU output to determine the next instruct ion 
address. which comes either from the ALU (where the PC and branch offset arc summed) or from an adder 
that increments the current PC by 4. The thick Jines interconnecting the functional units represent buses, 
which consist of multiple signals. The arrows arc used to guide the reader in knowing how information flows. 
Si nce signal lines may cross, we explicit)' show when crossing lines are connected by the presence of a dot 
where the lines cross. 

First, in several places, Figure 4.1 shows data going to a particular unit as com ing 
from two different sources. For example, the value written into the PC can come 
from one of two adders, the data written into the register file can come from either 
the ALU or the data memory, and the second input to the ALU can come from 
a register or the immed iate field of the instruction. In practice, these data lines 
cannot simply be wired together; we must add a logic element that chooses from 
among the multiple sources and steers one of those sources to its destination. This 
selection is commonly done with a device called a IIlIl/tip/exor, although this device 
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might better be called a rlata seiector. ~ Appendix C describes the multiplexor, 
which selects from among several inputs based on the setting of its control lines. 
The control lines are set based primarily on information taken frorn the instruction 
being executed. 

The second omission in Figure 4.1 is that several of the units must be controlled 
depending on the type of instruction. For example, the data memory must read 
on a load and write on a store. The register file must be written on a load and an 
arithmetic-logical instruction. And, of course, the ALU must perform one of several 
operations, as we saw in Chapter 2. ( ~ Appendix C describes the detai led design 
of the.ALU.) Like the multiplexors, these operations are directed by control lines 
that are set on the basis of various fields in the instruction. 

Figure 4.2 shows the data path of Figure 4.1 with the three required multiplexors 
added, as well as control lines for the major (unctionalunits. A colllm/ IIl1it, which 
has the instruction as an input, is used to determine how to set the control lines 
for the functional units and two of the multiplexors. The third multiplexor, 
which determines whether PC + 4 or the branch destination address is written 
into the Pc. is set based on the Zero output of the ALU, which is used to perform 
the comparison of a beq instruction. The regularity and simplicity of the MIPS 
instruction set means that a simple decoding process can be lIsed to determine how 
to set the control lines. 

In the remainder of the chapter, we refine this view to fill in the details, which 
requires that we add further functional units, increase the number of co nnections 
behveen units, and, of course, enhance a control unit to control what actions are 
taken for different instruction classes. Sections 4.3 and 4.4 describe a simple imple
mentation that lISeS a single long clock cycle for every instruction and follows the 
general form of Figures 4. 1 and 4.2. In this first design, every instruction begins 
execution on one clock edge and completes execution on the next clock edge. 

While easier to understand, this approach is not practical, since the clock cycle 
must be stretched to accommodate the longest instruction . After designing the 
control for this simple computer, we will look at pipelined implementation with all 
its complexities, including exceptions. 

How many of the five classic components of a computer-shown on page 299-do Check 
Figures 4.1 and 4.2 include? Yourself 

Logic Design Conventions 

To discuss the design of a computer, we must decide how the logic implementing 
the computer will operate and how the computer is clocked. This section reviews 
a few key ideas in digital logic that we will use extensively in this chapter. If 
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FIGURE 4.2 The basic implementation of the MIPS subset, including the necessary multiplexors and control lines. 
The top multiplexor ("MllX") controls what va luc replaces the PC (PC +" or the branch destination address) ; the multiplexor is cont ro lled 
hy the gate that "ANDs" together th e Zero output of Ihl' ALU ;'!nel a control signal thaI indica tes that the instruction is a hmnch. The middle 
lIluhiplcxor, whose outpu t returns to the register file. is used 10 steer the outpu t of the AlU (in the casc of an arithmctic- Iogical instruction) 
or the out put of the dala memory (in the case of a load) for writing into the register fik·. Finally. (he bottommost multiplexor is used In 
determine whether the second ALU input is from the registers (for an arithmetic· logical instruction OR a br;lIlch ) Of from the offset field of 
the instruction (for a load or store). The added Cll iltrollines arc straightforward and determine the operation performed at the ALU. whether 
the data memory shou ld read or write, ami whether the rcgi.~ters should perform a write operation. The conlrollincs arc shown in color 10 

make them easier to sec. 

combinational clement 
An operational clement, 
such as an AND gate or 
an ALU. 

you have little or no background in digital logic, you will find it helpful to read 
~ Appendix C before continuing. 

The datapath elements in the MIPS implementation consist of two different 
types of logic elements: elements that operate on data values and elements that 
contain state. The elements that operate on data values are all combinational , 
which means that their outputs depend only on the current inputs. Given the same 
input, a combinational element always produces the same output. The ALU shown 
in Figure 4.1 and discussed in ~ Appendix C is an example of a combinational 
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element. Given a set of inputs, it always produces the same output because it has 
no internal storage. 

Other elements in the design are not combinational, but instead contain state. 
An element contains state if it has some internal storage. We call these elements 
state el ~ments because, if we pulled the power plug on the computer, we could 
restart It by 10adll1g the sta te elements with the values they contained before we 
pulled the plug. Furthermore, if we saved and restored the sta te elements, it would 
be as If the computer had never lost power. Thus, these state elements completely 
charactenze the co mputer. In Figure 4.1, the instruction and data memories as 
well as. the registers, are all examples of state elements. ' 

A state element has at least two inputs and one output. The req uired inputs 
are the data value to be written into the element and the clock, which determines 
when the data value is written . The output from a state element provides the 
value that was written in an earlier clock cycle. For example, one of the logically 
simplest state elements is aD-type Aip-nop (see ~ Appendix C), which has 
exactly these two inputs (a value and a clock) and one output. In addition to 
Alp-nops, our MIPS implementation also uses two other types of state elements: 
memories and registers, both of which appear in Figure 4.1. The clock is used to 
determine when the state element sho uld be writteni a state elemen t can be read 
at any time. 

Logic components that contain state are also ca lled seqllel1tinl, because their 
outputs depend on both their inputs and the contents of the internal state. For 
example, the output from the fun ctional unit representing the registers depends 
both on the register numbers supplied and on what was written into the registers 
prevIOusly. The operatIOn of both the combinational and sequential elements and 
their construction are discussed in more detail in ~ Appendix C. 

We will use the word asserted to indicate a signal that is logically high and assert 
to speCIfy that a SIgnal should be driven logically high, and deassertor deasserted 
to represent logically low. 

Clocking Methodology 

A docking methodology defines when signa ls can be read and when th ey can be 
~vntten. It IS Important to specify th e timing of reads and writes, because if a signal 
IS wntten at the sa me time it is read, the value of the read could correspond to 
the. old value, the newly written value, or even some mix of the two! Computer 
deSIgns cannot tolerate such unpredictability. A clocking methodology is designed 
to ensure predictability. 

For simplici ty, we will assume an edge-triggered docking methodology. An 
edge-trIggered c10ckmg methodology means that any values stored in a sequential 
logIC element are updated only on a clock edge. Because only state elements can 
store a data value, any collection of combinational logic must have its inputs come 
from a set of state elements and its Olltputs written into a set of sta te elements. 
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state clement A memory 
clement, such as II register 
or a memo!,)'. 

asserted The signal is 
logically high or true. 

deasserted The signal is 
logicall y low or false. 

clocking methodology 
The approach used to 
determine when data is 
valid and stable relative to 
the clock. 

edge-triggered clocking 
A clocking scheme in 
which all state changes 
occur on a clock edge. 
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control signal A signal 
used for multiplexor 
selection or for directing 
the operation of a 
functional unit; contrasts 
with a data signal, which 
contains information 
that is operated on by a 
functional unit. 
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The inputs are values that were written in a previous clock cycle, while the outputs 
are values that can be used in a following clock cycle. 

Figure 4.3 shows the two state elements surrounding a block of combinational 
logic, which operates in a single clock cycle: all signals must propagate from state 
element I, through the combinational logic, and to state element 2 in the time of 
one clock cycle. The time necessary for the signals to reach state element 2 defines 
the length of the clock cycle. 

State 
element 

1 

Clock cycle ~ 

Combinational logic 
State 

element 
2 

L--_----'I 
FIGURE 4.3 Combinational logic, state elements, and the clock are closely related. In i\ 

synchronous digital system, the clock determines when clements with sla te will write values into internal 
storage. Any inputs \0 a statc clement must reach a stable value (that is, have reached a value from which the), 
will not change until after the clock edge) before the active clock edge causes the slate to be updated. All sta te 
elements in this chapter, including memory, are assumed to be edge-triggered. 

For simplicity, we do not show a write control signal when a state element is 
written on every active clock edge. In contrast, if a state element is not updated on 
every clock, then an explicit write control signal is required. Both the clock signal 
and the write control signal are inputs, and the state element is changed only when 
the write control signal is asserted and a clock edge occurs. 

An edge-triggered methodology allows us to read the contents of a register, 
send the value through some combinational logic, and write that register in the 
same clock cycle. Figure 4.4 gives a generic example. It doesn't matter whether we 
assume that all writes take place on the rising clock edge or on the falling clock 
edge, since the inputs to the combinational logic block cannot change except on 

Combinational logic 

FIGURE 4.4 An edge-triggered methodology allows a state element to be read and writ~ 
ten in the same clock cycle without creating a race that could lead to indeterminate data 
values. Of course, the clock cycle still must be long enough so that the input values are stable when the 
active clock edge occurs. Feedback cannot occur within one clock cycle because of the edge-triggered update 
of the state element. If feedback were possible, this design could not work properly. Our designs in this 
chapter and the next rely on the edge-triggered timing methodology and on structures like the one shown 
in this figure. 

4.3 Building a Datapath 

the chosen clock edge. With an edge-triggered timing methodology, there is 1/0 

feedback within a single clock cycle, and the logic in Figure 4.4 works correctly. In 
~ Appendix C, we briefly discuss additional timing constraints (such as setup and 
hold times) as well as other timing methodologies. 

For the 32-bit MIPS architecture, nearly all of these state ancllogic elements will 
have inputs and outputs that are 32 bits wide, since that is the width of most of the 
data handled by the processor. We will make it clear whenever a unit has an input 
or output that is other than 32 bits in width. The figures will indicate bllses, which 
are signals wider than I bit, with thicker lines. At times, we will want to combine 
several. buses to form a wider bus; for example, we may want to obtain a 32-bit bus 
by combining two 16-bit buses. In such cases, labels on the bus lines will moke it 
clear that \ve are concatenating buses to form a wider bus. Arrows are also added 
to help clarify the direction of the flow of data between elements. Finally, color 
indicates a control signal as opposed to a signal that carries data; this distinction 
will become clearer as we proceed through this chapter. 
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True or false: Because the register file is both read and written on the same clock Check 
cycle, any MIPS datapath using edge-triggered writes must have more than one Yourself 
copy of the register file. 

Elaboration: Tllere is also a 54-bit version of the MIPS architecture, and, naturally 
enough, most paths in its implementation would be 54 bits wide. Also, we use the terms 
assert and deassert because at times 1 represents logically Iligh and at times it can 
represent logically low. 

Building a Datapath 

A reasonable way to start a data path design is to examine the major components 
required to execute each class of MIPS instructions. Let's start by looking at which 
datapath elements each instruction needs. When we show the datapath elements, 
we will also show their control signals. 

Figure 4.5a shows the first element we need: a memory unit to store the 
instructions of a program and supply instructions given an address. Figure 4.5b 
also shows the program counter (PC), which as we saw in Chapter 2 is a register 
that holds the address of the current instruction. Lastly, we will need an adder 
to increment the PC to the address of the next instruction. This adder, which is 
combinational, can be built from the ALU described in detail in ~ Appendix C 
simply by wiring the control lines so that the control always specifies an add 

data path element A unit 
lIsed to operate on 
or hold data within a 
processor. In the MIPS 
implementation, the 
datapath dements include 
the instruction and data 
memories, the register file, 
the ALU, and adders. 

program counter (PC) 
The register containing the 
address of the instruction 
in the program being 
executed. 
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register file A state 
elemen t that consists 
of a set of registers that 
can be read and written 
by supplying a register 
number to be accessed. 
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Instruction I--

Instruction 
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PC Add Sum 

b. Program counter C. Adder 

FIGURE 4.5 Two state elements are needed to store and access instructions, and an 
adder is needed to compute the next instruction address. The state clements arc the inst ruction 
memory and the program counler. The in struction memory need only provide read access beca use the 
dalapalh docs not wrile instructions. Since the instruct ion memory only reads. we treal it as combinational 
logic: the out pu t at any time reflects the con tents of the location specified by the address input, and no read 
control signal is needed. (We will need to write the instruction memory when we load the program; this is 
not hard \0 add, and we ignore it for simplicity.) The program counler is <I 32-bil regisler Ihat is written allhe 
end or every clock cycle and thus does not need a wri te control sigmll. The adder is an AlU wired to alwa)'s 
add its two 32·bit inputs and place the sum 011 its output. 

operation. We will draw such an ALU with the label Arid, as in Figure 4.5, to indicate 
that it has been permanently made an adder and cannot perform the other ALU 
functions . 

To execute any instruction , we must start by fetching the instruction from 
memory. To prepare for executing the next instruction} we must also increment the 
program counter so that it points at the next instruction, 4 bytes later. Figure 4.6 
shows how to combine the three elements from Figure 4.5 to form a datapath 
that fetches instructions and increments the PC to obtain the address of the next 
sequential instruction. 

Now let's consider the R-format instructions (see Figure 2.20 on page 136). They 
all read two registers, perform an ALU operatio n on the contents of the registers, 
and write the result to a register. We call these instructions either R-type instfllc
tions or arithllletic-logical instructions (since they perform arithmetic or logical 
operations). This instruction class includes add , s ub, AND, OR, and 51 t, which 
were introduced in Chapter 2. Recall that a typical instance of such an instruction 
is add HI . H2 . H3, which reads H2 and H3 and writes HI. 

The processor 's 32 general-purpose registers are stored in a structure called a 
register file. A register file is a collection of registers in which any register can be 
read or written by specify ing the number of the register in the file. The register fil e 
contains the register state of the computer. In addition, we will need an ALU to 
operate on the values read from the registers. 

R-format instructions have three register operands, so we will need to read 
two data words from the register file and write one data word into the register file 
for each instruction. For each data word to be read from the registers, we need an 

PC Read 
address 

4 

Instruction 

Instruction 
memory 

4.3 Building a Datapath 

Add 

FIGURE 4 .6 A portion of the data path used for fetching instructions and incrementing 
the program countcr. The retched inst ruction is lIsed by other pil rts or the dala path. 

input to the register file that specifies the register number to be read and an output 
from the register fi le that will carry the value that has been read from the registers. 
To write a data word, we will need two inputs: one to specify the register IHI/Ilber to 
be written and one to supply the riata to be wri tten in to the register. The register fi le 
always outputs the contents of whatever register numbers are on the Read register 
inputs. Writes, however, are controlled by the write control signal , which must be 
asserted for a write to Occur at the clock edge. Figure 4. 7a shows the result; we 
need a total of four inputs (three for register numbers and one for data) and two 
outputs (both for dat~) . The register number inputs are 5 bits wide to specify one 
of 32 registers (32 = 2'), whereas the data input and two data output buses are each 
32 bits wide. 

Figure 4.7b shows the ALU, which takes two 32-bit inputs and p rod uces a 32-bit 
result, as well as a I-bit signal if the result is O. The 4-bit control signal of the ALU is 
described in detail in ~ Appendix C; we will review the ALU control shortly when 
we need to know how to set it. 

Next, consider the MIPS load word and store word instructions, which have 
the general form hi $t!,offset_value(H2) or 5 "1 HI,offset val ue 
( $ t2) . These instructions compute a memory address by adding the base -':egister, 
which is 'H2, to the J6-b it signed offset field contained in the instruction. If the 
instruction is a store, the value to be stored must also be read fro m the register file 
where it resides in $t 1. If the instruction is a load, the value read fro m memory 
must be written into the register file in the specified register, which is HI. Thus, we 
will need both the register fi le and the ALU from Figure 4.7. 
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sign-extend To increase 
the size of a data item by 
replicating the high-order 
sign bit of the original 
data item in the high
order bits of the larger, 
destination data itcm. 

branch target address 
The address specified in 
a branch, which becomes 
the new program counter 
(PC) if the branch is 
taken. In the MIPS 
architecture the branch 
target is given by the 
sum of the offset field of 
the instruction and the 
address of the instruction 
following the branch. 
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FIGURE 4.7 The two elements needed to Implement R·format ALU operations are t~e 
register file and the ALU. Th~ regi ster file (()ntain~ all the registers and has two r~;!~ por~~ and o~~ wnte 
porl. The des ign or mult iported register files is discussed in Sect ion C.S of~ Ap.pendlx C. I he register file 
always OUlputs the con tent.~ or the registers corresponding to the Read re~l s.ter I.np~ts on the outp~ts; no 
other control input s aTe needed. In contrast, a regi~ter write must be exp!Jcttly. lIl~\Cated ~)y assertmg the 
write control signal. !kmember that writes arc edge-triggered, so that all the wnte lIlputs (l.t: .. , the \'a.lu~ 10 

be written, the register number, and the write control signal) musl be valid at the c\~lCk ed~c .. SlIlce wntes to 
the register fiJc are edge-triggered, our design can legally read and write the s:l!lle re~lster wlt.lun a clock cycl.c: 
the read will get the va lue written in an earlier clock cycle, while th e value \\:ntten WII! be ava l.!abJ~ to a read Il~ 
a subsequent clock cycJc. The inputs carryi ng the registe r number to the reglsler file arc ailS ~)ItS WIde, wher~'ls 
the lines carrying data values arc 32 bits wide. The operation to be perfoT~ed b~' lhe ALV IS cO~Hrolled wl~h 
the ALV operation signal, which will be " bits wide, using the ALV deSIgned III • AppendIX C: We WIll 
lise the Zero detection output of the ALV shortly to implement branches. The overflow outplll WIll not be 
needed until S.:ction 4.9, when we discuss exc~ptions; we omit it until then. 

In addition, we will need a unit to sign-extend the 16-bit offset field in the 
instruction to a 32-bit signed value, and a data memory unit to read from or write 
to. The data memory must be written on sto re instructions; hence, data memory 
has read and write control signals, an address input, and an input for the data to be 
written into memory. Figure 4.8 shows these two elements. 

The beq instruction has three operands, two registers that are compared 
for equality, and a 16-bit offset used to compute the branch target address 
relative to the branch instruction address. Its form is beq HI, H2 , offset . To 
implement this instruction, we must compute the branch target address by addi,~g 
the sign-extended offset field of the instruction to the Pc. There are two detalls 
in the definition of branch instructions (see Chapter 2) to whlch we must pay 

attention: 

• The instruction set architecture specifies that the base for the branch address 
calculation is the address of the instruction following the branch. Since we 
compute PC + 4 ( the address of the next instruction) in the in:truction fetch 
datapath, it is easy to use this value as the base for comput111g the branch 

target address. 

- Address 

MemWrile 

Read 
data 

Data 

Write memory 

data 

MemRead 

a. Data memory unit 

4.3 Building a Datapath 

16 Sign- 32 
~ extend 

b. Sign extension unit 

FIGURE 4.8 The two units needed to implement loads and stores, in addition to the 
register file and ALU of Figure 4.7, are the data memory unit and the sign extension unit. 
The memory unit is a state clement with inpu ts fo r the address and the write data, and a single output fo r 
the read result. There arc separate read and write controls, although only one of these may be asserted on 
any given dock. The memorr unit needs a read signal, since, unlike the register file, reading the value of an 
invalid address can cause problems, as we will sec in Chapter 5. The sign extension unit has a 16-bi t input that 
is sign-extended into a 32-bit result appearing nn the output (sec Chapter 2) . We assumc the data memory is 
edge-triggered for writes. Standard memory chips actually have a write enable signal that is used for writes. 
Although the write enable is not edge-triggered, Ollr edge-triggered design could easily be adapted to work 
with real memory chips. Sec Section Cg of . Appendix C for further discussion or how real memory 
chips work. 

• The architecture also states that the offset field is shifted left 2 bits so that it 
is a word offset; this shift increases the effective range of the offset field by a 
factor of 4. 

To deal with the latter complication, we will need to shift the offset field by 2. 
As well as computing the branch target address, we must also determine whether 

the next instruction is the instruction that follows sequentially or the instruction 
at the branch target address. When the condition is true (i.e., the operands are 
equal), the branch target address becomes the new PC, and we say that the branch 
is taken . If the operands are not equal, the incremented PC should replace the 
current PC (just as for any other normal instruction); in this case, we say that the 
branch is nottaken . 

Thus, the branch datapath must do two operations: compute the branch target 
address and compare the register contents. (Branches also affect the instruction 
fetch portion of the datapath, as we will deal with shortly.) Figure 4.9 shows the 
structure of the data path segment that handles branches. To compute the branch 
target address, the branch data path includes a sign extension unit, from Figure 4.8 
and an adder. To perform the compare, we need to use the register file shown in 
Figure 4.7a to supply the two register operands (although we will not need to write 
into the register file). In addition, the comparison can be done using the ALU we 
designed in ~ Appendix C. Since that ALU provides an output signal that indicates 
whether the result was 0, we can send the two register operands to the ALU with the 
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branch taken A branch 
where the branch 
condition is satisfied and 

the program counter (PC) 
becomes the branch target. 

All unconditional branches 
are tilken branches. 

branch not taken or 
(untake n branch ) 

A branch wh ere the 
branch condition is fal se 

and the program counter 
(PC) becomes the address 

of the instruction that 
seq uentially follows the 

branch. 
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RGURE 4.9 The datapath for a branch uses the ALU to evaluate the branch condition 
and a separate adder to compute the branch target as the sum of the incremented PC 
and the sign-extended, lower 16 bits of the instruction (the branch displacement), shifted 
left 2 bits. The unit labeled Shift lcft 2 is sim ply a routing of the signals between input and output that 
adds OOtwu to the low-order end of lhe sign-extended offset field; no actual shift hardware is needed, since 
the amount of the "shift" is constant. Since we know that the off.~et was sign-extended from 16 bits, the shift 
will throwaway only"sign bits." Conlrollogic is used to decide whether the incremented PC or branch target 
should replace the PC, based on the Zero output of the ALU. 

control set to do a subtract. If the Zero signal out of the ALU unit is asserted, we 
know that the two values are equal. Although the Zero output always signals if the 
result is 0, we will be using it only to implement the equal test of branches. Later, 
we will show exactly how to connect the control signals of the ALU for use in the 
datapath. 

The jump instruction operates by replacing the lower 28 bits of the PC with 
the lower 26 bits of the instruction shifted left by 2 bits. This shift is accomplished 
simply by concatenating 00 to the jump offset, as described in Chapter 2. 

4.3 Building a Datapath 

Elaboration: In the MIPS instruction set, branches are delayed , meaning that the 
instruction immediately following the brancll is always executed, independent of whether 
the branch condition is true or false. When tile condition is false, the execution lool{s 
liI{e a normal branch. Wilen the condition is true, a delayed branch first executes the 
instruction immediately following the branch in sequential instruction order before 
jumping to the specified branch target address. The motivation for delayed branches 
arises from how pipelining affects branches (see Section 4.8). For simpliCity, we generally 
ignore delayed branches in tllis chapter and implement a nondelayed beq instruction. 

Creating a Single Datapath 

Now that we have examined the datapath components needed for the individual 
instruction classes, we can combine them into a single datapath and add the control 
to complete the implementation . This simplest data path will attempt to execute 
all instructions in one clock cycle. This means that no datapath resource can be 
used more than once per instruction, so any element needed more than once must 
be duplicated. We therefore need a memory for instructions separate from one for 
data. Although some of the functional units will need to be duplicated, many of the 
elements can be shared by different instruction flows. 

To share a datapath element between two different instruction classes, we may 
need to allow multiple connections to the input of an element, using a multiplexor 
and control signal to select among the multiple inputs. 

Building a Datapath 

The operations of arithmetic-logical (or R-type) instructions and the memory 
instructions data path are quite similar. The key differences are the following: 

• The arithmetic-logical instructions use the ALU, with the inputs coming 
from the two registers. The memory instructions can also use the ALU 
to do the address calculation, although the second input is the sign
extended 16-bit offset field from the instruction. 

• The value stored into a destination register comes from the ALU (for an 
R-type instruction ) or the memory (for a load). 

Show how to build a data path for the operational portion of the memory
reference and arithmetic-logical instructions that uses a single register file 
and a single ALU to handle both types of instructions, adding any necessary 
multiplexors. 
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To create a data path with only a single register file and a single ALU, we must 
support two different sources for the second ALU input, as well as two different 
sources for the data stored into the register file. Thus, one multiplexor is placed 
at the ALU input and another at the data input to the register file. Figure 4.lO 
shows the operational portion of the combined datapath. 
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FIGURE 4.10 The datapath for the memory instructions and the R-type instructions. This example shows how 
a single datapatb can be assembled fromlhc pieces in Figures 4.7 and 4.8 by adding multiplexors. Two multiplexors are needed, 

as described in the example. 

Now we can combine all the pieces to make a simple datapath for the MIPS 
architecture by adding the datapath for instruction fetch (Figure 4.6), the data path 
from R-type and memory instructions (Figure 4.10), and the data path for branches 
(Figure 4.9). Figure 4.11 shows the data path we obtain by composing the separate 
pieces. The branch instruction uses the main ALU for comparison of the register 
operands, so we must keep the adder from Figure 4.9 for computing the branch 
target address. An additional multiplexor is required to select either the sequen
tially following instruction address (PC + 4) or the branch target address to be 

written into the Pc. 
Now that we have completed this simple datapath, we can add the control unit. 

The control unit must be able to take inputs and generate a write signal for each 
state element, the selector control for each multiplexor, and the ALU control. The 
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FIGURE 4.11 The simple datapath for the MIPS architecture combines the elements required by different instruction 
classes. The components come from Figures 4.6, 4.9, and '1.10. This data path call execute the basic inst ructions (load-staT(.' word, ALU 
operations, and branches) in a single clock cycle. An additional multiplexor is needed to integrate branches. The support for jumps will be 
added later. 

ALU control is different in a number of ways, and it will be useful to design it first 
before we design the rest of the control unit. 

I. Which of the following is correct for a load instruction? Refer to Figure 4.10. Check 
a. MemtoReg should be set to cause the data from memory to be sent to the Yourself 

register file. 

b. MemtoReg should be set to cause the correct register destination to be sent to 
the register file. 

c. We do not care about the setting of MemtoReg for loads. 

II. The single-cycle data path conceptually described in this section III list have sepa
rate instruction and data memories, because 

a. the formats of data and instructions are different in MIPS, and hence different 
memories are needed. 



316 Chapter 4 The Processor 

b. having separate memories is less expensive. 

c. the processor operates in one cycle and cannot use a single-ported memory 
for two different accesses within that cycle 

II A S;mple Implementa';.n Scheme 

In this section, we look at what might be thought of as the simplest possible imple
mentation of our MIPS subset. We build this simple implementation using the 
data path of the last section and adding a simple control function. This simple 
implementation covers load word (1 VI), store word (SIV), branch equal (beq), and 
the arithmetic-logical instructions ad d, sub, AND, OR, and set on 1 ess t han. We 
will later enhance the design to include a jump instruction (j). 

The ALU Control 
The MIPS ALU in ~ Appendix C defines the 6 following combinations of four 

control inputs: 

ALU control lines Function 

0000 AND 

0001 DR 

0010 add 

0110 subtract 

0111 set on less than 

1100 NOR 

Depending on the instruction class, the ALU will need to perform one of these 
first five functions. (NOR is needed for other parts of the MIPS instruction set 
not found in the subset we are implementing.) For load word and store word 
instructions, we use the ALU to compute the memory address by addition. For 
the R-type instructions, the ALU needs to perform one of the five actions (AND, 
OR, subtract, add, or set on less than), depending on the value of the G-bit funct 
(or function) field in the low-order bits of the instruction (see Chapter 2). For 
branch equal, the ALU must perform a subtraction. 

We can generate the 4-bit ALU control input using a small control unit that has 
as inputs the function field of the instruction and a 2-bit control field, which we 
call ALUOp. ALUOp indicates whether the operation to be performed should be 
add (00) for loads and stores, subtract (01) for beq, or determined by the operatio n 
encoded in the funct field ( 10). The output of the ALU control unit is a 4-bit sigonl 

4.4 A Simple Implementation Scheme 

that directly controls the ALU by generating one of the 4-bit combinations shown 
previously. 

In Figure 4.12, we show how to set the ALU control inputs based on the 2-bit 
ALUOp control and the 6-bit function code. Later in this chapter we will see how 
the ALUOp bits are generated fro m the main control unit. 

Funet field 

FIGURE 4.12 How the ALU control bits are set depends on the ALUOp control bits and 
the different function codes for the R-type instruction. The opcodc, listed in the first column. 
determines the setting o f the ALUOp bil s. All the cncodings arc shown in binaq'. Notice that when the 
ALUOp code is 00 or 0 1, the desired ALU action does not depend on the function code field; in this 
case, we say th at we "don't care" abo ut the value of the function code, .md the funct field is shown as 
xxxxxx. When the ALUOp value is 10, then the function code is used to set the ALU con trol inpul. 
Sec II Appendix C. 

This style of using multiple levels of decoding-that is, the main control unit 
generates the ALUOp bits, which then are used as input to the ALU control that 
generates the actual signals to con trol the ALU unit-is a common implementation 
technique. Using multiple levels of control can reduce the size of the main control 
unit. Using several smaller con trol units may also potentially increase the speed of 
the control unit. Such optimizations are important, since the speed of the control 
unit is often critical to clock cycle time. 

There are several different ways to implement the mapping from the 2-bit 
ALUOp fi eld and the 6-bit funct field to the four ALU operation control bits. 
Because only a small number of the 64 possible values of the function field are of 
interest and the function field is used only when the ALUOp bits equal 10, we can 
use a small piece of logic that recognizes the subset of possible values and causes 
the correct setting of the ALU control bits. 

As a step in designing this logic, it is useful to create a truth table for the inter
esting combinations of the function code field and the ALUOp bits, as we've done 
in Figure 4.13; this truth table shows how the 4-bit ALU control is set depending 
on these two input fields. Since the full truth table is very large (28 = 256 entries) 
and we don:t care about the value of the ALU control for many of these input 
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truth table From logic, 
a representation of a 
logical operation by listing 
all the values of the inputs 
and then in each case 
showing what the resulting 
outputs should be. 



318 

don't*carc tcrm An 
element of a logical 
function in which the 
output docs not depend 
on the values of nil the 
input s. Don't · cnrc terms 
mny be specified in 
different ways. 

Chapter 4 The Processor 

ALUOp Funet field 

Operation 

FIGURE 4.13 The truth table for the 4 ALU control bits (called Operation). The inputs OlfC 

the ALVOp and funct ion code field. Only the en tries for which the ALU control is asserted arc shown. Some 
don't-care ent ries have been added. For example, the ALVOp docs not usc the encoding I\, so the truth table 
can contain entries IX and Xl, rather than JO and 01. Note that when the function field is used, the first 
2 bits (F5 and F'J) of these instructions atc always 10, so they arc don't-care terms and arc replaced wit h XX 
in the truth table. 

combinations, we show only the truth table entries for which the ALU control must 
have a specific value. Throughout this chapter, we will use this practice of showing 
only the truth table entries for outputs that must be asserted and not showing 
those that are all deasserted or don't care. (This practice has a d isadvantage, which 
we discuss in Section 0.2 of til Appendix D.) 

Because in many instances we do not care about the values of some of the inputs , 
and because we wish to keep the tables compact, we also include don't-care terms. 
A don't-care term in this truth table (represented by an X in an input column ) 
indicates that the output does not depend on the value of the input corresponding 
to that column. For exa mple, when the ALUOp bits are 00, as in the first row of 
Figure 4.13, we always set the ALU control to 0010, independent of the function 
code. In this case, then, the function code inputs will be don't cares in this line of 
the truth table. Later, we wi ll see examples of another type of don't-care term. If 
you are unfamiliar with the concept of don't-care terms, see til Appendix C for 
more information. 

Once the truth table has been constructed, it can be optimized and then turned 
into gates. This process is completely mechanical. Tlms, rather than show the final 
steps here, we describe the process and the result in Section D.2 of til Appendix D. 

Designing the Main Control Unit 

Now that we have described how to design an ALU that uses the function code and 
a 2-bit signal as its control inpu ts, we can return to looking at the rest of the co ntrol. 
To start this process, let's identify the fields of an instruction and the control lines 
that are needed for the data path we constructed in Figure 4. I I. To understand 
how to connect the fields o f an instruction to the datapath, it is useful to review 
the formats of the three instruction classes: the R-type, bran ch, and load-store 
instructions. Figure 4.1 4 shows these formats. 

4.4 A Simple Implementation Scheme 

Field 0 rs rt rd shaml funct 
Bit pOSitions 31:26 25:21 20:16 15:11 10:6 5:0 

a. R-type in struction 

Field I 35 or 43 I rs rt address 
Bit positions 31:26 25:21 20:16 15:0 

b. Load or s to re instruction 

Field 4 rs rt add ress 
Bit pos)tions 31:26 25:21 20:16 15:0 

c . Brunch in st ru ction 

FIGURE 4.14 The three Instruction classes (R·type, load and store, and branch) use two 
different instruction formats. The jump instructions usc anolher format. which we will discuss shortly. 
(a) Instruct ion (ormat (or R· format instructions. wh ich <I ll have an opcode ofO. These instructions have three 
register operands: rs. rt . and rd. Fields rs and rt arc sources, and rd is the destinat ion. The ALU function is 
in the funcl field and is decoded by the ALU control design in thc previous section. The n'I )'pe instructions 
that we implement are ad d, sub, AND, OR. and s 1 t. The shamt field is used only for shifls; we will ignore 
it in this chapter. (b) Instruction format for load (opcode = 35!cn) and store (opcade = 43

1
(u) instructions. 

The register rs is the base register that is added to the J6-bit add ress field to form the memory address. For 
loads, rt is the dest ination register for the loaded value. For stores, rt is the source register whose value shou ld 
be stored into memory. (c) Instruction format for branch equal (opcode = 4). The registers rs and rt arc the 
source registers that are compared for equa lity. The 16-bit address field is sign-extended, shifted, and added 
to the PC to compute the branch target address. 

There are several major observations about this instruction format that we will 
rely on: 

• The op field, also called the opcode, is always contained in bits 31:26. We will 
refer to this fi eld as Op[5:0j. 

• The two registers to be read are always specified by the rs and rt fields, at 
positions 25:2 1 and 20:16. This is true for the R-type instructions, branch 
equal, and store. 

• The base register for load and store instructions is always in bi t positions 
25:2 I (rs). 

• The . 16-bit offset for branch equal, load, and store is always in positions 
15:0. 

• The destination register is in one of two places. For a load it is in bit positions 
20:16 (rt) , while for an R-type instruction it is in bit positions 15:1 I (rd). 
Thus, we will need to add a mul tiplexorto select which fi eld of the instruction 
is used to indicate the register number to be written. 

The first design principle from Chapter 2- sil1lplicit), [nvors regllinrit)~pays off 
here in specifying control. 
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. I" c t'on ,"e can add the instruction labels and extra multip. lexor USlllg t liS 1Il,orma I " , , . I d tl 
e Write recrister number input of the register file) to the simp e . atapa 1. 

(for th I 0 I dd't' plus the ALU control block, the wnte signals for 
Figure 4.15 SlOWS t lese a I Ions l' 1 cor tI,e . 1 c 1 d Y and the contra Signa s ,. state elements, the read SIgna lor t 1e ata memo~ , . . " 1 
multiplexors. Since all the multiplexors have two lIlputs, they each lequire a slIlg e 

control line. . ' 1 1 2 b't ALUOp control 
Figure 4.15 shows seven single-bit control hnes p us t le. - I d . . 

. al We have ah'eady defined how the ALUOp control signal works, and It IS 
Sign, . '" . I d . ~ . . Ily before we eter
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describes the function of these seven control hnes. 
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FIGURE 4.15 The datapath of Figure 4.12 Wit~ all ~:c:s;~r~Cmdoe~ ~ot require a write contro l, since it is written once at the end 
lines are shown in color, The ALU control b,lock has a,lso c~n ~ • c,', ,e ' tt ' i~h the incremented PC or the branch tar~ct address , 
of every dock cycle; the branch conlrol lo~ lc dcternlllles w let ler It 15 \, rt en \, 
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Effect when deasserted Effect when asserted 

i number for the The register number the Write 
comes from the rt field register comes from the rd field (bits 15:11), 

The register on tile Write register input is 
written with the value on the Write data input. 

the output of the of the adder 
value of PC + 4, 

Data memory contents designated by the 
address input are put on the Read data outpul. 

Data memory contents designated by tile 
address input are replaced by the value on 
the Write data input. 

The value fed to the 
comes from the 

i data input 

FIGURE 4.16 The effect of each of the seven control signals. When the I-bit contro l to a two
way Olultiplexor is asserted, the multiplexor selects the input corresponding to I. Otherwise, if the control 
is deasserted, the Illuhiplexor sc!eclS the 0 input , Remember that the sla te clements all have the d ock as ,111 
implicit input and tha t the dock is used in controlling writes, Gating the clock externally 10 a slate clemenl 
c<In creale timing problems, (See til Appendix C for furl her di scussion of this problem, ) 

Now that we have looked at the function of each of the control signals, we can 
look at how to set them. The control unit can set all but one of the control signals 
based solely on the opcode field of the instruction. The PCSrc control line is the 
exception. That control line should be asserted if the instruction is branch on equal 
(a decision that the control unit can make) and the Zero output of the ALU, wh ich 
is used for equality comparison, is asserted. To generate the PCSrc signal, we will 
need to AND together a signal from the control unit, which we call Brnl1ch, with 
the Zero signal out of the ALU. 

These nine control signals (seven from Figure 4. 16 and two for ALUOp) can 
now be set on the basis of six input signals to the control unit, which are the opcode 
bits 31 to 26. Figure 4.17 shows the datapath with the control unit and the control 
signals. 

Before we try to write a set of equations or a truth table for the control unit, it 
will be useful to try to define the control function informally. Because the setting 
of the control lines depends only on the opcode, we define whether each control 
signal should be 0, 1, or don't care (X) for each of the opcode values. Figure 4.18 
defines how the control signals should be set for each opcode; this information 
follows directly from Figures 4.12, 4.16, and 4.17. 

Operation of the Datapath 

With the information contained in Figures 4.16 and 4. 18, we can design the 
control unit logic, but befo re we do that, let's look at how each instruction uses the 
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FIGURE 4.17 The simple datapath with the control unit. The input to the control unit is the 6-bit apcade field from the inst ruction. 
The Olltputs of the control unit consi st of three I-bit signals that arc used to control multiplexors (RegDst, ALUS.rc, and M~m~oReg), thr~e 
signals for controlling reads and writes in the register file and data memory (RegWrite, MemHead, and MemWnte): a I-bit signal ~sed 1Tl 

determining whether to possibly branch (Dranch), and a 2-bit contro l signal for the ALU (ALUOp). An AND gate IS ~sed to comll1~e the 
branch control signal and the Zero output from the ALUj the AND gate output controls the selection of the next Pc. NotICe that PCSrc IS now 
a derived signal , ra ther than one coming directly from the control unit. Thus, we drop the signainame in subsequent figures. 

datapath. In the next few figure5, we show the flow of three different instruction 
cia5ses through the datapath. The aS5erted control signal5 and active data path 
element5 are highlighted in each of these. Note that a multiplexor who5e control 
is 0 has a definite action, even if it5 control line i5 not highlighted. Multiple-bit 
control 5ignals are highlighted if any constituent signal is asserted. 
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Instruction 

RGURE 4.18 The setting of the control lines is completely determined by the opcode fields of the instruction. The first 
row of the table corresponds to the R-format instructions (ildd, s ub, AND, OR, and s 1 t ). For all these instructions, the source register fields 
arc rs and rt, and the destination register field is rd; this defines how the signals ALUSrc and RegOst are set. Furthermore, an R-type instruction 
writes a register (RegWrite = 1), but neither reads nor writes dat.l memory. When the Branch control signal is 0, the PC is unconditionally 
replaced with PC + 4; othen."isc, the PC i~ replaced by the branch larget if the Zero out put of the ALU is also high. The ALUOp field for R-lype 
instructions is sct to 10 to indicate that the ALU control should be generated from the funct field. The second and third rows of this table 
give the control signal settings for 1 \./ and 5 1'/ . These ALUSrc and ALUOp fields are set to perform the address calculation. The MemRead and 
MemWrite arc set to perform the memory access. Finally, RegOst and RegWritc arc set for a load to cause the result to be stored into the rt 
register. The branch inst ruct ion is similar to an R-format opera tion, since it sends the r5 and rt regi5te r~ to the ALU. The ALUOp field for branch 
is set for a subtract (ALU control = 01), which is used to test for equali ty. Notice thatlhc MemtoReg field is irrelevan t when the RegWrite signal 
is 0: since the register is not being written, the value of the data on the register data write port is not used. Thus, the entry MemtoReg in the last 
two rows of the table is replaced with X for don't care. Don't cares can also be added to RegOst when Reg\Vrite is O. This type of don't care must 
be added by the designer, since it depends on knowledge of how the datapath works. 

Figure 4.19 5how5 the operation of the data path for an R-type instruction, such 
as add HI. HZ. H3. Although everything occurs in one clock cycle, we can 
think of four steps to execute the in5truction; these 5tep5 are ordered by the flow 
of information: 

l. The instruction is fetched, and the PC is incremented. 

2. Two regi5ters, H Z and H3, are read from the register file; also, the main 
control unit computes the setting of the control lines during this step. 

3. The ALU operates on the data read from the register file, using the function 
code (bits 5:0, which is the funct field, of the in5truction ) to generate the 
ALU function. 

4. The result from the ALU is written into the regi5ter file using bits 15: II of 
the instruction to select the de5tination register ($tl). 

Similarly, we can illustrate the execution of a load word, 5uch a5 

l w $t1. offset<HZ) 

in a style similar to Figure 4.19. Figure 4.20 shows the active functional units and 
aS5erted control lines for a load. We can think of a load in5truction a5 operating in 
five step5 (5imilar to the R-type executed in four): 

1. An instruction is fetched from the instruction memory, and the PC IS 

incremented. 

2. A register ($t Z) value is read from the register file. 
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FIGURE 4.19 The datapath in operation for an R-type instruction, such as add $ t 1. $ t2 . $ t3. The conlrolllllcS, d,lt,\path 

units, and connections that arc act ive arc highlighted. 

3. The ALU computes the sum of the value read from the register file and the 
sign-extended. lower 16 bits of the instruction (offset). 

4. The sum from the ALU is used as the address for the data memory. 

5. The data from the memory unit is written into the register fi le; the register 
destination is given by bits 20: 1 G of the instruction ($t 1) . 
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FIGURE 4.20 The datapath m operation for a load Instruction. The con trol hnes, datapath umts, and connections that ,Ire aClive 
arc highlighted. A store instruct ion would operate vef}' similarly. The main difference would be that the memory control would indic<ltc a write 
rather than a rC<ld , the second register value read would be used for the data to store, :Ind the operation of writing the data memory value to 
the register file wou ld not occur. 

Finally. we can show the operation of the branch-on-equal instruction. such as 
beq Hi. H2. offset. in the same fashion. It operates much like an R-format 
instruction. but the ALU output is used to determine whether the PC is written 
with PC + 4 or the branch target address. Figure 4.21 shows the four steps In 

execution: 

I. An instruction IS fetched from the instruction memory. and the PC IS 

incremented. 

2. Two registers. $t 1 ancl H2. are read from the register file. 
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~ ____________ (ro 

---I ~ _________ rj--'I~ ~ 
4 ~ Add ~~ddr:sLuY.~ ~ 

/"\ \[jR~e~g~o~s~t~====~=~=~~i~=t ======1D~~~~ ____________ ~ 

Read 
address 

Instruction 
[31-01 

Instruction 
memory 

( '\ Branch 
MemRead 

\ L RegWrile 

Instruclion [31-26] contro,!~M~e~m~'~OR~~eeo~~~=======t==~---l ALUO 
MemWrite 
ALUSrc 

Instruction [25-21] Read 
O:::=:':::=::::--=-"-~I register 1 Read e-I--I-+~[ 
Instruction [20-16] Read data 1 rt 
F=:':::="L;:---":::_~I mgisler 2 Zero r-

' OM' ALU 
Write Read r--- o~x r:s~Yt r* 

Instruction [15-1 1] ~ register data 2 

'Y Write t+-
4----- - --' I data Registers --:!... Write Data 

4-l-----1f----+~[ data memory 

Instruc\lOn [15-oJ 16 Slgn- L1:.. I~LU L 
extend 1''- control r 

Instruction [5-0] 

Read __ 1 
Address data i • M 

u 

r--ci' 

RGURE 4.21 The datapath in operation for a branch·on-equal IRstructlon. I he canlrol hnes,. d.ltapath unItS, ,md connectIOns 

that arc active arc highlighted. After using the register file and ALU \0 perform the compare, the Zero output IS used \0 select the next program 
counter from between the two candidates. 

3, The ALU performs a subtract on the data values read from the register 
file. The value of PC + 4 is added to the sign-extended, lower 16 b,ts of 
the instruction (offse t) shifted left by two; the result is the branch target 
address. 

4. The Zero result from the ALU is used to decide which adder result to store 
into the pc. 

4.4 A Simple Implementation Scheme 

Finalizing Control 

Now that we have seen how the instructions operate in steps, let's continue with the 
control implementation. The control function can be precisely defined using the 
contents of Figure 4.18, The outputs are the control lines, and the input is the 6-bit 
opcode field, Op [5:01. Thus, we can create a truth table for each of the outputs 
based on the binary encoding of the opcodes. 

Figure 4.22 shows the logic in the control unit as one large truth table that 
combines all the outputs and that uses the opcode bits as inputs. It completely 
specifies the control function, and we can implement it directly in gates in an 
automated fashion. We show this final step in Section D.2 in tDJ Appendix D. 

Now that we have a single-cycle implementation of most of the MIPS core 
instruction set, let's add the jump instruction to show how the basic data path and 
control can be extended to handle other instructions in the instruction set. 

Input or output Signal name 

Inputs 

Outputs 

FIGURE 4.22 The control function for the simple single-cycle implementation is com· 
pletely specified by this truth table. The top half of the table gives thc combinations of input signals 
that correspond to the four apcades, one per column, that dctermine the control output settings. (Remem
ber lhat Op [S:Oj corresponds to bits 31:26 of the instruction, which is the op field.) The bottom port ion 
of the table gives the outputs for each of the four opcodes. Thus, the output RegWrite is asserted for two 
different combinations of the inputs. If we consider only the four opcodes shown in this table, then we can 
simp lify the truth lable by using don't cares in the inpu t portion. For example, wc can detect an R-format 
instruction with the expression OpS . Op2, sincc this is sufficient to distinguish the R-format instructions 
from 1 \~, S~I , and beq. We do not take advantage of this simplification, since the rest of the IVlIPS opcodes 
are used in a full implementation . 
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single-cycle 
implementation Also 
called single clock cycle 
implementation. An 
implementation in which 
an instruction is executed 
in one clock cycle. 
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Field 

Implementing Jumps 

Figure 4.17 shows the implementation of many of the instructions we looked at 
in Chapter 2. One class of instructions missing is that of the jump instruction. 
Extend the datapath and control of Figure 4.17 to include the jump instruction. 
Describe how to set any new control lines. 

The jump instruction, shown in Figure 4.23, looks somewhat like a branch 
instruction but computes the target PC differently and is not conditional. Like 
a branch, the low-order 2 bits of a jump address are always OOtwo' The next 
lower 26 bits of this 32-bit address come from the 26-bit immediate field in 
the instruction. The upper 4 bits of the address that should replace the PC 
come from the PC of the jump instruction plus 4. Thus, we can implement a 
jump by storing into the PC the concatenation of 

• the upper 4 bits of the current PC + 4 (these are bits 31 :28 of the sequen
tially following instruction address) 

• the 26-bit immediate field of the jump instruction 

• the bits OOIWO 

Figure 4.24 shows the addition of the control for jump added to Figure 4.17. 
An additional multiplexor is used to select the source for the new PC value, 
which is either the incremented PC (PC + 4), the branch target PC, or the jump 
target Pc. One additional control signal is needed for the additional multi
plexor. This control signal, called JlImp, is asserted only when the instruction is 
a jump-that is, when the opcode is 2. 

000010 address 
Bit positions 31:26 25:0 

FIGURE 4.23 Instruction format for the jump instruction (opcode = 2). The destination address 
for a jump instruction is formed by concatenating the upper" bits of the current PC +" to the 26-bil address 
fiel d in the jump instruction and adding 00 as the 2 low-order bits. 

Why a Single-Cycle Implementation Is Not Used Today 

Although the single-cycle design will work correctly, it would not be used in modern 
designs because it is inefficient. To see why this is so, notice that the clock cycle must 
have the same length for every instruction in this single-cycle design. Of course, 

4.4 A Simple Implementation Scheme 

Instruction [25-0] ~~,J~u:m~p~a:dd~r~e':'~1~31:0:1 F~=========?a~L L:;J, 
Add ~ ~ 

x x 

4 - AddJb-l:SLUYt 1 !----~ 

r{ AegDst Shift 
Jump left 2 

,~!iB!ra!nl'hl!~~l:~~~~::~~~~~~::::'j--l MemRead 

r
ln_'_lru.:.' .... II .... on_Ic:3.:.'-.... 2"'611 MemtoReg 

Control ALUa 

MemWrile 
ALUSrc 

L RegWrile 

JRe:ad-II I~"'C"~lr~u:'''~lo~n.l'12~S~21'.!J~.1 Read Read 
PC.... address register 1 Read H.+-+-I 

Instruction [20-16] Read data 1 ~t 
'-- Instruction 131-01 

Instruction 
memory 

11+-- ---'-rL..--',O,="'·1 register 2 Zero r-
M Ad ALU ALU ....... Read 1 

Write ea f-+-IOM resul1 r - Address data - I M 
Instruction [15-1 1J ~ register data 2 

u u 
-1..- Write L..... x r-X 

I data Registers I ~ J.___ -Q.., 
- Wrl1e Data 

4+-~-AL-u-I--H dolo memory 
Lln_'_I'_U_"_lo_n.:.11_5----'01'---i"1o--'.I6"'1 Sign- L~~ 

extend I"" control}-

Instruction [5-0] 
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FIGURE 4.24 The simple control and datapath are extended to handle the jump instruction. An additional multiplexor 
(at tbe upper right ) is used 10 choose between the jump target and either the branch target or the sequential instruction following this one. This 
multiplexor is controlled by th e jump control signal. The jump target address is obtained by sh ifting th e lowcr 26 bits of th e jump instruction 
left 2 bits, effcctively adding 00 as the low-order bits, and then concatenating the upper" bits of PC + " as the high -order bits, thus yielding a 
32-bit address. 

the clock cycle is determined by the longest possible path in the processor. This path 
is almost certainly a load instruction, which uses five functional units in series: the 
instruction memory, the register file, the ALU, the data memory, and the register 
file. Although the CPI is 1 (see Chapter 1), the overall performance of a single-cycle 
implementation is likely to be poor, since the clock cycle is too long. 
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The penalty for using the single-cycle design with a fixed clock cycle is significant, 
but might be considered acceptable for this small instruction set. Historically, ea rly 
computers with very simple instruction sets did use this implementation technique. 
However, if we tried to implement the floating-point unit or an instruction set with 
more complex instructions, this single-cycle design wouldn't work well at all. 

Because we must assume that the clock cycle is equal to the worst-case delay for 
all instructions, it's useless to try implementation techniques that reduce the delay 
of the common case but do not improve the worst-case cycle time. A single-cycle 
implementation thus violates our key design principle from Chapter 2 of making 
the common case fast. 

In next section, we'll look at another implementation technique, called pipelin
ing, that uses a datapath very similar to the single-cycle data path but is much more 
efficient by having a much higher throughput. Pipeiining improves efficiency by 
executing multiple instructions simultaneously. 

Check Look at the control signals in Figure 4.22. Can you combine any together? Can any 
Yourself control signal output in the figure be replaced by the inverse of another? (H int: take 

into account the don't cares.) If so, can you use one signal for the other without 
adding an inverter? 

Never W(1ste ti1lle. 

American proverb 

pipelining An 
implementation 
technique in which 
multiple instructions arc 
overlapped in execution, 
much like an assembly 
line. 

II An Ove .. ;ew of P;pe';n;ng 

Pipelining is an implementation technique in which multiple instructions arc 
overlapped in execution. Today, pipelining is nearly universal. 

This section relies heavily on one analogy to give an overview of the pipeiining 
terms and issues. If you are interested in just the big picture, you should concen
trate on this section and then skip to Sections 4. 10 and 4.11 to see an introduction 
to the advanced pipelining techniques used in recent processors such as the 
AlvID Opteron X4 (Barcelona) or Intel Core. If you are interested in exploring the 
anatomy of a pipelined computer, this section is a good introduction to Sections 4.6 
through 4.9. 

Anyone who has don e a lot of laundry has intuitively used pipelining. The /l 01/-

pipe/i/1ed approach to laundry would be 

1. Place one dirty load of clothes in the washer. 

2. When the washer is finished, place the wet load in the dryer. 

3. When the dryer is finished, place the dry load on a table and fold. 

4. When folding is fini shed, ask your roommate to put the clothes away. 

When your roommate is done, then start over with the next dirty load. 

4.5 An Overview of Plpelining 

The pipe/iI/cd approach takes much less time, as Figure 4.25 shows. As soon 
as the washer is finished with the first load and placed in the dryer, you load the 
washer with the second dirty load. When the first load is dry, you place it on the 
table to start folding, move the wet load to the dryer, and the next dirty load into 
the washer. Next you have your roommate put the first load away, you start fold
ing the second load, the dryer has the third load, and you put the fourth load into 
the washer. At this point all steps-called stnges in pipeiining-are operating con
currently. As long as we have separate resources for each stage, we can pipeline the 
tasks. 

The pipelining paradox is that the time from placing a single dirty sock in the 
washer until it is dried, folded, and put away is not shorter for pipelining; the reason 
pipelining is faster for many loads is that everything is working in parallel, so more 
loads are finished pel' hour. Pipelining improves throughput of our laundry system. 
Hence, pipelining would not decrease the time to complete one load of laundry, 
but when we have many loads of laundry to do, the improvement in throughput 
decreases the total time to complete the work. 

6 PM 7 8 9 10 11 12 1 2 AM 

TIme-~1"~~==~~~~=~~==~~~~==~~"~~F~==f~-, ,- 1-1- , 1-, ,- 1-1- , ,- 1-1- 1 
Task 
order 

A 

B 

c 

o 

I~ • 1~ti\1i·I~~. 
I~~I 

6 PM 7 8 9 10 t t 12 2 AM 

Time --'l'~~=:ISi ~I~~I"----TI - TI --r-~I=--
Task 

orde~ I~ • 
B 

c 

o 

I~ • 
I~ • 
I~~. 

FIGURE 4.25 The laundry analogy for pipelining. Ann, Brian, Ca thy, and Don caclt have dirlyclothcs 
to be washed, dried, folded, and PUI away. The washer, dryer, "folder," and "storer" each take 30 minutes for 
their task. Sequential laundry takes 8 houTs for 4 loads of wash, while pipclincd l<lundry t<lkcs just 3.5 hours. 
\Ve show the pipeline stage of different loads over lime by showing copies of the four resources on this 
two-dimensional time line, bll t we really have just one of each resource. 
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If all the stages take about the same amount of time and there is enough work 
to do, then the speed-up due to pipelining is equal to the number of stages in 
the pipeline, in this case four: washing, drying, folding, and putting away. There
fore, pipelined laundry is potentially four times faster than nonpipelined: 20 loads 
would take about 5 times as long as I load, while 20 loads of sequential laundry 
takes 20 times as long as I load. It's only 2.3 times faster in Figure 4.25, because 
we only show 4 loads. Notice that at the beginning and end of the workload in the 
pipelined version in Figure 4.25, the pipeline is not completely full; this start-up 
and wind-down affects performance \vhen the number of tasks is not large com
pared to the number of stages in the pipeline. If the number of loads is much larger 
than 4, then the stages will be full most of the time and the increase in throughput 
will be very close to 4. 

The same principles apply to processors where we pipeline instruction execution. 
MIPS instructions classically take five steps: 

l. Fetch instruction from memory. 

2. Read registers while decoding the instruction. The regular format of MIPS 
instructions allows reading and decoding to OCCllr simultaneously. 

3. Execute the operation or calculate an address. 

4. Access an operand in data memory. 

5. Write the result into a register. 

Hence, the MIPS pipeline we explore in this chapter has five stages. The following 
example shows that pipelining speeds up instruction execution just as it speeds up 
the laundry. 

Single-Cycle versus Pipe lined Performance 

To make this discussion concrete, let's create a pipeline. In this example, and 
in the rest of this chapter, we limit our attention to eight instructions: load 
word (1\;), store word (s w), add (a dd), subtract ( s ub), AND (a nd ), OR (0 r), 
set less than (s 1 t), and branch on equal (beq). 

Compare the average time between instructions of a single-cycle imple
mentation, in which all instructions take one clock cycle, to a pipelined imple
mentation. The operation times for the major functional units in this example 
are 200 ps for memory access, 200 ps for ALU operation, and 100 ps for register 
file read or write. In the single-cycle model, every instruction takes exactly one 
clock cycle, so the clock cycle must be stretched to accommodate the slowest 
instruction. 

, 

4.5 An Overview of Pipelinlng 

Figure 4.26 shows the time required for each of the eight instructions. The 
single-cycle design must allow for the slowest instruction- in Figure 4.26 it is 
1 w-so the time required for every instruction is 800 ps. Similarly to Figure 
4.25, Figure 4.27 compa res nonpipelined and pipelined execution of three load 
word instructions. Thus, the time between the first and fourth instructions in 
the nonpipelined design is 3 x 800 ns or 2400 ps. 

All the pipeline stages take a single clock cycle, so the clock cycle must be 
long enough to accommodate the slowest operation. Just as the single-cycle 
design must take the worst-case clock cycle of 800 ps, even though some 
instructions can be as fast as 500 ps, the pipelined execution clock cycle must 
have the worst-case clock cycle of 200 ps, even though some stages take on ly 
100 ps. Pipelining still offers a fourfold performance improvement: the time 
between the first and fourth instructions is 3 x 200 ps or 600 ps. 

Instruction class 

FIGURE 4.26 Total time for each instruction calculated from the time for each component. 
This calculation assumes th at th e multiplexors, control unit, PC accesses, and sign cxtcmioll unit havc no 
delay. 

We can turn the pipelining speed-up discussion above into a formula. If the 
stages are perfectly balanced, then the time between instructions on the pipelined 
processor-assuming ideal conditions-is equal to 

Time between instructionSpipclincd 
Time between instructionsnonpipelined 

Number of pipe stages 

Under ideal conditions and with a large number of instructions, the speed-up from 
pipelining is approximately equal to the number of pipe stages; a five-stage pipeline 
is nearly five times faster. 
. The formula suggests that a five-stage pipeline should offer nearly a fivefold 
Improvement over the 800 ps nonpipelined time, or a 160 ps clock cycle. The 
example shows, however, that the stages may be imperfectly balanced. In addition, 
pipelining involves some overhead, the source of which will be more clear shortly. 
Thus, the time per instruction in the pipelined processor will exceed the minimum 
possible, and speed-up will be less than the number of pipeline stages. 

333 

ANSWER 



334 Chapter 4 The Processor 

Program 
execution 
order 

200 400 600 800 1000 1200 1400 1600 1 800 Time----~~~~--~~~~--~~~~--~~~~--~~ 

(in instructions) 
;-:----:--;--,--,----;:-,-----,-,-----, 

Iw 

Iw $2, 200($0) 

Iw $3, 300($0) 

800 ps 

Program 
execution 
order 

200 400 600 800 1000 1200 1400 Time -----=::~---.:~'---~'¢:---~~~~'-----'-':;:.:_--:...:.;=------

(in instructions) 

I Instruction I"" ALU Dala 
"'9 I fetch access Iw $1, 100($0) 

Instruction !Reg ALU Data R09l 200 ps lelch access Iw $2, 200($0) 

Instruclion 

I"" ALU Data I Reg I 200 ps letch access Iw $3, 300($0) 

200 ps 200 ps 200 ps 200 ps 200 ps 

FIGURE 4.27 Single-cycle, nonpipelined execution in top versus pipelined execution in 
bottom. Doth usc the same hardware components, whose time is listed in Figure 4.26. In this case, we sec a 
fourfold speed -up on average time between instructions, from 800 ps down to 200 ps. Compare this figure 
to Figure 4.25. For the laundry, we assumed all stages were equal. If the dryc,r \:crc slowest, then the dryer 
slage would sct the stage time. The pipeline stage times of a computer arc also hml~ed by the slowes.t resource, 
either the ALU operation or the memory access. \Ve assume the write to the register file oCCl~rs In the ~rst 
half of the clock cycle and the read from the register file occurs in the second half. We use tlus assumptIOn 
throughout this chapter. 

Moreover, even our claim of fourfold improvement for our example is not 
reflected in the total execution time for the three instructions: it's 1400 ps versus 
2400 ps. Of course, this is because the number of instructions is not large. What 
would happen if we increased the number of instructions? We could extend the 
previous figures to 1,000,003 instructions, We would add I ,000,000 mstruct~ons 
in the pipelined example; each instruction adds 200 ps to the total executJOn tIme. 
The total execution time would be 1,000,000 x 200 ps + 1400 ps, or 200,001,400 
ps. In the nonpipelined example, we would add 1,000,000 instructions, each tak
ing 800 ps, so total execution time would be 1,000,000 x 800 ps + 2400 ps, or 
800,002,400 ps. Under these conditions, the ratio of total executJOn tImes for real 
programs on nonpipelined to pipelined processors is close to the ratio of times 
between instructions: 

.::.80.::.:0c'-,0~0~2':..,4",00,",p,--s ~ _80_0_p_s ~ 4 00 
200,00 I ,400 ps 200 ps . 

4.5 An Overview of Pipelining 

PipeJining improves performance by increasing illstmct;ol1 throllghpllt, as 
opposed to decrensillg the execllt;on time of (/11 illdil'idlln/ instruction, but instruction 
throughput is the important metric because real programs execute billions of 
instructions. 

Designing Instruction Sets for Pipelining 

Even with this simple explanation of pipelining, we can get insight into the design 
of the MIPS instruction set, which was designed for pipelined execution. 

First, all MIPS instructions are the same length. This restriction makes it much 
easier to fetch instructions in the first pipeline stage and to decode them in the 
second stage. In an instruction set like the x86, where instructions vary from 1 byte 
to 17 bytes, pipelining is considerably more challenging. Recent implementations 
of the x86 architecture actually translate x86 instructions into simple operations 
that look like MIPS instructions and then pipeline the simple operations rather 
than the native x86 instructions! (See Section 4.10. ) 

Second, MIPS has only a few instruction formats, with the source register fields 
being located in the same place in each instruction. This symmetry means that the 
second stage can begin reading the register file at the same time that the hardware 
is determining what type of instruction was fetched. If MIPS instruction formats 
were not symmetric, we would need to split stage 2, resulting in six pipeline stages. 
We will shortly see the downside of longer pipelines. 

Third, memory operands only appear in loads or stores in MIPS. This restric
tion means we can use the execute stage to calculate the memory address and 
then access memory in the following stage. If we could operate on the operands in 
memory, as in the x86, stages 3 and 4 would expand to an address stage, memory 
stage, and then execute stage. 

Fourth, as discussed in Chapter 2, operands must be aligned in memory. Hence, 
we need not worry about a single data transfer instruction requiring hvo data 
memory accesses; the requested data can be transferred between processor and 
memory in a single pipeline stage. 

Pipeline Hazards 

There are situations in pipelining when the next instruction cannot execute in the 
following clock cycle, These events are called hazards, and there are three different 
types. 

Structural Hazards 

The first hazard is called a structural hazard. It means that the hardware cannot 
support the combination of instructions that we want to execute in the same clock 
cycle. A structural hazard in the laundry room would occur if we used a washer
dryer combination instead of a separate washer and dryer, or if ollr roommate was 
busy doing something else and wouldn't put clothes away. Our carefully scheduled 
pipeline plans would then be foiled. 
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structural hazard When 
a planned instruction 
cannot execule in the 
proper clock cycle because 
the hardware does not 
support the combination 
of instructions that are set 
to execute. 
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data hazard Also 
called a pipeline data 
hazard. When a planned 
instruction cannot exe
cute in the proper clock 
cycle because data that 
is needed to execute the 
instruction is not yet 
available. 

forwarding Also called 
bypassing. A method of 
resolving a data hazard 
b}' retrieving the missing 
data element from 
internal buffers rather 
than waiting for it to 
arrive from programmer
visible registers or 
memory. 

EXAMPLE 

Chapter 4 The Processor 

As we said above, the MIPS instruction set was designed to be pipelined, making 
it fairly easy for designers to avoid structural hazards when designing a pipeline. 
Suppose, however, that we had a single memory instead of two memories. If the 
pipeline in Figure 4.27 had a fourth instruction, we would see that in the same 
clock cycle the first instruction is accessing data from memory while the fourth 
instruction is fetching an instruction from that same memory. vVithout two mem
ories, our pipeline could have a structural hazard. 

Data Hazards 

Data hazards occur when the pipeline must be stalled because one step must wait 
for another to complete. Suppose you found a sock at the folding station for which 
no match existed. One possible strategy is to run down to your room and search 
through your clothes bureau to see if you can find the match. Obviously, while you 
are doing the search, loads that have completed drying and are ready to fold and 
those that have finished washing and are ready to dry must wait. 

In a computer pipeline, data hazards arise from the dependence of one instruc
tion on an earlier one that is still in the pipeline (a relationship that does not really 
exist when doing laundry). For example, suppose we have an add instruction fol
lowed immediately by a subtract instruction that uses the sum ($50 ): 

add $5 0, $t O, H I 
s ub H2 . $50 . $t3 

Without intervention, a data hazard could severely stall the pipeline. The ad d 
instruction doesn't write its result until the fifth stage, meaning that we would have 
to waste three clock cycles in the pipeline. 

Although we could try to rely on compilers to remove all such hazards, the 
results would not be satisfactory. These dependences happen just too often and the 
delay is just too long to expect the compiler to rescue us from this dilemma. 

The primary solution is based on the observation that we don't need to wait for 
the instruction to complete before trying to resolve the data hazard. For the code 
sequence above, as soon as the ALU creates the sum for the add, we can supply it as 
an input for the subtract. Adding extra hardware to retrieve the missing item early 
from the internal resources is called forwarding or bypassing. 

Forwarding with Two Instructions 

For the two instructions above, show what pipeline stages would be connected 
by forwarding. Use the drawing in Figure 4.28 to represent the data path during 
the five stages of the pipeline. Align a copy of the datapath for each instruction, 
similar to the laundry pipeline in Figure 4.25. 

4.5 An Overview of Pipelining 

Time 
200 400 600 800 1000 

add $sO. $10, $11 

FIGURE 4.28 Graphical representation of the instruction pipeline, similar in spirit to the 
laundry pipeline in Figure 4.25. Here we usc symbols represeming the physical resources with the 
ilbbreviations for pipeline stages used throughout the chilpter. The symbols for the five stages: IF for the 
instruction fetch stilge, with the box representing instruction memory; If] for the instruction decode/register 
file read stage, with the drawing showing the register file being read; EX for the execution stage, with the 
drawing representing the ALU; AJEM for the memory access stage, with the box representing da ta memory; 
and WB for the write-back Singe, with the drawing showing the register file being written. The shading 
indicates the clement is used by the instruction. Hence, MEM has a white bilckground beciluse a dd docs not 
access the data memory. Shading on the right half of the register file or memory means the element is read 
in that stage, ilnd shilding of the left half means it is written in that stage. Hence the right hal f of [0 is shnded 
in the second stage because the register file is read, and the left half ofW13 is shaded in the fifth stage because 
the register file is wriUen. 

Figure 4.29 shows the connection to forward the value in $ 5 0 after the execu
tion stage of the a dd instruction as input to the execution stage of the 5 II b 
instruction. 

Program 

execution 200 400 600 800 1000 
order Time -----'::;.::'-----'.:;"------=:;:::..---':;:.=---:::;=--
(in Instructions) 

add $sO, $\0, $11 [I]---{ 

sub $12, $sO, $13 [IJ--{ID~ B 

FIGURE 4.29 Graphical representation of forwarding. The connection shows the forwarding path 
from the output of the EX stage of add to the input of the EX stage for 5 u b, replacing the value from register 
$ 5 0 read in the second stage of 5 u b. 

In this graphical representation of events, forwarding paths are valid only if the 
destination stage is later in time than the source stage. For example) there cannot 
be a valid forwarding path from the output of the memory access stage in the first 
instruction to the input of the execution stage of the following, since that would 
mean going backward in time. 

Forwarding works very well and is described in detail in Section 4.7. It cannot 
prevent all pipeline stalls, however. For example, suppose the first instruction was a 

337 

ANSWER 



338 

load-use data hazard 
A specific form of data 
hazard in which the data 
being loaded by a load 
instruction has not yet 
become available when 
it is needed by another 
instruction. 

pipeline stall Also called 
bubble. A stall initiated in 
order to resolve a hazard. 

EXAMPLE 

Chapter 4 The Processor 

Program 
execution 
order 

200 400 600 800 1000 1200 1400 
Time----~~~--~~--~~----~~--~~----~~--~~-

(in instructions) 

Iw $50. 20($11) [I)-J L~ 

sub $12. $50. $13 [I)-diD 

FIGURE 4.30 We need a stall even with forwarding when an R·format instruction following 
a load tries to use the data. Without the 51<111, the path from memory access stage output to execution 
stage input would be going backward in lime, which is impossible. This figure is actually a simplification, 
since we cannot know until after the subtract instruction is fetched and decoded whether or not a stall will be 
necessary. Section 4.7 shows the details of what really happens in the case of a hazard. 

load of $ 5 0 instead of an add. As we can imagine from looking at Figure 4.29, the 
desired data would be available only after the fourth stage of the first instruction 
in the dependence, which is too late for the illpllt of the third stage of sub. Hence, 
even with forwarding, we would have to stall one stage for a load-use data hazard , 
as Figure 4.30 shows. This figure shows an important pipeline concept, officially 
called a pipeline staU, but often given the nickname bubble. We shall see stalls 
elsewhere in the pipeline. Section 4.7 shows how we can handle hard cases like 
these, using either hardware detection and stalls or software that reorders code to 
try to avoid load-use pipeline stalls, as this example illustrates. 

Reordering Code to Avoid Pipeline Stalls 

Consider the following code segment in C: 

a ~ b + e; 
c ~ b + f; 

Here is the generated MIPS code for this segment, assuming all variables are in 
memory and are addressable as offsets from HO: 

4.5 An Overview of Pipelining 

lvl $tl . O(HO) 
lvl HZ . 4( HO) 
add H3 . H I. HZ 
sW H3. 12(HO) 
lw H4. 8 (HO) 
add $tS. H 1. H4 
sW HS . 16(HO) 

Find the hazards in the following code segment and reorder the instructions to 
avoid any pipeline stalls. 

Both add instructions have a hazard because of their respective dependence 
on the immediately preceding 1 I; instruction. Notice that bypassing eliminates 
several other potential hazards, including the dependence of the first add on 
the first 1 wand any hazards for store instructions. Moving up the third 11'1 
instruction to become the third instruction eliminates both hazards: 

lw H1. O(HO) 
lw H2. 4( HO) 
hi $t 4 . 8 ($tO) 
add $t3 . $t 1. H2 
sW H3 . 12(HO) 
add $tS. $tl.H4 
sw $tS . 16(HO) 

On a pipelined processor with forwarding, the reordered sequence will com
plete in two fewer cycles than the original version. 

Forwarding yields another insight into the MIPS architecture, in addition to the 
four mentioned on page 335. Each MIPS instruction writes at most one result and 
does this in the last stage of the pipeline. Forwarding is harder if there are multiple 
results to forward per instruction or they need to write a result early on in instruc
tion execution. 

Elaboration: The name "forwarding" comes from the idea that the result is passed 
forward from an earlier instruction to a later instruction. "Bypassing" comes from pass
ing the result around the register file to the desired unit. 

Control Hazards 

The third type of hazard is called a control hazard, arising from the need to make a 
decision based on the results of one instruction while others are executing. 

Suppose our laundry crew was given the happy task of cleaning the uniforms 
of a football team. Given how filthy the laundry is, we need to determine whether 
the detergent and water temperature setting we select is strong enough to get the 
uniforms clean but not so strong that the uniforms wear out sooner. In our laundry 
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control hazard Also 
called branch hazard. 
When the proper 
instruction cannot 
execute in the proper 
pipeline clock cycle 
because the instruction 
that was fetched is not the 
one that is needed; that 
is, the flow of instruction 
addresses is not what the 
pipeline expected. 
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pipeline, we have to wait until the second stage to examine the dry uniform to sec 
if we need to change the washer setup or not. What to do? 

Here is the first of two solutions to control hazards in the laundry room and its 
computer equivalent. 

Stnll: Just operate sequentially until the first batch is dry and then repeat until 
you have the right formula. 

This conservative option certainly works, but it is slow. 
The equivalent decision task ill a computer is the branch instruction. Notice that 

we must begin fetching the instruction following the branch on the very next clock 
cycle. Nevertheless, the pipeline cannot possibly Imow what the next instruction 
should be, since it Dilly just received the branch instruction from memory! Just as 
with laundry, one possible solution is to stall immediately after we fetch a branch , 
waiting until the pipeline determines the outcome of the branch and knows what 
instruction address to fetch from. 

Let's assume that we put in enough extra hardware so that \ve can test registers, 
calculate the branch address, and update the PC during the second stage of the 
pipeline (see Section 4.8 for details). Even with this extra hardware, the pipeline 
involving conditional branches would look like Figure 4.31. The 1" instruction, 
executed if the branch fails, is stalled one extra 200 ps clock cycle before starting. 

Program 
. 200 400 600 800 1000 1200 1400 

execution Time ---=;~-.c:;~-~'------'~'---~~,---...:c:r--'.:;~--
order 
(in instructions) 

add $4, $5, $6 

beq $1, $2, 40 

or$7, $8,$9 

FIGURE 4.31 Pipeline showing stalling on every conditional branch as solution to control 
hazards. This example assumes the conditional branch is taken, and the inslruction at the destination of 
the branch is the OR instruction. There is a one-stage pipeline stall, or bubble, after the branch. In reality, the 
process of creatin g a stall is sl ightly more complicated, as we will sec in Section 4.B. The effect on performance, 
howc\'cr, is the same as would occur if a bubble were inserted. 

4.5 An Overview of Pipelining 

Performance of "Stall on Branch" 

Estimate the impact on the clock cycles per instruction (CPr) of stalling on 
branches. Assume all other instructions have a CPI of 1. 

Figure 3,27 in Chapter 3 shows that branches are 17% of the instructions 
executed in SPECint2006. Since the other instructions run have a CPI of 1, and 
branches took one extra clock cycle for the stall, then we would see a CPI of 
1.17 and hence a slowdown of 1.17 versus the ideal case. 

If we cannot resolve the branch in the second stage, as is often the case for longer 
pipelines, then we'd see an even larger slowdown if we stall on branches, The cost of 
this option is too high for most computers to use and motivates a second so lution 
to the control hazard: 

Predict: If you're pretty sure you have the right formula to wash uniforms, then 
just predict that it will work and wash the second load while waiting for the first 
load to dry. 

This option does not slow down the pipeline when you are correct. When you are 
wrong, however, you need to redo the load that was washed while guessing the 
decision. 

Computers do indeed use prediction to handle branches. One simple approach 
is to predict always that branches will be untaken. When you're right, the pipeline 
proceeds at full speed. Only when branches are taken does the pipeline stall. 
Figure 4.32 shows such an example. 

A more sophisticated version of branch prediction would have some branches 
predicted as taken and some as untaken. In our analogy. the dark or home uni
forms might take one formula while the light or road uniforms might take another. 
In the case of programming, at the bottom of loops are branches that jump back to 
the top of the loop. Since they are likely to be taken and they branch backward, we 
could always predict taken for branches that jump to an earlier address. 

Such rigid approaches to branch prediction rely on stereotypical behavior and 
don't account for the individuality of a specific branch instruction. Dynnlllic hard
ware predictors, in stark contrast, make their guesses depending on the behavior of 
each branch and may change predictions for a branch over the life of a program. 
Following our analogy, in dynamic prediction a person would look at how dirty the 
uniform was and guess at the formula, adjusting the next guess depending on the 
success of recent guesses. 
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branch prediction 
A method of resolving 
a branch hazard that 
assumes a given outcome 
for the branch and 
proceeds from Ihilt 
assumption rather than 
waiting to ascertain the 
actual outcome. 
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Program 
execution 
order 

200 400 600 800 1000 1200 1400 
Time ----~~--~~--~~~~--~~--~r' ~~,r~----

(in instructions) 

IlnSlrUClion 
1 A" ALU Dala 

A"I felch accoss add $4, ,5, $6 

Instruction I Rag ALU Data A',I 200 ps fetch access 

Ins.ruction 
1 A" ALU Dol' IA ,I 200 ps folch access og 

beq $1, $2, 40 

Iw ,3, 300($0) 

Program 
I· 200 400 600 800 1000 1200 1400 execu Ion Time ____ ~"---~~-~'---~~--~----'~-~---

order 
(in instructions) 

add 54, $5, 56 

beq 51, $2, 40 
~ 200ps 

Lor $7, $8, $9 -----.:::::::~.~e.~ '"'t"4-""""="-r-"""''''''''r---. 

FIGURE 4.32 Predicting that branches are not taken as a solution to control hazard. The 
\01' drawing shows the pipeline when !be branch is nol taken. The hallam drawing shows the pipeline when 
the branch is lala~n . As we noted in Figure 4.31 . the insert ion of a bubble in this fashion simplifies what 
aoually happens, at least during the firsl dock cycle immediately following the branch. Section 4.8 will revea l 
the details. 

One popular approach to dynamic prediction of branches is keeping a history 
for each branch as taken or un taken, and then using the recent past behavior to 
predict the future. As we will see later, the amount and type of history kept have 
become extensive, with the result being that dynamic branch predictors can cor· 
rectly predict branches with more than 90% accuracy (see Section 4.8), When the 
guess is wrong, the pipeline control must ensure that the instructions following 
the wrongly guessed branch have no effect and must restart the pipeline from the 
proper branch address, [n olll' laundry analogy, we must stop taking new loads so 
that we can restart the load that we incorrectly predicted. 

As in the Case of all other solutions to control hazards, longer pipelines exacer
bate the problem, in this case by raising the cost of misprediction, Solutions to 
control hazards are described in more detail in Section 4.8, 

4.5 An Overview of Pipelining 

Elaboration: There is a third approach to the control hazard, called delayed decision 
mentioned above. In our analogy, whenever you are gOing to make such a decision about 
laundry, just place a load of nonfootball clothes in the washer while waiting for football 
uniforms to dry. As long as you have enough dirty clothes tllat are not affected by the 
test, this solution works fine. 

Called the delayed branch in computers, this is the solution actually used by the 
MIPS architecture. The delayed branch always executes tile next sequential instruc
tion, with the branch taking place after that one instruction delay. It is hidden from the 
MIP~ assen:bly language programmer because the assembler can automatically arrange 
the instructions to get the branch behavior desired by tile programmer, MIPS software 
will place an instruction immediately after the delayed branch instruction that is not 
affected by the branch, and a taken branch changes the address of the instruction that 
follows this safe instruction . In our example, the add instruction before tile branch in 
Figure 4.31 does not affect the branch and can be moved after the brancll to fully Ilide 
the branch delay. Since delayed branches are useful when tile branches are short, no 
processor uses a delayed branch of more than one cycle. For longer branch delays, 
hardware-based branch prediction is usually used. 

Pipeline Overview Summary 

Pipelining is a technique that exploits parallelism among the instructions in a 
sequential instru~tion stream, It has the substantial advantage that, unlike pro
grammmg a multiprocessor, It IS fundamentally invisible to the programmer, 

In the next sections of this chapter, we cover the concept of pipelining using the 
MIPS mstructlOn subset from the single-cycle implementation in Section 4.4 and 
sh~w a simplified version of its pipeline, We then look at the problems that pipe
IInmg mtroduces and the performance attainable under typical si tuations. 

If yo~ ~vlsh to focus more on the software and the performance implications 
of plpelInmg, you now have sufficient background to skip to Section 4, I o. Section 
4, I 0 introduces advanced pipelining concepts, such as superscalar and dynamic 
schedulIng, and Section 4, II examines the pipelines of recent microprocessors. 

Alternatively, if you are interested in understanding how pipelining is imple. 
mented and the challenges of dealing with hazards, yo u can proceed to examine the 
design of a pipelined data path and the basic control, explained in Section 4,6. You 
can then use this understanding to explore the implementation of forwarding and 
stalls m Section 4,7. You can then read Section 4,8 to learn more about solutions to 
branch hazards, and then see how exceptions are handled in Section 4,9, 

For each .code sequence below, state whether it must stall, can avoid stalls using Check 
only forwardmg, or can execute without stall ing or forwarding, Yourself 

Sequence 1 Sequence 2 Sequence 3 
Iw HO , O( HO) add HI. stO,SlO add i HI , stO,1I1 
add HI . st~ . $tO add i stZ , stO , 115 addi HZ , ltO , IIZ 

addi st tl.HI.II S add; H3 . stO,1I2 
add; 1t3, $10 , 114 
udd; H5 , ltO,1I5 
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Understanding 
Program 

Performance 

The BIG 
Picture 

latency (pipeline) The 
number of stages in a 
pipeline or the number 
of stages between two 
instructions during 
execution. 

There is less in this 
thml meets the eye. 

Tallulah Bankhead, 
remark to Alexander 
Woollcott, 1922 

Chapter 4 The Processor 

Outside the memory system, the effective operation of the pipeline is usually 
the most important factor in determining the CPI of the processor and hence its 
performance. As we will see in Section 4.10, understanding the performance of a 
modern multiple-issue pipelined processor is complex and requires understanding 
more than just the issues that arise in a simple pipelined processor. Nonetheless, 
structural, data, and control hazards remain important in both simple pipelines 
and more sophisticated ones. 

For modern pipelines, structural hazards usually revolve around the floating
point unit, which may not be fully pipelined, while control hazards are usually more 
of a problem in integer programs, which tend to have higher branch frequencies 
as well as less predictable branches. Data hazards can be performance bottlenecks 
in both integer and floating-point programs. Often it is easier to deal with data 
hazards in floating-point programs because the lower branch frequency and more 
regular memory access patterns allow the compiler to try to schedule instructions 
to avoid hazards. It is more difficult to perform such optimizations in integer 
programs that have less regular memory access, involving more use of pointers. 
As \ve will see in Section 4.10, there are more ambitious compiler and hardware 
techniques for reducing data dependences through scheduling. 

Pipelining increases the number of simultaneously executing instruClions 
and the rate at which instructions are started ancl completed. Pipelining 
does not reduce the time it takes to complete an individual instruclion, also 
called the latency. For example, the five-stage pipeline still takes 5 clock 
cycles for the inslruclion to complete. In the terms used in Chapter I, 
pipelining improves instruclion throughput rather than individual 
instruction eJ::eclllio" lillie or latellCY. 

Instruction sels can either simplifY or make life harder for pipeline 
designers, who mustalreadyeape with structural, control, and data hazards. 
Branch prediction and forwarding help make a computer fast while still 
getting the right answers. 

II P;peUned Dat_ and C.n ...... 

Figure 4.33 shows the single-cycle data path from Section 4.4 with the pipeline 
stages identified. The division of an instruction into five stages means a five-stage 
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WB: Write back 
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FIGURE 4.33 The single-cycle datapath from Section 4.4 (similar to Figure 4.17), Each step orthe instruction can be mapped onlo 
the datapath from left to right. The only exceptions arc Ihe update of the PC and the write-back step, shown in color, which sends either the ALU 
result or the data from memory to the left to be written into the register file. (Normally we use color lines for control, but these arc data lines.) 

pipeline, which in turn means that up to five instructions will be in execution 
during any single clock cycle. Thus, we must separate the data path into five pieces, 
with each piece named corresponding to a stage of instruction execution: 

I. IF: Instruction fetch 

2. ID:, Instruction decode and register file read 

3. EX: Execution or address calculation 

4. MEM: Data memory access 

5. WB: Write back 

In Figure 4.33, these five components correspond roughly to the way the data
path is drawn; instructions and data move generally from left to right through the 
five stages as they complete execution. Returning to our laundry analogy, clothes 
get cleaner, drier, and more organized as they move through the line, and they never 
move backward. 



346 Chapter 4 The Processor 

There are, however, two exceptions to this left-to-right flow of instructions: 

• The write-back stage, which places the result back into the register file in the 

middle of the datapath 

• The selection of the next value of the PC, choosing between the incremented 
PC and the branch address from the MEM stage 

Data flowing from right to left does not affect the current instruction; only later 
instructions in the pipeline arc influenced by these reverse data movements. Note 
that the first right-to-Ieft flow of data can lead to data hazards and the seconclleads 

to control hazards. 
One way to show what happens in pipelined execution is to pretend that each 

instruction has its own datapath, and then to place these datapaths on a time
line to show their relationship. Figure 4.34 shows the execution of the instructions 
in Figure 4.27 by displaying their private datapaths on a common timeline. We 
use a stylized version of the datapath in Figure 4.33 to show the relationships in 

Figure 4.34. 

Program 
execution 
order 
(in instructions) 

Iw$1.100($0) 

Iw $2, 200($0) 

Iw $3. 300($0) 

Time (in clock cycles) ---- -----

CC1 : CC2 
I 
I 
I 
I 

CC3 

~~.~ ...... ~ 
I I 
I I 
I I 
I I 

CC4 CC5 

~TI---;"'-( 
I 
I 
I 

I - ,-,---:--1 
~r:~1-+( 

I 
I 
I 
I 
I , 

CC6 CC7 

FIGURE 4.34 Instructions being executed using the single-cycle dalapath in Figure 4.33, 
assuming pipelined execution. Similar to Figures ·1.28 through 4.30, this figure pretends thai each 
instruction has its own dat apOllh, <lncl shades each portion according to usc. Unlike those fi !;ures, each stage 
is labeled by the physical remurce used in thai st<l!;e, correspondin!; to the portions of the datapath in 
ri!;ure 4.33. 1M represents the instruction memory and the PC in the instrucI'ion fetch stage, Uc~ stands 
for the register file and sign extender in the instruction decodelregistcr fi le read stage (ID) , and so on. To 
maintain proper time order, thi s stylized datapath breaks the register file intn two logical parts: regi sters 
read during register fetch (ID ) and registers written during write back (WB). This dual usc is represented 
by drawing the unsh'lded left half of the register file using dashed lines in the ID siage, wh en it is not being 
written, and the unshaded ri ght half in dashed lines io the VlB stage, when il is not being read . As before, 
we assume the register fil e is written in the first half of the clock cycle and the register file is read during the 

second half. 

4.6 Pipelined Datapath and Control 

Figure 4.34 seems to suggest that three instructions need three data paths. 
Instead , we add regISters to hold data so that portions of a single datapath can be 
shared dUring instructIon execution. 

For example, as Figure 4.34 shows, the instruction memory is used during 
only on~ of the five stages of an instruction, allowing it to be shared by following 
mstillctlOns dunng the other four stages. To retain the value of an individual 
Instructl~n for it~ othel: fo.ur stages, the value read from instruction memory must 
be saved I.n a register. Smlliar arguments apply to every pipeline stage, so we must 
place regIsters wherever there are d ividing lines between stages in Figure 4.33. 
Returntng to our laundry analogy, we might have a basket between each pair of 
stages to hold the clothes for the next step. 

Figure 4.35 sholVs the pipelined data path with the pipeline registers highlighted. 
All tnstructlollS advance durmg each clock cycle from one pipeline register to the 
next. The regl: ters are named for the two stages separated by that register. For 
example, the plpelme regIster between the IF and ID stages is called IF/ID. 
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FIGURE 4 .3 . . 5 The pipellned version of the datapath In Figure 4.33. The pl pehnc registers, in color, separate each pipeline s l'l 'e. 
~hey 'l~~ 1.J~~.led b: (~l,~ ~I~ges that ther. separate; for example, the first is labeled IFIID because it separates Ihe instruction felch and ill s tructi~n 
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rC~lst~r n.l~ s.1 be 64 ,bit s wl.~e , becallse II must hold bO.th the 32-bit instruction fetched from memory and the incremented 32- bit PC address. 
Wt.: wll~ cxp.lIld these registers over the course of thiS chapter, but for now th e other three pipeline registers contain I"R 97 '",d ("1 b'l 
respectively. -, " J I S, 
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Notice that there is no pipeline register at the end of the write-back stage. All 
instructions must update some state in the processor-the register file, memory, 
or the PC-so a separate pipeline register is redundant to the state that is updated. 
For example, a load instruction will place its result in 1 of the 32 registers, and any 
later instruction that needs that data will simply read the appropriate register. 

Of course, every instruction updates the PC, whether by incrementing it or by 
setting it to a branch destination address. The PC can be thought of as a pipeline 
register: one that feeds the IF stage of the pipeline. Unlike the shaded pipeline 
registers in Figure 4.35, however, the PC is part of the visible architectural state; 
its contents mllst be saved when an exception occurs, while the contents of the 
pipeline registers can be discarded. In the laundry analogy, you could think of 
the PC as corresponding to the basket that holds the load of dirty clothes before 
the wash step. 

To show how the pipelining works, throughout this chapter we show sequences 
of figures to demonstrate operation over time. These extra pages would seem to 
require much more time for you to understand. Fear not; the sequences take much 
less time than it might appear, because YOll can compare them to see what changes 
occur in each clock cycle. Section 4.7 describes what happens when there are data 
hazards between pipelined instructions; ignore them for now. 

Figures 4.36 through 4.38, our first sequence, show the active portions of the 
datapath highlighted as a load instruction goes through the five stages of pipe
lined execution. We show a load first because it is active in all five stages. As in 
Figures 4.28 through 4.30, we highlight the right hnlf of registers or memory when 
they are being rend and highlight the left half when they are being writtell. 

We show the instruction abbreviation 1 w with the name of the pipe stage that is 
active in each figure. The five stages are the following: 

I. [Ilstmctiollfeteh: The top portion of Figure 4.36 shows the instruction being 
read from memory using the address in the PC and then being placed in the 
IF/ID pipeline register. The PC address is incremented by 4 and then written 
back into the PC to be ready for the next clock cycle. This incremented 
address is also saved in the IF/ID pipeline register in case it is needed later 
for an instruction, such as beq . The computer cannot Imow which type of 
instruction is being fetched, so it must prepare for any instruction, passing 
potentially needed information down the pipeline. 

2. Illstmetioll decode Ql/d register file read: The bottom portion of Figure 4.36 
shows the instruction portion of the IF/ID pipeline register supplying the 
16-bit immediate field, which is sign-extended to 32 bits, and the register 
numbers to read the two registers. All three values are stored in the ID/EX 
pipeline register, along with the incremented PC address. We again transfer 
everything that might be needed by any instruction during a later clock 
cycle. 
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plpclme regIster. We don t need all three operands, hut II sllupltfies contro l to keep all three. 
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FIGURE 4 .37 EX: The third pipe stage of a load instruction, highlighting the portions of the datapath in Figure 4.35 
used in this pipe stage. The register is added to the s ign~c)( tcndcd immediate, and the sum is placed in the EX/M Et-.'i pipel ine register. 

3. ExeCll te or nddress enlell intioll: Figure 4.37 shows that the load instruction 
reads the contents o f register 1 and the sign-extended immediate fro m the 
ID/EX pipeline regis ter and adds them using the ALU. That sum is placed in 
the EX/MEM pipeline register. 

4. Mem ory neeess: The top portion of Figure 4.38 shows the load instruction 
reading the data memory using the address from the EX/MEM pipeline 
register and loading the data into the MEM/WB pipeline register. 

5. Write-bnck: The bottom portion of Figure 4.38 shows the fi nal step: read ing 
the data from the MEM/WB pipeline register and wri ting it into the regis ter 
file in the middle of the figure. 

This walk-through of the load instruction shows that any information needed 
in a later pipe stage must be passed to that stage via a pipeline register. Walking 
through a store instruction shows the similarity of instruction execution, as well 
as passing the information for later stages. Here are the five pipe stages of the store 
instruction: 
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FIGURE 4.38 MEM and WB: The fourth and fifth pipe stages of a load instruction, highlighting the portions of the 
datapath In Figure 4.35 used in this pipe stage. Data memory is read usin g the address in the EX/MEM pipel ine registers, and the 
data is placed in the MEM/WB pipel ine register. Next. data is read from the MEM/WB pipeline register and written into the register file in the 
middle of the datapath. Note: there is a bug in this design that is repaired in f igure 4.4 1. 
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1. IlIslfllelioll felell: The instruction is read from memory using the address 
in the PC and then is placed in the IFIID pipeline register. This stage occurs 
before the instruction is identified, so the top portion of Figure 4.36 works 
for store as well as load. 

2. IlIslflletioll decodeallrl regislerjile read: The instruction in the IFIID pipeline 
register supplies the register numbers for reading two registers and extends 
the sign of the 16-bit immediate. These three 32-bit values are all stored 
in the JD/EX pipeline register. The bottom portion of Figure 4.36 for load 
instructions also shows the operations of the second stage for stores. These 
first two stages are executed by all instructions, since it is too early to know 
the type of the instruction. 

3. hewle alld address enlwln/ioll: Figure 4.39 shows the third step; the effective 
address is placed in the EX/MEM pipeline register. 

4. Mell/ory aeeess: The top portion of Figure 4.40 shows the data being written 
to memory. Note that the register containing the data to be stored was read in 
an ea rlier stage and stored in JD/EX. The only way to make the dara available 
during the MEM stage is to place the data into the EXiMEM pipeline register 
in the EX stage, just as we stored the effective address into EX/MEM. 

5. Write-back: The bottom portion of Figure 4.40 shows the final step of the 
store. For this instruction, nothing happens in the write-back stage. Since 
every instruction behind the store is already in progress, we have 110 way to 
accelerate those instructions. Hence, an instruction passes through a stage 
even if there is nothing to do, because later instructions are already progress
ing at the maximum rate. 

The store instruction again illustrates that to pass something from an early pipe 
stage to a later pipe stage, the information must be placed in a pipeline register; 
otherwise, the information is lost when the next instruction enters that pipeline 
stage. For the store instruction we needed to pass one of the registers read in the 
JD stage to the MEM stage, where it is stored in memory. The data waS first placed 
in the JD/EX pipeline register and then passed to the EX/MEM pipeline register. 

Load and store illustrate a second key point: each logical component of the 
datapath-such as instruction memory, register read ports, ALU, data memory, 
and register write port-can be used only within a sillgle pipeline stage. Otherwise, 
we would have a sll"lletllrnlllOzard (see page 335). Hence these components, and 
their control, can be associated with a single pipeline stage. 

Now we can uncover a bug in the design of the load instruction. Did you see it? 
Which register is changed in the final stage of the load? More specifically, which 
instruction supplies th e write register number? The instruction in the IFIID pipe
line register supplies the write register number, yet this instruction occurs co nsid
erably after the load instruction! 
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FIGURE ~.39 EX', The thl~d pipe stage of a store Instruction. Unlike the third stage of tbe load inmuction in Figure '1.37, the 
sc~ond rcg~stcr ~alLlc IS l oa~cd 11110 t~1t: ~X/ME~I pipeline regisler to be used in the next stage. Although it wouldn't hurt to always wrile thi s 
sCl:Ond register 11110 the EX/MEM plpdlllC register, we write the second register onl y on a store instruction to make the pipeline eas ier 10 
lInderstand. 

Hence, we need to preserve the destination register number in the load instruc
tion. Just as store passed the register COl/tel/Is from the ID/EX to the EX/MEM 
pipeline registers for use in the MEM stage, load must pass the register IIl11l/ber 
from the ID/EX through EX/MEM to the MEM/WB pipeline register for use in the 
WB stage. Another lVay to think about the passing of the register number is that to 
share the pipelined datapath, we need to preserve the instruction read during the 
IF stage, so each pipeline register contains a portion of the instruction needed for 
that stage and later stages. 

Figure 4.41 shows the correct version of the datapath, passing the write register 
number first to the ID/EX register, then to the EX/MEM register, and finally to the 
MEM/WB register. The register number is used during the WB stage to specify the 
regIster to be written. Figure 4.42 is a single drawing of the corrected datapath, 
highlighting the hardware used in all five stages of the load word instruction in 
Figures 4.36 through 4.38. See Section 4.8 for an explanation of how to make the 
branch instruction work as expected . 
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FIGURE 4.40 MEM and WB: The fourth and fifth pipe stages of a store instruction. in the fourth stage, the data is written into 
data memory for the sture. Note that the data comes from the EX/MEM pipeline register and that nothing is changed in the MEM/WI3 pi peline 
register. Once the data is wrillcn in memory, there is nothing left fo r the store instruction to do. so noth ing happens in stage 5. 
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FIGURE 4.41 The corrected plpehned datapath to handle the load instruction properly. The write register number now 
comes from the MEM/WB pipeline register alo ng with the data, The register number is passed from the ID pipe stage um il it reaches the 
MEM/WB pipeline register, adding five more bits to the last three pipeline registers, Th is new p.HIt is shown in (olor, 

FIGURE 4.42 The portion of the datapath in Figure 4.41 that is used in all five stages of a load instruction. 
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Graphically Representing Pipelines 

Pipelining can be difficult to understand, since many instructions are simulta
neously executing in a single datapath in every clock cycle. To aid understanding, 
there are two basic styles of pipeline figures: IIlllltiple-ciock-cycie pipelille riiagmllls, 
such as Figure 4.34 on page 346, and sillgle-clock-cycle pipe/ille riiagmllls, such as 
Figures 4.36 through 4.40. The multiple-clock-cycle diagrams are simpler but do 
not contain all the details. For example, consider the following five-instruction 
sequence: 

1 " $10, 20 ($1) 

sub $11 , $ 2, $3 
add $12 , $3, $4 
1\; $13 , 24($1) 
add $14, $5, $6 

Figure 4.43 shows the multiple-clock-cycle pipeline diagram for these instruc
tions. Time advances from left to right across the page in these diagrams, and 
instructions advance from the top to the bottom of the page, similar to the laundry 
pipeline in Figure 4.25. A representation of the pipeline stages is placed in each 
portion along the instruction axis, occupying the proper clock cycles. T hese styl ized 
datapaths represent the five stages of our pipeline graphically, but a rectangle 
naming each pipe stage works just as well. Figure 4.44 shows the more tradi
tional version of the multiple-clock-cycle pipeline diagram. Note that Figure 4.43 
shows the physical resources used at each stage, while Figure 4.44 uses the llnllleof 
each stage. 

Single-clock-cycle pipeline diagrams show the state of the entire data path during 
a single clock cycle, and usually all five instructions in the pipeline are identified by 
labels above their respective pipeline stages. We use this type of figure to show the 
details of what is happening within the pipeline during each clock cycle; typically, 
the drawings appear in groups to show pipeline operation over a sequence of 
clock cycles. We use multiple-clock-cycle diagrams to give overviews of pipelining 
situations. (~ Section 4.12 gives more illustrations of single-clock diagrams 
if you would like to see more details about Figure 4.43.) A single-clock-cycle 
diagram represents a vertical slice through a set of multiple-clock-cycle diagrams, 
showing the usage of the datapath by each of the instructions in the pipeline at 
the designated clock cycle. For example, Figure 4.45 shows the single-clock-cycle 
diagram corresponding to clock cycle 5 of Figures 4.43 and 4.44. Obviously, the 
single-clock-cycle diagrams have more detail and take significantly more space 
to show the same number of clock cycles. The exercises ask you to create such 
diagrams for other code sequences. 

Program 
execution 
order 
(in instructions) 

Iw $10. 20($1) 

sub $11, $2, $3 

add $12, 53, $4 

Iw 513. 24($1) 

add $14, 55, 56 
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TIme (in clock cycles) ----______________ _ __ _ 

CC1 CC2 CC3 CC4 CC5 CC 6 CC7 cca CCg 

FIGURE 4 .43 Multipla.clock-cycle pipeline diagram of five instructions. This style of pipeline representation sholVs the complete 
execution of instru ctions in a single figure. Instructions are listed in instruction execution order from top to hOllom, and clock cycles mo\'c 
from left to right. Un like Figure 4.28, here we show the pipelinc rCHislcrs bctwecn each stage. rigurc 4.44 shows thc traditional way to draw 
this diagram. 

Program 
execution 
order 
(in instructions) 

Iw $10, 20(51) 

sub$11, $2, 53 

add $12, $3, 54 

Iw $13, 24($1) 

add $14, $5, 56 

Time (in clock cycles) 
CC1 CC2 CC3 

Iinstruclion Instruction 
Execution felch decode 

Instruction Inslruction 
lelch decode 

Instruction 
letch 

CC4 

Data 
access 

Execution 

Instruction 
decode 

Instruction 
fetch 

CC5 CCG CC7 eca 

Write-back 

Data 
access 

Wrile-back 

Execution Data 
access 

Write-back 

Instruction 
Execulion 

Data 
Write-back decode access 

Instruction Instruction 
Execution 

Data 
felch decode access 

FIGURE 4.44 Traditional multiple-clock-cycle pipeline diagram of five Instructions in Figure 4.43. 

CCg 

Write-back I 
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FIGURE 4 .45 The single-clock-cycle diagram corresponding to clock cycle 5 of the pipeline in Figures 4.43 and 4 .44. 
As yo u can sec, a single-clock-cycle figure is a vertical slice through a multiple -clock-cycle diagram. 

Check A group of students were debating the efficiency of the five -stage pipeline when 
Yourself one student po inted ou t that not all instructions are active in every stage of the 

pipeline. After deciding to ignore the effects of hazards, they made the following 
five statements. Which ones are correct? 

I. Allowing jumps, bra nches, and ALU instructions to take fewe r stages than 
the five requ ired by the load instruction will increase pipeline performance 
under all circumstances. 

2. Trying to allow some inst ructions to take fewer cycles does not help, since 
the throughput is determ ined by the clock cycle; the number of pipe stages 
per instruction affects latency, not throughput. 

3. YO ll cannot make ALU instructions take fewer cycles because of the write
back of the result, but branches and jumps can take fewer cycles, so there is 
some opportunity for improvement. 

4. Instead of trying to make instructions take fewer cycles, we should explore 
making the pipeline longer, so that instructions take more cycles, but the 
cycles are shorter. This could improve performa nce. 

4.6 Pipellned Datapath and Control 

Pipelined Control 

just as we added control to the single-cycle da tapath in Section 4.3, we now add 
control to the pipelined data path. We start with a simple design that views the 
problem through rose-colored glasses; in Sections 4.7 through 4.9, we remove these 
glasses to reveal the pipeline hazards of the real world. 

The fi rst step is to label the control lines on the existing datapath. Figure 4.46 
shows those lines. We borrow as much as we can from the co ntrol for the simple 
da tapath in Figure 4.17. In par ticular, we use the same ALU control logic, branch 
logic, destination -register-number mul tiplexor, and control lin es. These functions 
'lre defin ed in Figures 4. 12, 4. 16, and 4. 18. We reprod uce the key information in 
Figures 4.47 through 4.49 on a single page to make the following discussion easier 
to fo llow. 

~ '~ EXiMEM 

r-

~~ 

359 

III the 6600 COII/plltel; 
perhaps even more 
thall ill l1l1Y previous 
COlllp ll te,~ the control 
system is the differe 1l ce. 

James Thorn ton, 
Desigll oj {/ COlllplltcr: 
The CO/Ifrol Data 6600, 
1970 

PCS,~ 

/,IEMIWB 

r-

.\ - / 1@--t9-- I'p Shill rosult 

Ion 2 

' \ 

~~8 
RogW.il!! 

, " Ad~ross ~ r- Rood 
Road . rogislo. 1 - l.1 ~mWl1l n , 2 d,,!,, ! 

] 1-- ROJU 
"",,, ~ r.lomloRe~ 

In 5 1ru~ II Dn - re(Jislar 2 ~ Add ALU 

r-- Ac~d I-mem ory r- Wnle nag l ~l er~c~d - P' "," Atldross 
daln r-( ~, r- rcais lor dJla 2 

~I--V Data , - Wrile 

~ 
me mory -\i., darn 

r- Wntc 

In.lm<:ticn 
(tala 

P~OI " .~ :0t ' cJlcnd r conlml 1,1emRoad 

Insll1l(:lion 
(20- 151 

-(~~ ALUOIl -
I""trueli"n 

, 
( 15-111 • _" - L- RODD~I - -

FIGURE 4.~6 The pipelined datapath of Figure 4.41 with the control signals identified. This datapath borrows the control 
logic for PC source, register destinat ion number, and ALU control from Section 4.4 , Note tha t we now need the 6-bil fu nct field (function 
code) of the i n.~ truc t i on in the EX stage as input to ALU control, so these bits must also be included in the ID/EX pipeline register. Recall that 
these 6 bits arc also the 6 least signi ficallt bi ts of the immediate field in the instruction, so the I D/EX pipeline register can supply them from the 
immediate fidd since sign extension leaves these bits unchanged. 
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Instruction Instruction Desired ALU control 
opcode ALUDp operation Function code ALU action input 

LW I 00 load word XXXXXX add 0010 

SW I 00 store word XXXXXX add 0010 

Branch equal I 01 branch equa l XXXXXX subtract 0110 

R-type I 10 add 100000 add 0010 

R-type I 10 subtract 100010 subtract 0110 

R-type I 10 l AND 100100 AND I 0000 

R-type I 10 OR 100101 OR I 0001 

R-type I 10 se t on less than 101010 set on less than 0111 

RGURE 4.4 7 A c opy o f Figure 4 .12. This figure shows how the ALU control bits arc scI depend ing on the ALUOp (Olllra) bits anu the 
different function codes for the R-Iypc instruction. 

Signal name Effect when deasserted (0) Effect when asserted (1) 

RegDst The register destination number for the Write The register destination number for the Write register comes 
register comes from the r1 fie ld (bits 20:16). from the rd field (bits 15:11). 

RegWrite None. The register on the Write register input is written with the value 
on the Write data input. 

AlUSrc The second AlU operand comes from the second The second Al U operand is the sign·extended. lower 16 bits of 
register file output (Read data 2) . the Instruction. 

PCSrc The PC is replaced by the output of the adder that The PC is replaced by the output of the adder that computes 
computes the value of PC + 4. the branch ta rget. 

MemRead None. Data memory contents designated by the address input are 
put on the Read data output. 

MemWrite None. Data memory contents designated by the address input are 
replaced by the va lue on the Write data input. 

MemtoReg The value fed to the register Write data input The value fed to the register Write data input comes from the 
comes from the ALU. data memory. 

FIGURE 4.48 A copy o f Figure 4.16. The funct io n of each of seven control signals is defined. The ALU control lines (ALUOp) arc 
defined in the second column of J' igure 4.'17. When a I ·bit control to a 2·way multiplexor is asserted, th e multiplexor selects the inpu t corre· 
sponding to I. Otherwise. jf the control is deassertcd . the multiplexor selects the 0 inpul. Note that pesrc is controlled by an AND gate in 
Figure 4.'16. If the Branch signal and the ALU Zero signal arc both set, then PCSrc is I; o therwise. il is o. Control sets the Branch signal only 
during a beq instruction; otherwise. peSTC is sel to o. 

Execution/address calculation stage 
control lines 

Memory access stage 
control lines 

Write-back stage 
control lines 

FIGURE 4.49 The values of the control lines are the same as in Figure 4.18, but they have been shuffled Into three 
groups corresponding to the last three pipeline stages. 

4.6 Pipelined Datapath and Control 

, As. was the case for the single-cycle implementation, we assume that the PC 
IS wntten on each clock cycle, so there is no separate write signal for the Pc. By 
the same argument, there are no separate write signals for the pipeline registers 
(I F/l D, ID/EX, EX/MEM, and MEM/WB), since the pipeline registers are also 
wn tten dunng each clock cycle. 

To specify control for the pipeline, we need only set the control values during 
~ach plpeh~e stage: Be~ause each control line is associated with a component active 
m only a smgle plpeJllle stage, we can divide the control lines into five groups 
according to the pipeline stage. 

1. Il1stl'llctioll fetch: The control signals to read instruction memory and to 
,,:nte. the PC are always asserted, 50 there is nothing special to control in this 
pipeline stage. 

2. Illstructioll dccode/registerjile rend: As in the previous stage, the same thing 
happens at every clock cycle, so there are no optional control lines to set. 

3. ExeClltioll/address enlclllaliOI/: The signals to be set are RegDst, ALUOp, and 
ALUSrc (see Figures 4.4~ and 4.48). The signals seJect the Result register, 
the ALU operation, and either Read data 2 or a sign-extended immediate for 
the ALU. 
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RGURE .4.50 The control lines for the final three stages. Note that four of the nine control lines 
arc used In the EX phase. with the remaining five control lines passed all 10 tile EXiMEM . I' , d d· . , pipe lIle register 
c.xten e to hold ~he control hnesi three arc used during the MEM stage. and the last {',\l0 arc passed 10 

MEM/WB for use In the wn slilge. 
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4. Memory access: The control lines set in this stage are Branch, Mem Read, 
and MemWri te. These signals are set by the branch equal, load, and store 
instructions, respectively. Recall that PCSrc in Figure 4.48 selects the next 
sequential address unless control asserts Branch and the ALU resul t was O. 

5. Write-back: The two control lines are MemtoReg, which decides between 
sending the ALU result or the memory value to the register fi le, and Reg
Write, which writes the chosen value. 

Since pipelining the data path leaves the meaning of the control lines unchanged, 
we can use the same control values. Figure 4.49 has the same values as In SectIOn 4.4, 
but now the nine control lines are grouped by pipeline stage. 
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FIGURE 4.51 The pipellned datapath of Figure 4.46, with the control signals connected to the control port~ons of the 
pipeline registers. The control values fo r the last three stages arc crea~e~ during the .instruction decode stage and, thC!.l p.l ~ccd III ,t~le ID/EX 
pipeline register. The conlrol lines for each pipe stage arc used, and rcmalnmg control llllcs arc then passed to the next pipeline stage. 

4.7 Data Hazards: Forwarding versus Stalling 

Implementing control means setting the nine control lines to these values in 
each stage fo r each instruction. The simplest way to do this is to extend the pipeline 
registers to include control in fo rmation. 

Since the control lines start with the EX stage, we can create the control info r
mation during instruction decode. Figure 4.50 above shows that these control 
signals are then used in the appropriate pipeline stage as the instruction moves 
down the pipeline, just as the destination register number fo r loads moves down 
the pipeline in Figure 4.41. Figure 4.51 above shows the full datapath with the 
extended pipeline registers and with the control lines connected to the proper 
stage. ( ~ Section 4. J2 gives more examples of MIPS code executing on pipelined 
hardware using single-clock diagrams, if you would like to see more details.) 

II Data Hazard., Forwa.dh,g versus stalling 

The exam ples in the previous section show the power of pipelined execution and 
how the hardware perfo rms the task. It's now time to take off the rose-colored 
glasses and look at what happens with real programs. The instructions in Figures 
4.43 th rough 4.45 were in dependent; none of them used the results calculated by 
any of the others. Yet in Section 4.5, we saw that data hazards are obstacles to pipe
lined execution. 

Let's look at a sequence with many dependences, shown in color: 

sub 12 , 11.13 II Reg i ster 12 written by sub 
and 112 , $2 . 15 II 1st operand(12) depends on sub 
or 1)3,16, $2 II 2nd operand(12) depends on sub 
add 114 . $2 . 12 II 1st($2) & 2nd($2) depend on sub 
s\; 115, 100( $2 ) II Base (52) depends on sub 

The last four instructions are all dependent on the resul t in register $ 2 of the fi rst 
ins truct ion. If register $2 had the value 10 before the subtract instruction and 
- 20 afterwards, the programmer intends that -20 will be used in the following 
instructions that refer to register 52. 

I-low would this sequence perfo rm with our pipeline? Figure 4.52 illustra tes the 
execution of these instructions using a mul tiple-clack-cycle pipeline representation. 
To demonstrate the execution of this instruction sequence in our current pipeline, 
the top of Figure 4.52 shows the value of register $ 2, which changes during the 
middle of clock cycle 5, when the sub instruction wri tes its resul t. 

The last potential hazard can be resolved by the design of the register file 
hardware: What happens when a register is read and wri tten in the same clock 
cycle? We assume that the write is in the first hal f of the clock cycle and the read 
is in the second half, so the read delivers what is wri tten. As is the case fo r many 
implementations of register fi les, we have no data hazard in this case. 
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Time (in clock cycles) 

Value of CC 1 CC 2 
register $2: 10 10 

Program 
execution 
order 
(in instructions) 

sub $2, $1, $3 

and $12, $2, $5 

or$13,$6, $2 

add $14, $2,$2 

sw $15,100($2) 

CC3 

10 

CC4 

10 

CC 5 CC 6 

10/-20 -20 

CC7 

-20 

cce 
-20 

CCg 

-20 

-, 
e~ -, 

FIGURE 4.52 Pipelined dependences in a five-instruction sequence using simplified data paths to show the dependences. 
All the dependent actions arc shown in color, and "cc I" at the top of the figure means dock cycle I. The first instruction writes into $2, and 
all the following instructions read $2. This register is written in dock cycle 5, so the proper value is unavailable before dock cycle 5. (A read of a 
register during a clock cycle returns the value written at the end of the first half of the cycle, when such a write occurs.) The colored lines from 
the lOp data path to the lower ones show the dependences. Thosc that must go backward in timc arc pipelinc data hazards. 

Figure 4.52 shows that the values read for register $ 2 would 110t be the result of 
the sub instruction unless the read occurred during clock cycle 5 or later. Thus, the 
instructions that would get the correct value of -20 are add and Sl<; the AND and 
OR instructions would get the incorrect value lO! Using this style of drawing, such 
problems become apparent when a dependence line goes backward in time. 

As mentioned in Section 4.5, the desired result is available at the end of the 
EX stage or clock cycle 3. When is the data actually needed by the AND and OR 
instructions? At the beginning of the EX stage, or clock cycles 4 and 5, respectively. 
Thus, we can execute this segment without stalls if we simply forward the data as 
soon as it is available to any units that need it before it is available to read from the 
register file. 

How does forwarding work? For simplicity in the rest of this section, we consider 
only the challenge of forwarding to an operation in the EX stage, which may be 
either an ALU operation or an effective address calculation. This means that when 

4.7 Data Hazards: Forwarding versus Stalling 

an instruction tries to use a register in its EX stage that an earlier instruction intends 
to write in its WB stage, we actually need the values as inputs to the ALU. 

A notation that names the fields of the pipeline registers allows for a more pre
cise notation of dependences. For example, "lD/EX.RegisterRs" refers to the num
ber of one register whose value is found in the pipeline register lD/EX; that is, the 
one from the first read port of the register file. The first part of the name, to the left 
of the period, is the name of the pipeline register; the second part is the name of the 
field in that register. Using this notation, the two pairs of hazard conditions are 

lao EX/MEM,RegisterRd = lD/EX.RegisterRs 

1 b. EX/MEM.RegisterRd = lD/EX.RegisterRt 

2a. MEM/WB.RegisterRd = lD/EX.RegisterRs 

2b. MEM/WB.RegisterRd = lD/EX.RegisterRt 

The first hazard in the sequence on page 363 is on register $ 2, between the result 
of sub $2 , $1 , $3 and the first read operand of and $12. $2 , $5. This hazard can 
be detected when the and instruction is in the EX stage and the prior instruction is 
in the MEM stage, so this is hazard 1 a: 

EX/MEM.RegisterRd = lD/EX.RegisterRs = $2 

Dependence Detection 

Classify the dependences in this sequence from page 363: 

sub $2 , $1, $3 II Register $2 set by sub 
and $12. $2 , $5 II 1st operand($2) set by sub 
or $13 . $6 , $2 II 2nd operand($2) set by sub 
add $14, $2 , $2 II Ist($2) & 2nd($2) set by sub 
Sl< $15 , 100( $2 ) II Index($2) set by sub 

As mentioned above, the sub-and is a type 1a hazard. The remaining hazards 
are as follows: 

• The sub -or is a type 2b hazard: 

MEM/WB.RegisterRd = lD/EX.RegisterRt = $2 

• The two dependences on sub -add are not hazards because the register 
file supplies the proper data during the lD stage of add . 

• There is no data hazard between sub and Sl< because Sl< reads $2 the 
clock cycle after sub writes $ 2. 
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Because some instructions do not write registers, this policy is inac(uratej 
sometimes it would forward when it shouldn't. One solution is simply to check 
to see if the RegWrite signal will be active: examining the WB control field of the 
pipeline register during the EX and MEM stages determines whether RegWrite is 
asserted. Recall that MIPS requires that every use of $0 as an operand must yield 
an operand value of O. In the event that an instruction in the pipeline has $ 0 as 
its destination (for example, s 11 $ 0, $1, 2), we want to avoid forwarding its pos
sibly nonzero result value. Not forwarding results destined for $ 0 frees the assembly 
programmer and the compiler of any requirement to avoid using $0 as a destination. 
The conditions above thus work properly as long we add EX/MEM.RegisterRd ,,0 
to the first hazard condition and MEM/WB.RegisterRd" 0 to the seco nd. 

Now that we can detect hazards, half of the problem is resolved-but we must 
still forward the proper data. 

Figure 4.53 shows the dependences between the pipeline registers and the inputs 
to the ALU for the same code sequence as in Figure 4.52. The change is that the 
dependence begins from a pipelille register, rather than waiting for the WB stage to 
write the register fi le. Thus, the required data exists in time for later instructions, 
with the pipeline registers holding the data to be forwarded. 

If we can take the inputs to the ALU from nlly pipeline register rather than just 
ID/EX, then we can forward the proper data. By adding multiplexors to the input 
of the ALU, and with the proper controls, we can run the pipeline at fu ll speed in 
the presence of these data dependences. 

For now, we will aSSllme the only instructions we need to forward are the fOllr 
R-format instructions: add, sub, AN 0, and OR. Figure 4.54 shows a close-up of the 
ALU and pipeline register before and after adding forwarding. Figure 4.55 shows 
the values of the control lines for the ALU multiplexors that select either the register 
file values or one of the forwarded values. 

This forwarding control will be in the EX stage, because the ALU forwarding 
multiplexors are found in that stage. Thus, we must pass the operand register 
numbers from the ID stage via the ID/EX pipeline register to determine whether 
to forward values. We already have the rt field (bits 20- 16). Before forwarding, the 
ID/EX register had no need to include space to hold the rs field. Hence, rs (bits 
25-21) is added to ID/EX. 

Let's now write both the conditions for detecting hazards and the control signals 

to resolve them: 

l. EX hnzard: 

if (EX/MEM. Reg~irite 
and (EX/MEM.Regi s terRd " 0) 
and (EX/MEM.RegisterRd - ID/EX.RegisterRs)) ForwardA 10 

if (EX/MEM.RegWri t e 
and (EX/MEM . Regis t erRd " 0) 
and ( EX/ MEM.Regi s terRd I D/ EX . RegisterRt )) Forw a rd B 10 

4.7 Data Hazards: Forwarding versus Stalling 

TIme (in clock cycles) -------------------___ ~ 

Value of register $2: 
Value 01 EXIMEM: 
Value of MEMlWB: 

Program 
execution 
order 
(in instructions) 

sub $2. $1. $3 

and $12. $2, $5 

or 513, 56, $2 

add $14. $2 , $2 

sw $15, 100($2) 

GG1 GG2 GG3 

10 
X 
X 

10 
X 
X 

10 
X 
X 

GG4 

10 
-20 

X 

GG5 

101-20 
X 

-20 

GG 6 

-20 
X 
X 

GG7 

-20 
X 
X 

GGa 

-20 
X 
X 

GG9 

-20 
X 
X 
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FIGURE 4.53 The dependences between the pipeline registers move forward in time, so it Is possible to supply the 
inputs to the ALU needed by the AND instruction and OR instruction by forwarding the results found in the pipeline 
registers. The values in the pipeline registers show that the desired value is available before it is written into the register file. We assume that 
the register file forwa rds values that are read and written during the sa me clock cycle, so the add docs not stall, but the values come from the 
register file instead of a pipeline register. Register file"forwarding"- that is, the read gets the value of the write in that clock cycle-is why clock 
cycle 5 shows register 52 having the va lue 10 at the beginning and - 20 at the end of the clock cycle. As in the rcst of this section. we handle all 
forwarding except for the value to be stored by a store instruction. 

Note that the EX/MEM.RegisterRd field is the register destination for either 
an ALU instruction (which comes from the Rd field of the instruction ) or a load 
(which comes from the Rt field). 

This case forwards the result from the previous instruction to either input of the 
ALU. If the previous instruction is going to write to the register file, and the write 
register number matches the read register number of ALU inputs A or B, provided 
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FIGURE 4.54 On the top are the ALU and pipeline registers before adding forwardi~g. On tl~(.' botton~,. !l~c multi~lcxors I~avc 
been ex andcd 10 add the forwa rd ing pa ths, and we show the fonva rding unit. The new hardware IS shown 111 col~r. I h .. s figure IS a. stYh z:~ 
drawin: however, leaving ou t details from th e full dalapath such as the si~n cx~cnsio~ hardwa~c. Note th,at th,c ~D/ ~X.RC~I .s~crR I ~~~d IS ~h~~ , 
twke. oncc to connect to the mux and oncc to the forwarding unit. but it 15 a slIlgle ~]gn [\ 1. A,S m the earher d]scusslOn, thi s Ignores orWM mg 
of a slore value 10 [\ Slore inslruction, Also note Ihal Ihis mechanism work.o; ror s 1 t Instrucl lons as \\'ell , 
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it is not register 0, then steer the multiplexor to pick the value instead from the 
pipeline register EX/MEM. 

2. MEM hazard: 

i f (MEM/ WB.R egWrite 
and (M EM/ WB. Regi s terRd _ 0) 
and (MEM/ WB.Reg i st erRd ID/E X.RegisterRs)) ForwardA 01 

if (MEM /WB . RegWrite 
an d (MEM/ WB . RegisterRd _ D) 
and (MEM/ WB. RegisterRd ID/ EX.Regi ste r Rt)) ForwardB - 01 

As mentioned above, there is no hazard in the WB stage. because we assume that 
the regis ter file supplies the correct result if the instruction in the 10 stage reads 
the same register written by the instruction in the WB stage. Such a register fil e 
performs another form of forwardin g, but it occurs within the register file. 

One complication is potential data hazards between the result of the instruction 
in the WB stage, the resu lt of the instruction in the MEM stage, and the so urce 
operand of the instruction in the ALU stage. For exa mple, when summing a vector 
of numbers in a single register, a sequence of instructions will all read and write to 
the same register: 

add 
add 
add 

$ 1,$1.$ 2 
$1 ,$1, $3 
$1 , $1.$4 

In this case, the result is forwarded from the MEM stage because the result in the 
MEM stage is the more recent result. Thus, the control for the MEM haza rd would 
be (with the addit ions highlighted) : 

i f IME M/ WB. RegWrite 
and (MEM/ WB. Registe r Rd _ 0) 
and not(EX/ MEM . RegWrite and ( EX/ MEM . RegisterRd _ 0) 

an d (EX / MEM . Registe r Rd _ ID/EX . Reg i sterRs) 
and IM EM/ WB. Reg i ster Rd - IO/EX .Regi ste rR s)) ForwardA 01 

if IM EM / WB. Reg Wri te 
and IMEM / WB . Registe r Rd _ 0) 
and notlEX/ MEM. Reg Write and (EX/ ME M. RegisterRd _ 0) 

and (EX/M EM. Registe r Rd _ IO/ EX. RegisterR t ) 
and (MEM/WB .RegisterRd - ID/EX . Registe r Rt)) Forwar dB - 01 

Figure 4.56 shows the hardware necessary to support forwarding for operations 
that use results during the EX stage. Note that the EX/MEM.RegisterRd field is the 
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Explanation 

I 

The first ALU operand Is for.varded from data memory or an earlier 

ForwardB = 01 MEMjWB 

AlU result. 

The second ALU operand is forwarded from data memory or an 
earJ1er ALU result. 

FIGURE 4 .55 The control values for t he f orwarding multiplexors in Figure 4 .54. The signed 
immediate that is another input to the ALU is described in the Ela/Jornrioll at the end of thi s section. 

register destination for either an ALU instruction (which comes from the Rd field 
of the instruction) or a load (which comes from the Rt field). 

a Section 4.12 on the CD shows two pieces of MIPS code with hazards that 
cause forwarding, if you would like to see more illustrated exa mples using single
cycle pipeline drawings. 
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FIGURE 4.56 The datapath modified to resolve hazards via forwarding. Co mpared with the data path in Figure 4.5 I, the additions 
arc the multiplexors to lhc inputs to the ALU. This figure is a more stylized drawing, howevcr, leaving Ollt details from the full datapath, such 
as the branch hardware and the sign extension hardware. 

4.7 Data Hazards: Forwarding versus Stalling 

Elaboration: Forwarding can a/so help with hazards when store instructions are 
dependent on other instructions. Since they use just one data value during the MEM 
stage, forwarding is easy. However, consider loads immediately followed by stores, useful 
when performing memory-to-memory copies in the MIPS architecture. Since copies are 
frequent, we need to add more forwarding hardware to make them run faster. If we were 
to redraw Figure 4.53, replacing the sub and AND instructions with 1\; and SW, we would 
see that it is possible to avoid a stall, since the data exists in the MEM/WS register of 
a load instruction in time for its use in the MEM stage of a store instruction. We wou ld 
need to add forwarding into the memory access stage for this option. We leave this 
modification as an exercise to the reader. 

In addition , tile signed·immediate input to the ALU , needed by loads and stores, 
is missing from the data path in Figure 4.56. Since central control decides between 
register and immediate, and since the forwarding unit chooses the pipeline register for 
a register input to the ALU, the easiest solution is to add a 2:1 multiplexor that chooses 
between the ForwardS multiplexor output and the signed immediate. Figure 4.57 shows 
this addition . 
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FIGURE 4.57 A close-up of the datapath in Figure 4.54 shows a 2:1 mUltiplexor, which has been added to select the 
signed immediate as an ALU Input. 
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Data Hazards and Stalls 

As we said in Section 4.5, one case where forwarding cannot save the day is when 
an instruction tries to read a register following a load instruction that writes 
the same register. Figure 4.58 illustrates the problem. The data is still being read 
from memory in clock cycle 4 while the ALU is performing the operation for the 
following instruction. Something must stall the pipeline for the combination of 
load followed by an instruction that reads its result. ., 

Hence, in addition to a forwarding unit, we need a hnznrd detectlOll Iflll t. It 
operates during the m stage so that it can insert the stall between the load and its 
use. Checking for load instructions, the control for the hazard detectIOn Ul1lt IS tIllS 

single condition: 

i f (ID /EX.MemRead and 
«ID/EX . RegisterRt - I F/ ID. RegisterRs) or 

(I D/EX.RegisterRt - IF/ID.RegisterR t))) 
stal l the pipeline 

Time (in clock cycles) 

Program 
execution 
order 
(in instructions) 

Iw $2, 20($1) 

and 54, 52, 55 

or $8, 52, $6 

add $9, 54, $2 

sit51,$6,$7 

CC 1 CC 2 CC3 CC4 CC5 CC6 CC7 CC8 CC9 

---EF ' Reg! , -' 

FIGURE 4.58 A pJpelined sequence of Instructions. Since the dependence between the load and the fol1O\\l ing inslruclio." (an~) goes 
backward in time, this ha7 .. ud cannot be solved by forwarding. Hen ce, this combination must result in a stall by Ihe h,rl.lrd detection UIlIt. 

4.7 Data Hazards: Forwarding versus Stalling 

The first line tests to see if the instruction is a load: the only instruction that reads 
data memory is a load. The next two lines check to see if the destination register 
field of the load in the EX stage matches either source register of the instruction 
in the lD stage. If the condition holds, the instruction stalls one clock cycle. After 
this I-cycle stall , the forwarding logic can handle the dependence and execution 
proceeds. (If there were no forwarding, then the instructions in Figure 4.58 would 
need another stall cycle.) 

If the instruction in the lD stage is stalled, then the instruction in the IF stage 
must also be stalled; otherwise, we would lose the fetched instruction. Preventing 
these two instructions from making progress is accomplished simply by prevent
ing the PC register and the IF/lD pipeline register from changing. Provided these 
registers are preserved, the instruction in the IF stage will continue to be read using 
the same PC, and the registers in the lD stage will continue to be read using the 
same instruction fields in the IF/ID pipeline register. Returning to our favorite 
analogy, it's as if you restart the washer with the same clothes and let the dryer 
continue tumbling empty. Of course, like the dryer, the back half of the pipeline 
starting with the EX stage must be doing something; what it is doing is executing 
instructions that have no effect: nops. 

How can we insert these nops, which act like bubbles, into the pipeline? In 
Figure 4.49, we see that deasserting all nine control signals (setting them to 0) in 
the EX, MEM, and WB stages will create a "do nothing" or nap instruction. By 
identifying the hazard in the lD stage, we can insert a bubble into the pipeline by 
changing the EX, MEM, and WB control fields of the lD/EX pipeline register to 
O. These benign control values are percolated forward at each clock cycle with the 
proper effect: no registers or memories are written if the control values are all O. 

Figure 4.59 shows what really happens in the hardware: the pipeline execution 
slot associated wi th the AND instruction is turned into a nop and all instructions 
beginning with the AND instruction are delayed one cycle. Like an air bubble in 
a water pipe, a stall bubble delays everything behind it and proceeds down the 
instruction pipe one stage each cycle until it exits at the end. In this example, the 
hazard forces the AND and 0 R instructions to repeat in clock cycle 4 what they did in 
clock cycle 3: AND reads registers and decodes, and 0 R is refetched from instruction 
memory. Such repeated work is what a staB looks like, but its effect is to stretch the 
time of the AND and 0 R instructions and delay the fetch of the add instruction. 

Figure 4.60 highlights the pipeline connections for both the hazard detection 
unit and the forwarding unit. As before, the forwarding unit controls the ALU 
multiplexors to replace the value from a general-purpose register with the value 
from the proper pipeline register. The hazard detection unit controls the writing 
of the PC and IF/lD registers plus the multiplexor that chooses between the real 
control values and all as. The hazard detection unit stalls and deasserts the control 
fields if the load-use hazard test above is true. ta Section 4.12 on the CD gives an 
example of MIPS code with hazards that causes stalling, illustrated using single
clock pipeline diagrams, if you would like to see more details. 
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Time (in clock cyc les)'--------------------------~ 

ee 1 ee 2 ee 3 ee4 ee 5 ee6 ee7 ee 8 ee9 CC 10 

Program 
execution 
order 
(in instructions) 

Iw $2, 20(S1) 

and becomes nap 

and 84, 82, 85 

orS8, 52,$6 

add 59, 54, 52 

FIGURE 4.59 The way stalls are really Inserted into the pipeline. A bubble is inserted beginning in clock cycle 4, by changing the 
iJ.nd instruction to II. nop. Note that the and instruct io n is really fetched and decoded in clock cycles 2 and 3, bUI its EX stage is delayed until 
clock cycle 5 (versus the unstallcd position in d ock cycle 4). Likewise the OR instruction is fetched in clock cycle 3, but its ID stage is delayed 
until clock cycle 5 (versus the unstallcd dock cycle" position). After insertion of the bubble ... lithe dependences go forward in time and no 

further hazards occur. 

The BIG 
Picture 

Although the compiler generally relies upon the hardware to resolve bazards 
and thereby ensure correct execution, the compiler must understand the 
pi peline to achieve the best performance. Otherwise, unexpected stalls will 
reduce the performance of the compiled code, 
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FIGURE 4.60 Plpelined control overview, showing the two multiplexors for forwarding, the hazard detection uni t, and 
the forwa rding unit. Al though the ID and EX stages have been simplified-the sign-extended immediate and branch logic arc missing
this drawing gives the essence of the forwarding hardware requirements. 

Elaboration: Regarding the remark earlier about setting control li nes to 0 to avoid 
writing registers or memory: only the s ignals RegWrite and MemWrite need be 0, wh ile 
the other control signals can be don't cares. 

II Control Haz .. ds 

Thus far, we have limited our concern to hazards involving arithmetic operations 
and data transfers. However, as we saw in Section 4.5, there are also pipeline 
hazards involving branches. Figure 4.6 1 shows a sequence of instructions and indi
cates when the branch would occur in this pipeline. An instruction must be fetched 

There nre n tilOllsnlld 
hnckillg at the brallches 
of evil to aile II'ho is 
striking nt the root. 

Henry David Thoreau, 
Walden, 1854 
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Time (in clock cycles) 

Program 
execution 
order 
(in instructions) 

40 beq $1, $3, 28 

44 and $12, $2, $5 

48 or $13, $6, $2 

52 add $14, $2, $2 

72 Iw $4, 50($7) 

Chapter 4 The Processor 

CC 1 CC2 CC3 CC4 CC5 CC6 CC7 CC8 CCg 

FIGURE 4.61 The impact of the pipeline on the branch instruction. The numbers tn the left of the instruction (40,4'1, ... ) 
:lfC the addresses of the instructions. Since the branch instruction decides whether 10 bmnch in the MEM stage-dock cycle" for the beq 
inst ruction above-the three sequential instructions that follow the branch will be fetched and begin execution. Without intervention, those 
three following instructions will begin execution before beq branches to 1 \1 at \ocalion 72. (Figure 4.31 assumed extra hardware to reduce the 
control hazard 10 one d o ck C}'dc; this figure uses the nonoplimizcd dalapalh.) 

at every clock cycle to sustain the pipeli ne, yet in our design the decision about 
whether to branch doesn't occur until the MEM pipeline stage. As mentioned 
in Section 4.5. this delay in determining the proper instruction to fetch is called 
a cOlltrol hazard or branch lwzard, in contrast to the data hazards we have just 
examined. 

This section on control hazards is shorter than the previous sections on data 
hazards. The reasons are that control hazards are relatively simple to understand. 
they occur less frequently than data hazards, and there is nothing as effective 
against control hazards as forwarding is against data hazards. Hence. we use 
simpler schemes. We look at two schemes for resolving control hazards and one 
optimization to improve these schemes. 

4.8 Control Hazards 

Assume Branch Not Taken 

As we saw in Section 4.5. stalling until the branch is complete is too slow. A com
mon improvement over branch stalling is to assume that the branch will not be 
taken and thus continue execution down the sequential instruction stream. If the 
branch is taken. the instructions that are being fetched and decoded must be dis
carded. Execution continues at the branch target. If branches are untaken half the 
time. and if it costs little to discard the instructions, this optimization halves the 
cost of control hazards. 

To discard instructions. we merely change the original control values to Os. much 
as we ,lid to stall for a load-use data hazard. The difference is that we must also 
change the three instructions in the IF, !D. and EX stages when the branch reaches 
the MEM stage; for load-use stalls. we just changed control to 0 in the !D stage and 
let them percolate through the pipeline. Discarding instructions, then, means we 
must be able to flu sh instructions in the IF. !D, and EX stages of the pipeline. 

Reducing the Delay of Branches 

One way to improve branch performance is to reduce the cost of the taken branch. 
Thus far. we have assumed the next PC for a branch is selected in the MEM stage, 
but if we move the branch execution earlier in the pipeline. then fewer instruc
tions need be flushed. The MIPS architecture was designed to support fa st single
cycle branches that could be pipelined with a small branch penalty. The designers 
observed that many branches rely only on simple tests (equality or sign, for exam
ple) and that such tests do not require a full ALU operation but can be done with 
at most a few gates. When a more complex branch decision is required, a separate 
instruction that uses an ALU to perform a comparison is required-a situation 
that is similar to the use of condition codes for branches (see Chapter 2). 

Moving the branch decision up requires two actions to occur earlier: computing 
the branch target address and evaluating the branch decision. The easy part of 
this change is to move up the branch address calculation. We already have the PC 
value and the immediate field in the IF/!D pipeline register, so we just move the 
branch adder from the EX stage to the ID stage; of course. the branch target address 
calculation will be performed for all instructions, but only used when needed. 

The harder part is the branch decision itself. For branch equal. we would compare 
the two registers read during the !D stage to see if they are equal. Equality can be 
tested by first exclusive DRing their respective bits and then DRing all the results. 
Moving the branch test to the !D stage implies additional forwarding and hazard 
detection hardware. since a branch dependent on a result sti ll in the pipeline must 
still work properly with this optimization. For example. to implement branch on 
equal (and its inverse), we will need to forward results to the equality test logic that 
operates during !D. There are two complicating factors: 
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flush To discard 
instruct ions in a pipeline. 
usually due to an 
unexpected event. 
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1. During lD, we must decode the instruction, decide whether a bypass to the 
equality unit is needed, and complete the equality comparison so that if the 
instruction is a branch, we can set the PC to the branch target address. For
warding for the operands of branches was formerly handled by the ALU 
forwarding logic, but the introduction of the equality test unit in lD will 
require new forwarding logic. Note that the bypassed source operands of a 
branch can come from either the ALU/MEM or MEM/WB pipeline latches. 

2. Because the values in a branch comparison are needed during lD but may 
be produced later in time, it is possible that a data hazard can occur and a 
stall will be needed. For example, if an ALU instruction immediately pre
ceding a branch produces one of the operands for the comparison in the 
branch, a stall will be required, since the EX stage for the ALU instruction 
will occur after the lD cycle of the branch. By extension, if a load is immedi
ately followed by a conditional branch that is on the load result, two stall 
cycles will be needed, as the result from the load appears at the end of the 
MEM cycle but is needed at the beginning of lD for the branch. 

Despite these difficulties, moving the branch execution to the lD stage is an 
improvement, because it reduces the penalty of a branch to only one instruction if 
the branch is taken, namely, the one currently being fetched. The exercises explore 
the details of implementing the forwarding path and detecting the hazard. 

To flush instructions in the IF stage, we add a control line, called IE Flush, 
that zeros the instruction field of the IF/lD pipeline register. Clearing the register 
transforms the fetched instruction into a nap, an instruction that has no action 
and changes no state. 

Pipelined Branch 

Show what happens when the branch is taken in this instruction sequence, 
assuming the pipeline is optimized for branches that are not taken and that we 
moved the branch execution to the ID stage: 

36 sub $10, $4 , $8 
40 beq $1. $3 . 7 II PC - relative bra nch to 40+4+7*4-72 

44 and $12 . $2 . $5 
48 or $13. $2 , $6 
52 add $14 , $4 . $2 
56 slt $15, $6, $7 

72 1 w $4, 50 ($ 7) 

Figure 4.62 shows what happens when a branch is taken. Unlike Figure 4.6 1, 
there is only one pipeline bubble on a taken branch . 
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and 512. 52. $5 boqSl , SJ,7 sub 510, $4 , sa beIOle<1> OOIOle<2> 

-
-

:~ 
Clock 3 

" .I .'"'" Iw S4. SO(S7) Bubble (nap) 

Clock <1 

: : 

FIGURE 4.62 The ID st~ge of c~ock cycle 3 determines that a branch must be taken, 60 it selects 72 as the next PC 
address and z~ros the InstructJ~n fetched for the next clock cycle. Clock cycle" shows the instruction at location 72 being 
fe tchcd and the Single bubble or no~ Instruction in the pipel ine as a rcsult of the taken branch. (Since the nop is rcally 511 SO, SQ , 0, it's 
arguable whether or not the ID stage 10 clock 4 should be highlighted.) 
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dynamic branch 
prediction Prediction of 
branches at runtime using 
runtime information. 

branch prediction buffer 
AJso called branch 
history table. A small 
memory that is indexed 
by the lower portion of 
the address of the branch 
instruction and that 
contains one or more bits 
indicating whether the 
branch was recently taken 
arnot. 
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Dynamic Branch Prediction 

Assuming a branch is not taken is one simple f01'm of brmlclJ predictioll. In that case, 
we predict that branches are untaken, flushing the pipeline when we are wrong. For the 
simple five-stage pipeline, such an approach, possibly coupled with compiler-based 
prediction, is probably adequate. With deeper pipelines, the branch penalty increases 
when measured in clock cycles. Similarly, with multiple issue (see Section 4. 10), the 
branch penalty increases in terms of instructions lost. This combination means 
that in an aggressive pipeline, a simple static prediction scheme will probably waste 
too much performance. As we mentioned in Section 4.5, with more hardware it is 
possible to try to predict branch behavior during program execution. 

One approach is to look up the address of the instruction to see if a branch 
was taken the last time this instructio n was executed, and, if so, to begin fetching 
new instructions from the same place as the last time. This technique is called 
dynamic branch prediction. 

One implementation of that approach is a branch prediction buffer or branch 
history table. A branch prediction buffer is a small memory indexed by the lower 
portion of the address of the branch instruction. The memory contains a bit that 
says whether the branch was recently taken or not. 

This is the simplest sort of buffer; we don't know, in fact, if the prediction is the 
right one-it may have been put there by another branch that has the same low
order address bits. However, this doesn't affect correctness. Prediction is just a hint 
that we hope is correct, so fetching begins in the predicted direction. If the hint turns 
out to be wrong, the incorrectly predicted instructions are deleted, the prediction bit 
is inverted and stored back, and the proper sequence is fetched and executed. 

This simple I-bit prediction scheme has a performance shortcoming: even if a 
branch is almost always taken, we can predict incorrectly twice, rather than once, 
when it is not taken. The following example shows this dilemma. 

Loops and Prediction 

Consider a loop branch that branches nine times in a row, then is not taken 
once. What is the prediction accuracy for this branch, assuming the prediction 
bit for this branch remains in the prediction buffer? 

The steady-state prediction behavior will mispredict on the first and last loop 
iterations. Mispredicting the last iteration is inevitable since the prediction bit 
will indicate taken, as the branch has been taken nine times in a row at that point. 
The misprediction on the first iteration happens because the bit is flipped on 
prior execution of the last iteration of the loop, since the branch was not taken on 
that exiting iteration. Thus, the prediction accuracy for this branch that is taken 
90% of the time is only 80% (two incorrect predictions and eight correct ones). 
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Ideally, the accuracy of the predictor would match the taken branch frequency for 
these hIghly regular branches. To remedy this weakness, 2-bit prediction schemes 
are often used. In a 2-blt scheme, a prediction must be wrong twice before it is 
changed. FIgure 4.63 shows the finite-state machine for a 2-bit prediction scheme. 

. A branch predICtion buffer can be implemen ted as a small , special buffer accessed 
WIth the JJ1structJOn address during the IF pipe stage. If the instruction is predicted 
as taken, fetchmg beglJ1s from the target as soon as the PC is known; as mentioned 
on page 377, It can be as early as the lD stage. Otherwise, sequential fetching and 
executing contmue: If the prediction turns out to be wrong, the prediction bits are 
changed as shown IJ1 FIgure 4.63. 

PradIcI_ Predicltaken 

Not taken Taken 

Predict not laken 

FlGU~E 4.63 The states in a 2-bit prediction scheme. By using 2 bits rather than I, a branch that 
strongly favors taken or n~t rakl'n-as many branches do-will be mispredicted on ly oncc. The 2 bit s arc llsed 
to, :nc~d~ th e four sta tes In the system. The 2· bit scheme is a general instance of a counter-based predictor 
~v llch IS Incrcme.n~e~ when the prediction is accurate and decremented otherwise, and uses the midpoint of 
Its range as [he dIVISIon between taken and llot taken. 

Elaboration: As we described in Section 4.5, in a five-stage pipeline we can make the 
control hazard a feature by redefining the branch. A delayed branch always executes the 
follOWIng instruction, but the second instruction following the branch will be affected b 
the branch. y 

Compile~s and assemblers try to place an instruction that always executes after 
the bra~CI1 In the branch delay slot. The job of the software is to make the successor 
instructions valid and useful. Figure 4.64 shows the three ways in which t11e branch 
delay s lot can be scheduled. 

. The ~im itations on delayed branch scheduling arise from (1) the restrictions on the 
InstructIons that are scheduled into the delay slots and (2) our ability to predict at 
compIle tIme whether a branch is likely to be taken or not. 

branch delay slot The 
slot directly after a delayed 
branch instruction, which 
in the MIPS architecture is 
filled by an instruction that 
does not affect the branch. 
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Delayed branching was a simple and effective solution for a five-stage ~ip~line 
issuing one instruction each clocl< cycle. As processors go to both longer pipelines 
and issuing multiple instructions per clock cycle (see Section 4.10), the branch delay 
becomes longer, and a single delay slot is insufficient. Hence, delayed branching has 
lost popularity compared to more expensive but more, fleXible dynamiC ~pproa~h~s. 
Simultaneously, the growth in available transistors per chip has made dynamiC prediction 

relatively cheaper. 

Elaboration: Abranch predictor tells us whetherornota branch is taken, but still requires 
the calculation of the branch target. In the five-stage pipeline , thiS calculation takes one 
cycle, meaning that taken branches will have a 1-cycle penalty. Delayed branches are 

a. From before b From target c From fall-through 

add $sl , $s2, $s3 

if$S2=~ 1De:J ~"'".;"J 
add $sl, $s2, $s3 

if $sl = 0 Ihen 

I (Delay 510' I 

add $sl, $s2, $s3 

If $51 = a then 

I Delay slot j 
sub $.4. $15, $.6 

Becomes Becomes Becomes 

add $sl, $s2, $s3 

if$S2=~ 

l addS5::J 
add$sl, $s2,$s3 \ 

if $51 == a then 

I sub $'4, $.5, $.6 I 

".'~~ I sub S'4. S15, S.6 I 

FIGURE 4.64 Scheduling the branch delay slot. The top box in each pair sho~vs the. code before 
scheduling; the bottom box shows the scheduled code. [n (a ), the dcl?y slot is scheduled With a~ 1:ld~p)el?dent 
instructi on from before the branch. Thi s is the best choice. Strategies (b) and (c) ar.e .used w len a

l 
IS I~O~ 

ossible. [n the code sequences for (b) and (c) , the use of $ 5 1 in the branch co nditIOn preven~s t Ie a 
fnstruction (whose destination is $ 5 1) from being moved into th~ branch. dcl a~ sloLln (b ) the b~'lIlch delay 
slot is scheduled from the target of the branch; usually the target IIlstructlOl1 ~Yillneed t~ be ~oted ~e~~I~se 
it cat~ be reached by another path. Strategy (b) is preferred when the branch IS taken wllh hlg pr? a Ilty, 

I I b I r.\·nolly the branch rna)' be scheduled from the not-taken fall -through as III (c). To 
sue I as a oop ranc 1. I ' '" ' • . I I • b I 
. ' . ... .. I I' (b) nl (e) it must be OK to execute the s ub InstructIOn w len t Ie ranc I nnke tillS optlmlZ,1I10n ega lor , '11 '11 
';es in the unexpected direction. By "OK" we mean Ihnt the work is wasted, bu~ the program WI Stl execu~e 
~orrectly. This is the case, for example, if H4 were an unused temp orary regIster when the branch goes III 

the unexpected direction. 
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one approach to eliminate that penalty. Anotl1er approacll is to use a cache to 110ld the 
destination program counter or destination instruction using a branch target buffer . 

The 2-bit dynamic prediction scheme uses only information about a particular branch. 
Researchers noticed til at using information about both a local branch, and the global 
behavior of recently executed branches together yields greater prediction accuracy for 
the same number of prediction bits. Such predictors are called correlating predictors . 
A typical correlating predictor might have two 2-bit predictors for each branch, with the 
choice between predictors made based on whether the last executed brancll was taken 
or not tallen. Thus, the global branch bellavior can be thought of as adding additional 
index bits for the prediction lookup. 

A more recent innovation in branch prediction is the use of tournament predictors. 
A tournament predictor uses multiple predictors, tracl~ing, for each branch, which pre
dictor yields the best results. A typical tournament predictor might contain two predic
tions for each branch index: one based on local information and one based on global 
branch behavior. A selector would choose which predictor to use for any given prediction. 
The selector can operate similarly to a 1- or 2-bit predictor, favoring whichever of the two 
predictors Ilas been more accurate. Some recent microprocessors use such elaborate 
predictors. 

Elaboration: One way to reduce the number of conditional branches is to add 
conditional move instructions. Instead of changing the PC with a conditional brancl1, the 
instruction conditionally cl1anges the destination register of tile move. If the condition 
fails, tile move acts as a nop. For example, one version of the MIPS instruction set 
architecture has two new instructions called mo vn (move if not zero) and mo v z (move 
if zero). Thus, mo vn $8 . $1 1 , $4 copies the contents of register 11 into register 8, 
provided that the value in register 4 is nonzero; otherwise, it does nothing. 

The ARM instruction set Ilas a condition field in most instructions. Hence, ARM 
programs could have fewer conditional branches than in MIPS programs. 

Pipeline Summary 

We started in the laundry room, showing principles of pipelining in an everyday 
setting. Using that analogy as a guide, we explained instruction pipelining step
by-step, starting with the single-cycle datapath and then adding pipeline registers, 
forwarding paths, data hazard detection, branch prediction, and flushing instruc
tions on exceptions. Figure 4.65 shows the final evolved datapath and control. We 
now are ready for yet another control hazard: the sticky issue of exceptions. 
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branch target buffer 
A structure that caches 
the destination PC or 
destination instruction 
for a branch. It is usually 
organized as a cache with 
lags, making it more 
costly than a simple 
prediction buffer. 

correlating predictor 
A branch predictor that 
combines local behavior 
of a particular branch 
and global information 
about the behavior of 
some recent number of 
executed branches. 

tournament branch 
pred ictor A branch 
predictor with multiple 
predictions for each 
branch and a selection 
mechanism that chooses 
which predictor to enable 
for a given branch. 

Consider three branch prediction schemes: branch not talcen, predict talcen, and Check 
dynamic prediction. Assume that they all have zero penalty when they predict Yourself 
correctly and two cycles when they are wrong. Assume that the average predict 
accuracy of the dynamic predictor is 90%. Which predictor is the best choice for 
the following branches? 

1. A branch that is talcen with 5% frequency 

2. A bra"ch that is talcen with 95% frequency 

3. A branch that is taken with 70% frequency 
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FIGURE 4.65 The final datapath and control for this chapter. Note that this is a stylized figure rather than a detailed data path, so 
it's missing the ALUsrc mux from Figure 4.57 and the multiplexor controls from rigurc 4.51. 

To make a computer 
lvitlI alltolnatic 
progmlll- ill terruptioll 
facilities belIal'e 
{sequelltially} was 
110t all easy matter, 

bewuse the /Ilullber of 
illstrIletions il1l'arioliS 
stages of processillg 
when (/11 interrupt 
signal occllrs 11lay be 
large. 

Fred Brooks, Jr., 
Plml1lillg a Campflter 
System: Project Stretch, 
1962 

II Exceptl .... 

Control is the most challenging aspect of processor design: it is both the hardest 
part to get right and the hardest part to make fast. One of the hardest parts of con
trol is implementing exceptions and interrupts-events other than branches or 
jumps that change the normal flow of instruction execution. They were initially 
created to handle unexpected events from within the processor, like arithmetic 
overflow. The same basic mechanism was extended for I/O devices to communi
cate with the processor, as we will see in Chapter 6. 

Many architectures and authors do not distinguish between interrupts and 
exceptions, often using the older name illtel'mpt to refer to both types of events. 
For example, the Intel x86 uses interrupt. We follow the MIPS convention, using 

4.9 Exceptions 

the term exceptioll to refer to all)' unexpected change in control flow without 
distinguishing whether the cause is internal or externalj we use the term illterrllpt 
only when the event is externally caused. Here are five examples showing whether 
the situation is internally generated by the processor or externally generated: 

Type of event From where? MIPS terminology 

I/O device request I External Interrupt 

Invoke the operating system from user program I Internal Exception 

Arithmetic overllow I Internal Exception 

Using' an undefined instruction I Internal Exception 

Hardware malfunctions I Either I Exception or interrupt 

Many of the requirements to support exceptions come from the specific situation 
that causes an exception to occur. Accordingly, we will return to this topic in 
Chapter 5, when we discuss memory hierarchies, and in Chapter 6, when we discuss 
I/O, and we will better understand the motivation for additional capabilities in the 
exception mechanism. In this section, we deal with the control implementation for 
detecting two types of exceptions that arise from the portions of the instruction set 
and implementation that we have already discussed. 

Detecting exceptional conditions and taking the appropriate action is often on the 
critical timing path of a processor, which determines the clock cycle time and thus 
performance. Without proper attention to exceptions during design of the control 
unit, attempts to add exceptions to a complicated implementation can significantly 
reduce performance, as well as complicate the task of getting the design correct. 

How Exceptions Are Handled in the MIPS Architecture 

The two types of exceptions that our current implementation can generate are 
execution of an undefined instruction and an arithmetic overflow. We'll use arith
metic overflow in the instruction add $1. $2 , $1 as the example exception in 
the next few pages. The basic action that the processor must perform when an 
exception occurs is to save the address of the offending instruction in the exception 
program counter (EPe) and then transfer control to the operating system at some 
specified address. 

The operating system can then take the appropriate action, which may involve 
providing some service to the user program, taking some predefined action in 
response to an overflow, or stopping the execution of the program and reporting 
an error. After performing whatever action is required because of the exception. the 
operating system can terminate the program or may continue its execution, using 
the EPC to determine where to restart the execution of the program. In Chapter 5, 
we will look more closely at the issue of restarting the execution. 

For the operating system to handle the exception, it must lmow the reason for 
the exception, in addition to the instruction that caused it. There are two main 

exception Also 
called interrupt. An 
unscheduled event 
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that disrupts program 
execution; used to detect 
overflow. 

interrupt An exception 
that comes from outside 
of the processor. (Some 
architectures use the 
term illterrtlpt for all 
exceptions.) 
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vectored interrupt An 
interrupt for which 
the address to which 
control is transferred is 
determined by the cause 
of the exception. 
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methods used to communicate the reason for an exception. The method used 
in the MIPS architecture is to include a status register (called the Calise ,·egiste,.). 
which holds a field that indicates the reaso n for the exception. 

A second method. is to use vectored interrupts. In a vectored interrupt) the 
address to which control is transferred is determined by the cause of the exception. 
For example. to accommodate the two exception types listed above. we might 
define the following two exception vector addresses: 

Exception type Exception vector address (in hex) 

Undefined instruction 8000 OOOOhCX 

Arithmetic ove rtlow 

The operating system knows the reason for the exception by the address at which 
it is initiated. The addresses are separated by 32 bytes or eight instructio ns. and the 
operating system must record the reason for the exception and may perform some 
limited processing in this sequence. When the exception is not vectored. a single 
entry point for all exceptions can be used. and the operating system decodes the 
status register to find the cause. . 

We can perform the processing required for exceptions by add1l1g a few extra 
registers and control signals to our basic implementation and by slightly extend
ing control. Let's assume that we are implementing the exception system used in 
the MIPS architecture. with the single entry point being the address 8000 0180h,,· 

(Implementing vectored exceptions is no more di fficult.) We will need to add two 
additional registers to the MIPS implementation: 

• EPC: A 32-bit register used to hold the address of the affected instruction. 
(Such a register is needed even when exceptions are vectored.) 

• Calise: A register used to record the cause of the exception . In the MIPS 
architecture. this register is 32 bits. although some bits are currently unused. 
Assume there is a five-bit field that encodes the two possible exception 
sources mentioned above, with 10 representing an undefined instruction and 
12 representing ari thmetic overflow. 

Exceptions in a Pipelined Implementation 
A pipelined implementation treats exceptions as another form of control hazard. 
For example, suppose there is an arithmetic overflow in an add instruction. Just as 
we did for the taken branch in the previous section. we must flush the instructions 
that follow the add instruction from the pipeline and begin fetching instructions 
fro m the new address. We will use the same mechanism we used for taken branches. 
but this time the exception causes the deasserting of control lines. 

When we dealt with branch mispredict. we saw how to flush the instruction 
in the IF stage by turning it into a nop . To flu sh instructions in the ID stage. we 
use the multiplexor already in the !D stage that zeros control signals for stalls. 

4.9 Exceptions 387 

EX.Flush 

IF.Rush 

lO.FIIl'S" 

""""" 

~ 
Ij~:II.d 1 I dalDcticn 

"nil 

~ ••• e-t8r II 
IOIEX r u t-- t-

;- ,- r;:;-" ' j 0 _ EX/MEI.I 

" f- .--" t-- r.I ~ I t.- wn 
LI~'ln 

,~."o [~ ,- ' r le""1 ' f-L. EX~I EPC 0 _ ~ IA w,f-
f- f- t-

l-I ~tlllt 

'") 
le~ 1,1= Q 'r ' Aalll.la.s 

);- AlU 
r-- t-

" " , 
• memolY l- f-- ~f-Irl DIIID I-'- I I r.:,o. ~ f-- ' 

mcmclY 

L t- f--' 

Iv 
r 

'" " , 
~1 '- ~ ~ 

L=t;,c""~rdln~:= 
unll 

-, 
FIGURE 4 .66 The datapath with controls to handle exceptions. The key ;ldd iti ons include ;lllew input with the value 8000 0 [BOhel. 

in the multiplexor that supplies the new PC value; ;l C1use register to record the (;l USe of the exception; ilnd an Exception PC register 10 save 
Ihe address of the instruction that caused the exception. The 8000 Ol80hu input to the muhi plcxor is the initia l add ress to begin fetching 
instructions in the event of an e;m:ption. Although not shown, the ALU overflow signal is an input to the control unit. 

A new control signal. called !D. Flush. is ORed with the stall signal from the hazard 
detection uni t to flu sh during !D. To flush the instruction in the EX phase. we use 
a new signal called EX. Flush to cause new multiplexors to zero the control lines. To 
start fetching instructions from location 8000 a 180h". which is the MIPS exception 
address. we simply add an additional input to the PC multiplexor that sends 8000 
a 180h" to the Pc. Figure 4.66 shows these changes. 

This example points out a problem with exceptions: if we do not stop execution 
in the middle of the instruction. the programmer will not be able to see the original 
value of regis ter $1 that helped cause the overfl ow beca use it will be clobbered as 
the Destination register of the a dd instruction. Because of careful planning. the 
overflow exception is detected during the EX stage; hence. we can use the EX. Flush 
signal to prevent the instruction in the EX stage from wri ting its result in the WB 
stage. Many exceptions require that we eventually complete the instruction that 
caused the exception as if it executed normally. The easiest way to do this is to flush 
the instruction and restart it from the beginning after the exception is handled. 
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The final step is to save the address of the offending instruction in the exception 
program counter (EPC). In reality, we save the address + 4, so the exception handling 
routine must first subtract4 from the saved value. Figure 4.66 shows a stylized version 
of the datapath, including the branch hardware and necessary accommodations to 
handle exceptions. 

Exception in a Pipelined Computer 

Given this instruction sequence, 

40hex s ub $11 . $2. $4 
44 hex and $12, $2 , $5 
4 Bhex or $13, $2 , $6 
4C r1ex add $1. $2 . $1 
50 tle x slt $15, $6, $7 

54 hex hi $16. 50($7) 

assume the instructions to be invoked on an exception begin like this: 

80000180"" SYi 

80000184"" SYi 

$25, 1000($0) 
$26 . 1004($0) 

Show what happens in the pipeline if an overflow exception occurs in the add 
instruction. 

Figure 4.67 shows the events, starting with the a dd instruction in the EX stage. 
The overflow is detected during that phase, and 8000 OI80"ex is forced into the 
Pc. Clock cycle 7 shows that the add and following instructions are flushed, 
and the first instruction of the exception code is fetched. Note that the address 
of the instruction followillg the a dd is saved: 4C"cx + 4 = 50"". 

We mentioned five examples of exceptions on page 385, and we will see others 
in Chapters 5 and 6. With five instructions active in any clock cycle, the challenge 
is to associate an exception with the appropriate instruction. Moreover, multiple 
exceptions can occur simultaneously in a single clock cycle. The solution is to 
prioritize the exceptions so that it is easy to determine which is serviced first. In 
most MIPS implementations, the hardware sorts exceptions so that the earliest 
instruction is interrupted. 

I/O device requests and hardware malfunctions are not associated with a specific 
instruction, so the implementation has some flexibility as to when to interrupt the 
pipeline. Hence, the mechanism used for other exceptions works just fine. 

Clock 6 

Iw $16, 50(57) 

"FI,," 

sw $25, 1000{$0) 

IF.""" 

1""'"-1\. I IF 

)-.~ 

"" 

Clock 7 

: 
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FIGURE 4.67 The result of an exception due to arithmetic overflow in the add instruction. The overflow is detected during 
the EX stage of clock 6, saving the address following the add in the EPe register (4e +" = 50hcx )' Overflow causes all the f. lusb signals to be 
set ncar the end of tbis clock cycle, dcasserting control values (setting them to 0) for the add . Clock cycle 7 shows the instructions converted 
to bubbles in the pipeline pIllS the fetching of the first instruction of the exception rolltine-SI'I $25 . 10 00 ( SO l-from instruction location 
8000 OlllOhcx' Note that the AND and OR instructions, which arc prior to the add , still complete. Although not shown, the ALU overflow signal 
is an input to the control unit. 
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imprecise interrupt 
Also called imprecise 
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exception. 

precise interrupt Also 
called precise exception . 
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instrucion in pipelined 
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The EPC captures the address of the interrupted instructions, and the MIPS 
Cause register records all possible exceptions in a clock cycle, so the exception 
software must match the exceptio n to the instruction. An important clue is know
ing in which pipeline stage a type of exception can occur. For example, an unde
fined instruction is discovered in the ID stage, and invoking the operating system 
occurs in the EX stage. Exceptions are collected in the Cause register in a pending 
exception field so that the hardware can interrupt based on later exceptions, once 
the earliest one has been serviced. 

The hardware and the operating system must work in conjunction so that exceptions 
behave as you would expect. The hardware contract is normally to stop the offend ing 
instruction in midstream, let all prior instructions complete, flush all following 
instructions, set a register to show the cause of the exception. save the address of 
the offending instruction, and then jump to a prearranged address. The operating 
system contract is to look at the cause of the exception and act appropriately. For 
an undefined instruction, hardware failure, or arithmetic overflow exception, the 
operating system normally kills the program and returns an indicator of the reason. 
For an I/O device request or an opera ting system service call, the operating system 
saves the state of the program, performs the desired task, and, at some point in the 
future, restores the program to continue execution. In the case ofllO device requests, 
we may often choose to run another task before resuming the task that requested 
the 1/0, since that task may often not be able to proceed until the I/O is complete. 
This is why the ability to save and restore the state of any task is critical. One of the 
most important and frequent uses of exceptions is handling page faults and TLB 
exceptions; Chapter 5 describes these exceptions and their handling in more detail. 

Elaboration: The difficulty of always associating the correct exception with the correct 
instruction in pipelined computers has led some computer designers to relax this 
requirement in noncritical cases. Such processors are said to have Imprecise interrupts 
or imprecise exceptions . In the example above, PC would normally have 58hex at the 
start of the clock cycle after the exception is detected, even though the offending 
instruction is at address 4Chex' A processor witll imprecise exceptions might put 5ahex 
into EPe and leave it up to the operating system to determine which instruction caused 
the problem. MIPS and the vast majority of computers today support precise interrupts 
or precise exceptions , (One reason is to support virtual memory, which we shall see in 
Chapter 5.) 

Elaboration: Although MIPS uses the exception entry address 8000 0180"" for 
almost all exceptions, it uses the address 8000 OOOOhex to improve performance of the 
exception handler for TLB-miss exceptions (see Chapter 5). 
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Which exception should be recognized first in this sequence? 

1. add 

2. xxx 

3. s ub 

$1. $2 . $1 # arithmetic overtlow 

$1. $2 . $I # undefined instruction 

$1. $2 . $1 # hardware error 

Parallelism and Advanced Instruction
Level Parallelism 

Be forewarned: this section is a brief overview of fascinating but advanced 
topics. If you want to learn more details, you should consult our more advanced 
book, COII/p"ter Architectll re: A Qllantitati!'e Approach, fourth edilion, where the 
material covered in the next I3 pages is expanded to almost 200 pages (including 
Appendices)! 

Pipelining exploits the potential parallelism among instructions. This parallelism 
is called instruction-level parallelism (lLP). There are two primary methods 
for increasing the potential amount of instruction-level parallelism. The first is 
increasing the depth of the pipeline to overlap more instructions. Using our laundry 
analogy and assuming that the washer cycle was longer than the others were, we 
could divide O~I~ washer into three machines that perform the wash, rinse, and spin 
st,eps .of a traditional washer. We would then move from a four-stage to a six-stage 
pipeline. To get the full speed- up, we need to rebalance the remaining steps so they 
are the sa?,e length,. in processors or in laundry. The amount of parallelism being 
explOited IS higher, SInce there are more operations being overlapped. Performance 
is potentially greater since the clock cycle can be shorter. 

Another approach is to replicate the internal components of the computer so 
tha t It can launch multiple instructions in every pipeline stage. The general name 
fo r this technique is multiple issue. A multiple-issue laundry would replace our 
household washer and dryer with, say, three washers and three dryers. You would 
also have to recrui t more assistants to fold and put away three times as much laun
dry in the same amount of time. The downside is the extra work to keep all the 
machInes busy and transferring the loads to the next pipeline stage. 

Launch ing multiple instructions pel' stage allows the instruction execution 
rate to exceed the clock rate or, stated alternatively, the CPI to be less than I. It 
is sometimes useful to flip the metric and use fPC, or illstrIlctiolls pel' clock cycle. 
Hence, a 4 GHz four-way multiple-issue microprocessor can execute a peak rate 
of 16 billion instructions per second and have a best-case CPI of 0.25, or an IPC 
of 4. Assuming a five-stage pipeline, such a processor would have 20 instructions 
in execution at any given time. Today's high-end microprocessors attempt to issue 
from three to six instructions in every clock cycle. There are typically, however, 
many constraints on what types of instructions may be executed simultaneously 
and what happens when dependences arise. 

Check 
Yourself 

instruction-level 
parallelism The 
parallelism among 
instructions. 

multiple issue 
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A scheme whereby 
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launched in one clock 
cycle. 

-: 



392 

static multiple issue 
An "pproach to 
implementing a multiple
issue processor where 
many decisions are made 
by the compiler before 
execution. 

dynamic multiple 
issue An approach to 
implementing a multiple
issue processor where 
many decisions are made 
during execution by the 
processor. 

issue slots The positions 
from which instructions 
could issue in a given 
clock cycle; by analogy, 
these correspond to 
positions at the starting 
blocks for a sprint. 

speculation An 
approach whereby the 
compiler or processor 
guesses the outcome of an 
instruction to remove it as 
a dependence in executing 
other instructions. 
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There are two major ways to implement a multiple-issue processor, with the 
major difference being the division of work between the compiler and the hardware. 
Because the division of work dictates whether decisions are being made statically 
(that is, at compile time) or dynamically (that is, during execution), the approaches 
are sometimes called static multiple issue and dynamic multiple issue. As we will 
see, both approaches have other, more commonly used names, which may be less 
precise or more restrictive. 

There are two primary and distinct responsibilities that must be dealt with in a 
multiple-issue pipeline: 

1. Packaging instructions into issue slots : how does the processor determine 
how many instructions and which instructions can be issued in a given 
clock cycle? In most static issue processors, this process is at least partially 
handled by the compiler; in dynamic issue designs, it is normally dealt with 
at runtime by the processor, although the compiler will often have already 
tried to help improve the issue rate by placing the instructions in a beneficial 
order. 

2. Dealing with data and control hazards: in static issue processors, some or 
all of the consequences of data and control hazards are handled statically by 
the compiler. In contrast, most dynamic issue processors attempt to allevi
ate at least some classes of hazards using hardware techniques operating at 
exeCll tion time. 

Although we describe these as distinct approaches, in reality techniques from one 
approach are often borrowed by the other, and neither approach can claim to be 
perfectly pure. 

The Concept of Speculation 

One of the most important methods for finding and exploiting more ILP is 
speculation. Speculation is an approach that allows the compiler or the processor 
to "guess" about the properties of an instruction, so as to enable execution to begin 
for other instructions that may depend on the speculated instruction. For example, 
we might speculate on the outcome of a branch, so that instructions after the 
branch could be executed earlier. Another example is that we might speculate that 
a store that precedes a load does not refer to the same address, which would allow 
the load to be executed before the store. The difficulty with speculation is that it 
may be wrong. So, any speculation mechanism must include both a method to 
check if the guess was right and a method to unroll or back out the effects of the 
instructions that were executed speculatively. The implementation of this back-out 
capability adds complexity. 

Speculation may be done in the compiler or by the hardware. For example, the 
compiler can use speculation to reorder instructions, moving an instruction across 
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a branch or a load across a store. The processor hardware can perform the same 
transformation at runtime using techniques we discuss later in this section. 

The recovery mechanisms used for incorrect speculation are rather different. In 
the case of speculation in software, the compiler usually inserts additional instruc
tions that check the accuracy of the speculation and provide a fix-up routine to use 
when the speculation is incorrect. In hardware speculation, the processor usually 
buffers the speculative results until it knows they are no longer speculative. If the 
speculation is correct, the instructions are completed by allowing the contents of 
the buffers to be written to the registers or memory. If the speculation is incorrect, 
the hal'dware flushes the buffers and re-executes the correct instruction sequence. 

Speculation introduces one other possible problem: speculating on certain 
instructions may introduce exceptions that were formerly not present. For exam
ple, suppose a load instruction is moved in a speculative manner, but the address 
it uses is not legal when the speculation is incorrect. The result would be that an 
exception that should not have occurred will occur. The problem is complicated by 
the fact that if the load instruction were not speculative, then the exception must 
occur! In compiler-based speculation, such problems are avoided by adding spe
cial speculation support that allows such exceptions to be ignored until it is clear 
that they really should occur. In hardware-based speculation, exceptions are simply 
buffered until it is clear that the instruction causing them is no longer speculative 
and is ready to complete; at that point the exception is raised, and normal excep
tion handling proceeds. 

Since speculation can improve performance when done properly and decrease 
performance when done carelessly, significant effort goes into deciding when it 
is appropriate to speculate. Later in this section, we will examine both static and 
dynamic techniques for speculation. 

Static Multiple Issue 

Static multiple-issue processors all use the compiler to assist with packaging instruc
tions and handling hazards. In a static issue processor, you can think of the set of 
instructions issued in a given clock cycle, which is called an issue packet, as one 
large instruction with multiple operations. This view is more than an analogy. Since 
a static multiple-issue processor usually restricts what mix of instructions can be 
initiated in a given clock cycle, it is useful to think of the issue packet as a single 
instruction allowing several operations in certain predefined fields. This view led to 
the original name for this approach: Very Long Instruction Word (VLIW ). 

Most static issue processors also rely on the compiler to take on some respon
sibility for handling data and control hazards. The compiler's responsibilities may 
include static branch prediction and code scheduling to reduce or prevent all 
hazards. Let's look at a simple static issue version of a MIPS processor, before we 
describe the use of these techniques in more aggressive processors. 
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instructions that issues 
together in one clock 
cycle; the packet may be 
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Very Long Instruction 
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many operations that are 
defined to be independent 
in a single wide instruc
tion, typically with many 
separate opcode fields. 



394 Chapter 4 The Processor 

An Example: Static Multiple Issue with the MIPS ISA 

To give a flavor of static multiple issue, we consider a simple two-issue MIPS pro
cessor, where one of the instructions can be an integer ALU operation or branch 
and the other can be a load or store. Such a design is like that used in some 
embedded MIPS processors. Issuing two instructions per cycle will require fetch
ing and decoding 64 bits of instructions. In many static multiple-issue processors, 
and essentially all VLIW processors, the layout of simultaneously issuing instruc
tions is restricted to simplify the decoding and instruction issue. Hence, we will 
require that the instructions be pa ired and aligned on a 64-bit boundary, with the 
ALU or branch portion appearing first. Furthermore, if one instruction of the pair 
cannot be used, we require that it be replaced with a nop. Thus, the instructions 
always issue in pairs, possibly with a nop in one slot. Figure 4.68 shows how the 
instructions look as they go into the pipeline in pairs. 

Instruction type Pipe stages 

Al U or branch instruction IF 10 EX MEM I WB 
load or store instruction IF 10 EX MEM I WB 
Al U or branch instruction IF 10 EX I MEM WB 
Load or store instruction IF 10 EX I MEM WB 
AlU or branch Instruction IF 10 I EX MEM WB 
load or store instruction IF 10 I EX MEM WB 
ALU or branch Instruction IF I 10 EX MEM WB 
l oad or store instruction IF I 10 EX MEM WB 

FIGURE 4.68 Static tw&is5ue pipeline In operation. The ALU and data tran sfer instructions 
arc issued at the same lime. Here we have ilss umcd the same five-stage structure as lIsed for the single-issue 
pipeline. Although this is not strictly necessary, it docs have some advantages. In particular, keeping the reg
ister writc.~ at the end of the pipeline simplifies the handling of exceptions and the maintenallce of;\ precise 
exception model, which become Illore difficult in multiple-issue processors. 

Static multiple-issue processors vary in how they deal with potential data and 
control hazards. In some designs, the compiler takes fu ll responsibility for remov
ing all hazards, scheduling the code and inserting no-ops so that the code executes 
without any need for hazard detection or hardwa re-generated stalls. In others, 
the hardware detects data hazards and generates stalls between two issue packets, 
while requiring that the compiler avoid all dependences within an instruction pair. 
Even so, a hazard generally forces the entire issue packet containing the dependent 
instruction to stall. Whether the software must handle all hazards or only try to 
reduce the fraction of hazards between separate issue packets, the appearance of 
having a large single instruction with multiple operations is reinforced. We wi ll 
assume the second approach for this example. 

To issue an ALU and a data transfer operation in parallel, the first need for 
additional hardware- beyond the usual hazard detection and stall logic- is extra 
ports in the register file (see Figure 4.69). In one clock cycle we may need to read 
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FIGURE 4.69 A static two-Issue datapath. The additions needed for doub le issue ;m.' highlighted: another 32 bits from instru ction 
memory, two more read paris and one more write port on the register file, and another ALU. Assume tbe bottom ALU handles <1ddrcss 
calcul<1tions for data tran sfers and th e top ALU handles everything clse. 

two registers for the ALU operation and two more for a store, and also one write 
port for an ALU operation and one write port for a load. Since the ALU is tied 
up for the ALU operation, we also need a separate adder to calculate the effective 
address for data transfers. Without these extra resources, our two-issue pipeline 
would be hindered by structural hazards. 

Clearly, this two-issue processor can improve performance by up to a factor 
of 2. Doing so, however, requires that twice as many instructions be overlapped 
in execution, and this additional overlap increases the relative performance loss 
from data and control hazards. For example, in our simple five- stage pipeline, 
loads have a use latency of one clock cycle, which prevents one instruction from 
using the resu lt without stall ing. In the two-issue, five-stage pipeline the result of 
a load instruction cannot be used on the next clock cycle. This means that the next 
tlVO instructions ca nnot use the load result without stalli ng. Furthermore, ALU 
instructions that had no use latency in the simple five-stage pipeline now have a 

lise latency Number of 
clock cycles between a 
load instruction and an 
instruction that can use 
the result of the load with· 
out stalling the pipeline. 

., 
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one-instruction use latency, since the results cannot be used in the paired load or 
store. To effectively exploit the parallelism available in a multiple-issue processor, 
more ambitious compiler or hardware scheduling techniques are needed, and static 
multiple issue requires that the compiler take on this role. 

Simple Multiple-Issue Code Scheduling 

How would this loop be scheduled on a static two-issue pipeline for MIPS? 

Loop : lw 
addu 
s\~ 

addi 
bne 

StO , O(S s l) # ItO-array element 
$tO , $tO , $s2# add scalar i n $52 
StO . 0($51)# s t ore res ult 
151 . $51 , - 4# decrement pointer 
Is I ,$ ze ro,L oop# branch $sl !-O 

Reorder the instructions to avoid as many pipeline stalls as possible. Assume 
branches are predicted, so that control hazards are handled by the hardware. 

The first three instructions have data dependences, and so do the last two. 
Figure 4.70 shows the best schedule for these instructions. Notice that just 
one pair of instructions has both issue slots used. It takes four clocks per loop 
iteration; at four clocks to execute five instructions, we get the disappointing 
CPI of 0.8 versus the best case of 0.5., or an IPC of 1.25 versus 2.0. Notice 
that in computing CPI or IPC, we do not count any naps executed as useful 
instructions. Doing so would improve CPI, but not performance! 

ALU or branch Instruction Data transfer instruction 

FIGURE 4.70 The scheduled code as it would look on a two-issue MIPS pipeline. The empty 
slo\s are nops. 

4.10 Parallelism and Advanced Instruction-Level Parallelism 

An i.mportant compiler technique to get more performance fro m loops is loop 
~nrolhng, whe~e multIple copres of the loop body are made. After unrolling, there 
IS more ILP avarlable by overlapping instructions from different iterations. 

Loop Unrolling for Multiple-Issue Pipelines 

See h?w well loop unrOlling and scheduling work in the exa mple above. For 
slmplrclty assume that the loop index is a multiple of four. 

To schedule the loop wi thout any delays, it turns out that we need to make 
four copies of the loop body. After unrolling and eliminating the unnecessary 
loop overhead II1structlons, the loop will contain four copies each of I w, add, 
and s\~, plus one add i and one bne. Figure 4.71 shows the unrolled and 
scheduled code. 

During the unrolling process, the compiler introduced additional registers 
(It I , It 2, $t 3). The goal of this process, called register renaming, is to elim
mate dependences that are not true data dependences, but could either lead to 
potential hazards or prevent the compiler from flexibly scheduling the code. 
ConSIder how the unrolled code would look using only ItO. There would be 
repeated i nstancesofll~ ItO . O( $$51), ad du ItO, ItO, $52 followed by s\~ 
to . 4 ( $ 5 I ), but these sequences, despite using itO, are actually completely 
mdependent-no data values flow between one pair of these instructions and 
the next pair. This is what is called an untidependence or name dependence 
which is an ordering forced purely by the reuse of a name, rather than a reai 
data dependence which is also called a true dependence. 

Renaming the registers during the unrolling process allows the compiler to 
move these independent instructions subsequently so as to better schedule the 
code. The renaming process eliminates the name dependences, while preserv
ing the true dependences. 

Notice now that 12 of the 14 instructions in the loop execu te as pairs. It 
takes 8 clocks for 4 loop iterations, or 2 clocks per iteration, which yields a 
CPI of 8/!4 = 0.57. Loop unrolling and scheduling with dual issue gave us 
an Improvement fac tor of almost 2, partly from reducing the loop con trol 
~nstrucllons a~d partly from dual issue execution. The cost of this performance 
Improvement IS using four temporary registers rather than one, as well as a 
significan t increase in code size. 

Dynamic Multiple-Issue Processors 

~ynamic multiple-issue processors are also lmown as superscalar processo rs, or 
Simply superscalars. In the simplest superscalar processors, instructions issue in 
order, and the processor decides whether zero, one, or more instructions can issue 
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A technique to get more 
performance from loops 
that access arrays, in 
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by the compiler or 
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antidependences. 

antidependence AJso 
called name dependence. 
An ordering forced by the 
reuse of a name, typically 
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- ALU or branch instruction Data transfer instruction 

l oop: add i Is1.lsl . -16 hi stO. OISs1) 
1\, Itl . 12 1Is1) 2 

addu st O. stO . Is2 I " H2. 81 Is 1 ) l 

addu Itl . Itl . Is2 I " Itl . 411s1) 4 

addu H2 .l t2 . ls2 S\'I Ita . 1611s1) 5 

addu H l .l tJ.ls2 s" st1. 121Ss 1 ) 6 

'" H2. 81 lsI ) 
bn e Ssl . Szero,Loop '" Itl .4 1Is 1 ) 8 

RGURE 4.71 The unrolled and scheduled code of Figure 4.70 as it would look on a static 
two-issue MIPS pipeline. The empty slots'lre IIOpS. Since the firs t instruction in the loop decrements Ss I 
by 16, the addrcsscs loadcd arc the original value of Ss 1, then Ihal address minus 4, minw; 8, and minus 12. 

in a given clock cycle. Obviously, achieving good performance on such a processor 
sti ll requires the compiler to try to schedule instructions to move dependences 
apart and thereby improve the instruction issue rate. Even with such compiler 
scheduling, there is an important difference between this simple superscalar and 
a VLIW processor: the code, whether scheduled or not, is guaranteed by the hard
ware to execute correctly. Furthermore, compiled code will always run correctly 
independent of the issue rate or pipeline structure of the processor. In some VLIW 
designs, this has not been the case, and recompilation was required when moving 
across different processor models; in other static issue processors1 code would run 
correctly across different implementations, but often so poorly as to make compi
lation effectively required. 

Many superscalars extend the basic framework of dynamic issue decisions to 
include dynamic pipeline scheduling. Dynamic pipeline scheduling chooses 
which instructions to execute in a given clock cycle while trying to avoid hazards 
and stalls. Let's start with a simple example of avoiding a data hazard. Consider the 
following code sequence: 

1w $tO . 20( $52) 
ad du HI . $tO . H2 
sub $54. $54 . H 3 
s lti H5. $54. 20 

Even though the 5 ub instruction is ready to execute, it must wait for the 1 wand 
ad du to complete first, which might take many clock cycles if memory is slow. 
(Chapter 5 explains cache misses, the reason that memory accesses are sometimes 
very slow.) Dynamic pipeline scheduling allows such hazards to be avoided either 
fully or partially. 
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Dynamic Pipeline Scheduling 

Dynamic pipeline sched uling chooses which instructions to execute next, possibly 
reordering them to avoid stalls. In such processors, the pipeline is divided into 
three major units: an instruction fetch and issue unit, multiple functional units 
(a dozen or more in high-end designs in 2008), and a commit unit. Figure 4.72 
sholVs the model. The first unit fetches instructions, decodes them, and sends each 
instruction to a corresponding functional un it for execution. Each functional 
unit has buffers, called reservation stations, which hold the operands and the 
operation. (In the next section, we will discuss an alternative to reservation stations 
used by many recent processors.) As soon as the buffer contains all its operands 
and the functional unit is ready to execute, the result is calculated. When the result 
is completed. it is sent to any reservation stations waiting for this particular result 
as well as to the commit unit, which buffers the result until it is safe to put the 
result into the register file or, for a store, into memory. The buffer in the commit 
unit, often called the reorder buffer, is also used to supply operands, in much the 
same way as forwarding logic does in a statically scheduled pipeline. Once a resu lt 
is committed to the register file, it can be fetched directly from there, just as in a 
normal pipeline. 

Instruction fetch 
In-order issue and decode unit 

1 1 
Reservation Reservation Reservation Reservation 

station station " . slation station 

1 I 
Functional 

Integer Integer Floating Load- Out-of-order eX8cut units . " point store • 

1 'I 
1 

Commit In-order commit 
unit 

FIGURE 4.72 The three primary units of a dynamically scheduled pipeline. The final step of 
updating the state is also <Al lied retirement or grad uation. 
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commit unit The unit 
in a dynilmic or oul
of-order execution 
pipeline that decides 
when it is sa fe to release 
the resu lt of an operation 

to programmer-visible 
regis ters and memory. 

reservation station 
A buffer within a 
functional unit that holds 
the operilnds and the 
operation. 

reorder buffer The 
buffer thilt holds results in 
a dynamicil ily scheduled 
processor until it is safe 
to store the res ults to 
memory or a reg ister. 
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out-of-order execution 
A situation in pipclined 
execution when an instruc
tion blocked from executing 
does not caU5e the follow
ing instmctions to wait. 

in-order commit 
A commit in which 
the results of pipelined 
execlltion are written to 
the programmer-visible 
state in the same order 
that instructions are 
fetched. 
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The combination of buffering operands in the reservation stations and results 
in the reorder buffer provides a form of register renaming, just like that used by 
the compiler in our earlier loop-unrolling example on page 397. To see how this 
conceptually works, consider the following steps: 

1. When an instruction issues, it is copied to a reservation station for the 
appropriate functional unit. Any operands that are available in the register 
file or reorder buffer are also immediately copied into the reservatIon sta
tion. The instruction is buffered in the reservation station until all the oper
ands and the functional unit are available. For the issuing instruction, the 
register copy of the operand is no longer required, and if a write to that 
register occurred, the value could be overwritten. 

2. If an operand is not in the register file or reorder buffer, it must bewaiting to 
be produced by a functional unit. The name of the functlOnalul1lt that will 
produce the result is tracked. When that unit eventually produces the result, 
it is copied directly into the waiting reservation statIOn from the functIOnal 
unit bypassing the registers. 

These steps effectively use the reorder buffer and the reservation stations to imple-

ment register renaming. . . . 
Conceptually, you can think of a dynamically scheduled plpelme ~s analyzmg 

the data flow structure of a program. The processor then executes the mstrucllons 
in some order that preserves the data flow order of the program. This style of 
execution is called an out-of~order execution, since the instructions can be 
executed in a different order than they were fetched. 

To make programs behave as if they were running on a simple in-order pipeline, 
the instruction fetch and decode unit is required to issue instructions in order, 
which allows dependences to be tracked, and the commit unit is required to write 
results to registers and memory in program fetch order. This conservative m~de is 
called in-order commit. Hence, if an exception occurs. the computer can POlOt to 
the last instruction executed, and the only registers updated will be those written 
by instructions before the instruction causing the exception. Although, the front 
end (fetch and issue) and the back end (commit) of the pipeline run in order, 
the functional units are free to initiate execution whenever the data they need is 
available. Today, all dynamically scheduled pipelines use in-order commit. 

Dynamic scheduling is often extended by including hardware-based specula
tion, especially for branch outcomes. By predicting the direction of.a branch, a 
dynamically scheduled processor can continue to fetch and execute II1structlOns 
along the predicted path. Because the instructions are committed in order, we know 
whether or not the branch was correctly predicted before any instructions from the 
predicted path are committed. A speculative, dynamically scheduled pipeline can 
also support speculation on load addresses, allowing load-store reordering, and 
using the commit unit to avoid incorrect speculation. In the next sectIOn, we WIll 
look at the use of dynamic scheduling with speculation in the AMD Opteron X4 

(Barcelona) design. 

4.10 Parallelism and Advanced Instruction-Level Parallelism 

Given that compilers can also schedule code around data dependences, you might 
ask why a superscalar processor would use dynamic scheduling. There are three 
major reasons. First, not all stalls are predictable. In particular, cache misses (see 
Chapter 5) cause unpredictable stalls. Dynamic scheduling allows the processor to 
hide some of those stalls by continuing to execute instructions while waiting for 
the stall to end. 

Second, if the processor speculates on branch outcomes using dynamic branch 
prediction, it cannot know the exact order of instructions at compile time, since 
it depends on the predicted and actual behavior of branches. Incorporating 
dynamic speculation to exploit more instruction-level parallelism (ILP) without 
incorporating dynamic scheduling would significantly restrict the benefits of 
speculation. 

Third, as the pipeline latency and issue width change from one implementation 
to another, the best way to compile a code sequence also changes. For example, how 
to schedule a sequence of dependent instructions is affected by both issue width 
and latency. The pipeline structure affects both the number of times a loop must be 
unrolled to avoid stalls as well as the process of compiler-based register renaming. 
Dynamic scheduling allows the hardware to hide most of these details. Thus, users 
and software distributors do not need to worry about having multiple versions of 
a program for different implementations of the same instruction set. Similarly, old 
legacy code will get much of the benefit of a new implementation without the need 
for recompilation. 

BOUl pipelining and multiple-issue execution increase peak instruction 
throughput and attempt to exploit instruction-level parallelism (ILP). 
Data and control dependences in programs, however, offer an upper limit 
on sustained performance because the processor must sometimes wait for 
a dependence to be resolved. Software-centric approaches to exploiting 
ILP rely on the ability of the compiler to find and reduce the effects of 
such dependences, while hardware-cenlric approaches rely on extensions 
to the pipeline and issue mechanisms. Speculation, performed by the 
compiler or the hardware, can increase the amount of ILP that can be 
exploited, allhough care must be taken since speculating inco rrectly is 
likely to reduce performance. 
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Modern, high-performance microprocessors are capable of issuing several 
instructions per clock; unfortunately, sustaining that issue rate is very difficult. For 
example, despite the existence of processors with four to six issues per clock, very 
few applications can sustain more than two instructions per clock. There are two 
primary reasons for this. 

First, within the pipeline, the major performance bottlenecks arise from depen
dences that cannot be alleviated, thus reducing the parallelism among instruc
tions and the sustained issue rate. Although little can be done about true data 
dependences, often the compiler or hardware does not know precisely whether a 
dependence exists or not, and so mllst conservatively assume the dependence exists. 
For example, code that makes use of pointers, particularly in ways that may lead to 
aliasing, will lead to more implied potential dependences. In contrast, the greater 
regularity of array accesses often allows a compiler to deduce that no dependences 
exist. Similarly, branches that cannot be accurately predicted whether at runtime 
or compile time will limit the ability to exploit ILP. Often, additional ILP is avail
able, but the ability of the compiler or the hardware to find ILP that may be widely 
separated (sometimes by the execution of thousands of instructions) is limited. 

Second, losses in the memory system (the topic of Chapter 5) also limit the 
ability to keep the pipeline full. Some memory system stalls can be hidden, but 
limited amounts of ILP also limit the extent to which such stalls can be hidden. 

Power Efficiency and Advanced Pipelining 

The downside to the increasing exploitation of instruction-level parallelism via 
dynamic multiple issue and speculation is power efficiency. Each innovation 
was able to turn more transi stors into performance, but they often did so very 
inefficiently. Now that we have hit the power wall, we are seeing designs with 
multiple processors per chip where the processors are not as deeply pipelined or as 
aggressively speculative as the predecessors. 

The belief is that while ti,e simpler processors are not as fast as their sophisti
cated brethren, they deliver better performance per watt, so that they can deliver 
more performance per chip when designs are constrained more by power than they 
are by number of transistors. 

Figure 4.73 shows the number of pipeline stages, the issue width, speculation 
level, clock rate, cores per chip, and power of several past and recent microproces
sors. Note the drop in pipeline stages and power as companies switch to multicore 
designs. 

Elaboration: A commit unit controls updates to the register fi le and memory. Some 
dynamically scheduled processors update tile register file immediate ly during execution , 
using extra registers to implement the renaming function and preserving the older copy 

4.10 Parallelism and Advanced Instruction-Level Parallelism 403 

Microprocessor 

Intel 486 5 1 No 1 5 W 
Intel Pentium 1993 66 MHz 5 2 No 1 10 W 
Intel Pentium Pro 1997 200 MHz 10 3 Ves 1 29 W 
Intel Pentium 4 Willametle 2001 2000 MHz 22 3 Ves 1 75 W 
Intel Pentium 4 Prescott 2004 3600 MHz 31 3 Ves 1 103 W 
Intel Core 2006 2930 MHz 14 4 Ves 2 75 W 
Sun UltraSPARC III 2003 1950 MHz 14 4 No 1 90 W 
Sun UltraSPARC T1 (Niagara) 2005 1200 MHz 6 1 No 8 70 W 

FIGURE .4. 73 .Re~ord of Intel a~d Sun Microprocessors in terms of pipeline complexity, number of cores, and power. 
The PentIum 4 plpclmc stages do nOlmclude the commit stages. If we indudeLithem, tbe Pcntium _I pipelincs would be even deeper. 

of a register until the instruction updating the register is no longer speculative. Other 
processors buffer the result. typically in a structure called a reorder buffer. and the 
actual update to the register file occurs later as part of the commit. Stores to memory 
must be buffered until commit time either in a store buffer (see Gllapter 5) or in the 
reorder buffer. The commit unit allows the store to write to memory from the buffer when 
the buffer has a valid address and valid data, and when the store is no longer dependent 
on predicted branches. 

Elaboration: Memory accesses benefit from nonblocking caches, which continue 
servicing cache accesses during a caclle miss (see Cilapter 5). Out-af-order execution 
processors need the cache design to allow instructions to execute during a miss . 

State whether the following techniques or components are associated primarily Check 
WIth a software- or hardware-based approach to exploiting ILP. In some cases, the Yourself 
answer may be both. 

I. Branch prediction 

2. Multiple issue 

3. VLIW 

4. Superscalar 

5. Dynamic scheduling 

6. Out-of-order execution 

7. Speculation 

8. Reorder buffer 

9. Register renaming 
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Real Stuff: the AMD Opteron X4 
(Barcelona) Pipeline 

Like most modern computers, x86 microprocessors employ sophisticated 
pipelining approaches. These processors, however, are still faced with the challenge 
of implementing the complex x86 instruction set, described in Chapter 2. Both 
AMD and Intel fetch x86 instructions and translate them internal to MIPS-like 
instructions, which AMD calls RIse opern/iolls (Rops) and Intel calls micro
operntiolls. The RISC operations are then executed by a sophisticated, dynamically 
scheduled, speculative pipeline capable of sustaining an execution rate of three 
Rise operations per clock cycle in the AMD Gpteron X4 (Barcelona). This section 
focuses on that RISC operation pipeline. 

When we consider the design of sophisticated, dynamically scheduled proces
sors, the design of the functional units, the cache and register fi le, instruction issue, 
and overall pipeline control become intermingled, making it difficult to separate the 
data path from the pipeline. Because of this, many engineers and researchers have 
adopted the term microarchitecture to refer to the detailed internal architecture 
of a processor. Figure 4.74 shows the microarchitecture of the X4, focusing on the 
structures for executing the RlSC operations. 

Another way to look at the X4 is to see the pipeline stages that a typical instruc
tion goes through. Figure 4.75 shows the pipeline structure and the typical number 
of clock cycles spent in each; of course, the number of clock cycles varies due to 
the nature of dynamic scheduling as well as the requirements of individual RlSC 

operations. 

Elaboration: Opteron X4 uses a scheme for resolving antidependences and incorrect 
speculation that uses a reorder buffer together with register renaming. Register 
renaming explicitly renames the architectural registers in a processor (16 in the case of 
the 54-bit version of the x85 architecture) to a larger set of physical registers (72 in the 
X4). X4 uses register renaming to remove antidependences. Register renaming requires 
the processor to maintain a map between the architectural registers and the physical 
registers. indicating which physical register is the most current copy of an architectural 
register. By \<eeping track of the renamings that have occurred. register renaming offers 
another approach to recovery in the event of incorrect speculation: simply undo the 
mappings that have occurred since the first incorrectly speculated instruction. This will 
cause the state of the processor to return to the last correctly executed instruction, 
keeping the correct mapping between the architectural and physical registers. 

Are the following statements true or false? 

1. The Gpteron X4 multiple-issue pipeline directly executes x86 instructions. 

2. X4 uses dynamic scheduling but no speculation. 
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~IGU~E ~.7~ The mlcr~architect~re o~ AMD Opter~n X4. r he extensIve queues allow up to 106 RISe operations 10 be outstnnding, 
tn~ludtng ~.I .. tntegcr ?peratlons, 36 ~ oalll1g pOllll/SSE o.pen~tlons, and '14 lands nnd stores. The load and Siore unils are actually separated into 
t',\O pnrts, \\llh l~lC hrsl par~ handlmg address cnlculatlOn mlhc Integer ALU unils and the second part responsible for the actual memory 
rcrercn:e. Thcre IS an cXle n~lvc bypass nelh'ork among the functional \lnils; since thc pipeline is dynamic mlher Ihnn static, bypass ing is done 
by lagging rcsuhs and trackmg source opcrnnds, so as to allow a match whcn n result is produccd for an instruction in one or the queues thai 
needs the result. 

3. The X4 microarchitecture has many more registers than x86 requi res. 

4. X4 uses less than half the pipeline stages of the earlier Pentium 4 Prescott 
(see Figure 4.73). 
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RGURE 4.15 The Opteron X4 pipeline showing the pipeline flow for a typical instruction and the number of clock 
cycles for the major steps in the 12.-stage pipeline for integer RISC-operations. The noating point execution queue is 17 stages 
long. The major buffers where RI SC-opcTilt ions wait arc also shown. 

Understanding 
Program 

Performance 

The Opteron X4 combines a 12-stage pipeline and aggressive multiple issue to 
achieve high performance. By keeping the latencies for back-to-back operations 
low, the impact of data dependences is reduced. What are the most serious potential 
performance bottlenecks for programs running on this processor? The followin g 
list includes some potential perfo rmance problems, the last three of which can 
apply in some form to any high-performance pipelined processor. 

• The use of x86 instructions that do not map to a few simple RISC 
operations 

• Branches that are difficult to predict, causing misprediction stalls and restarts 
when speculation fail s 

• Long dependences-typically caused by long-running instructions or data 
cache misses-that lead to stalls 

• Performance delays arising in accessing memory (see Chapter 5) that cause 
the processor to stall 

Advanced Topic: an Introduction to 
Digital Design Using a Hardware Design 
Language to Describe and Model a 
Pipeline and More Pipelining Illustrations 

Modern digital design is done using hardware description languages and modern 
computer-aided synthesis tools that can create detailed hardware designs from the 
descriptions using both libraries and logic synthesis. Entire books are written on 
such languages and their use in digital design. This section, which appears on the 
CD, gives a brief introduction and shows how a hardware design language, Veri log 
in this case, can be used to describe the MIPS control both behaviorally and in a 

4.13 Fallacies and Pitfalls 

form suitable for hardware synthesis. It then provides a seri es of behavioral models 
in Veri log of the MIPS fi ve-stage pipeline. The initial model ignores hazards , and 
additions to the model highlight the changes for forwarding, data hazards, and 
branch hazards. 

We then provide about a dozen illustrations using the single-cycle graphical 
pipeline representation fo r readers who want to see more detail on how pipelines 
work for a few sequences of MIPS instructions. 

III fallacies and P;tfalls 

Fallac)': Pipeiillillg is cas)'. 

Our books testify to the subtlety of correct pipeline execu tion. Our advanced 
book had a pipeline bug in its first edition, despite its bei ng reviewed by more 
than 100 people and being class- tested at 18 universities. The bug was uncovered 
only when someone tried to build the computer in that book. The fact tha t the 
Veri log to describe a pipeline like that in Opteron X4 will be thousa nds of lines is 
an indication of the complexity. Beware! 

Fallac),: Pipelillillg idem enll be illlplellle/lted il/depelldellt of tecllllolog),. 

When the number of transisto rs on-chip and the speed of transistors made a five
stage pipeline the best solution, then the delayed branch (see the first Elaborntioll 
on page 381) was a simple solu tion to control hazards. With longer pipelines, 
superscalar execution, and dynamic branch prediction, it is now redundant. In 
the early I990s, dynamic pipeline scheduling took too many resources and was 
not required for high performance, but as transistor budgets continued to double 
and logic became much faster than memory, then multiple functional units and 
dynamic pipelining made more sense. Today, concerns about power are leading to 
less aggressive designs. 

Pitfall: Failure to consider i11struction set design eml ndl/erscl), ill/pact pipelinillg. 

Many of the difficulties of pipelining arise because of instruction set complications. 
Here are some examples: 

• Widely variable instruction lengths and running times can lead to imbalance 
among pipeline stages and severely complicate hazard detection in a design 
pipelined at the instruction set level. This problem was overcome, initially in 
the DEC VAX 8500 in the late 1980s, using the micropipelined scheme that 
the Opteron X4 employs today. Of course, the overhead of translation and 
maintaining correspondence between the micro-operations and the actual 
instructions remains. 

• Sophisticated add ressing modes ca n lead to different sorts of problems. 
Addressing mod es that update registers complicate hazard detection. Other 

407 



" 
" 

. 
" 

'. 

408 

Nille-tenths of wisdol1l 
COllsists of beillg wise 
ill time. 

American proverb 

instruction latency The 
inherent execution time 
for an instruction. 

Chapter 4 The Processor 

addressing modes that require multiple memory accesses substantially 
complicate pipeline control and make it difficult to keep the pipeline flowing 
smoothly. 

Perhaps the best example is the DEC Alpha and the DEC NVAX. In comparable 
technology. the newer instruction set architecture of the Alpha allowed an imple
mentation whose performance is more than twice as fast as NVAX. In another 
example. Bhandarkar and Clark [1991] compared the MIPS M/2000 and the DEC 
VAX 8700 by counting clock cycles of the SPEC benchmarks; they concluded 
that although the MIPS M/2000 executes more instructions. the VAX on average 
executes 2.7 times as many clock cycles, so the MIPS is faster. 

II Concluding Remarks 

As we have seen in this chapter. both the datapath and control for a processor can 
be designed starting with the instruction set architecture and an understanding of 
the basic characteristics of the technology. In Section 4.3. we saw how the data path 
for a MIPS processor could be constructed based on the architecture and the deci
sion to build a single-cycle implementation. Of course, the underlying technology 
also affects many design decisions by dictating what components can be used in the 
datapath, as well as whether a single-cycle implementation even makes sense. 

Pipelining improves throughput but not the inherent execution time, or 
instruction latency, of instructions; for some instructions, the latency is similar 
in length to the single-cycle approach. Multiple instruction issue adds additional 
datapath hardware to allow multiple instructions to begin every clock cycle, but at 
an increase in effective latency. Pipelining was presented as reducing the clock cycle 
time of the simple single-cycle datapath. Multiple instruction issue, in comparison, 
clearly focuses on reducing clock cycles per instruction (CPI). 

Pipelining and multiple issue both attempt to exploit instruction-level parallel
ism. The presence of data and control dependences, which can become hazards, are 
the primary limitations on how much parallelism can be exploited. Scheduling and 
speculation, both in hardware and in software, are the primary techniques used to 
reduce the performance impact of dependences. 

The switch to longer pipelines, multiple instruction issue, and dynamic sched
uling in the mid-1990s has helped sustain the 60% per year processor performance 
increase that started in the early 1980s. As mentioned in Chapter I. these micro
processors preserved the sequential programming model, but they eventually ran 
into the power wall. Thus, the industry has been forced to try multiprocessors, 
which exploit parallelism at much coarser levels (the subject of Chapter 7). This 
trend has also caused designers to reassess the power-performance implications 

4.16 Exercises 

of some of the inventions since the mid-1990s, resulting in a simplification of 
pipelines in the more recent versions of microarchitectures. 

To sllstain the advances in processing performance via parallel processors, 
Amdahl's law suggests that another part of the system will become the bottleneck. 
That bottleneck is the topic of the next chapter: the memory system. 

Historical Perspective and Further 
Reading 

This section, which appears on the CD, discusses the history of the first pipelined 
processors, the earliest superscalars, and the development of out-of-order and 
speculative techniques, as well as important developments in the accompanying 
compiler technology. 

Exercises 
Contriblilcd by Milos Prvulovic of Georgia '!ech 

Exercise 4.1 
Different instructions utilize different hardware blocks in the basic single-cycle 
implementation. The next three problems in this exercise refer to the following 
instnlction: 

• Instruction Interpretation 

.. add Rd, Rs .Rt Reg [Rd )- Reg [Rs)+ Reg [ Rt ) 

b. hi Rt. Offs(Rs) Reg [Rt)- Mem[ Reg [ Rs )+Offs ) 

4.1.1 [5J <4.1 > What are the values of control signals generated by the control in 
Figure 4.2 for this instruction? 

4.1.2 [5J <4.1 > Which resources (blocks) perform a useful function for this 
instruction? 

4.1.3 [IOJ <4.1 > Which resources (blocks) produce outputs, but their outputs 
are not used for this instruction? Which resources produce no outputs for this 
instruction? 
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Different execution units and blocks of digital logic have different latencies (t ime 
needed to do their work). In Figure 4.2 there are seven kinds of major blocks. 
Latencies of blocks along the critical (longest-latency) path for an instruction 
determine the minimum latency of that instruction. For the remaining three 
problems in this exercise, assume the fol1owing resource latencies: 

b. 500ps 150ps lOOps 180ps 220ps 1000ps 65ps 

4.1.4 [5] <4.1 > What is the critical path for a MIPS AND instruction? 

4.1.5 [5] <4.1 > What is the critical path for a MIPS load (LD) instruction? 

4.1.6 [IOJ <4. 1> What is the critical path for a MIPS BEQ instruction? 

Exercise 4.2 
The basic single-cycle MIPS implementation in Figure 4.2 can only implement 
some instructions. New instructions can be added to an existing ISA, but the 
decision whether or not to do that depends, among other things, on the cost and 
complexity such an addition introduces into the processor data path and control. 
The first three problems in this exercise refer to this new instruction: 

• Instruction Interpretation 

a. add3 Rd.Rs.Rt , Rx Reg [Rd )- Reg[Rs)+Reg[Rt)+Reg[Rx) 

b . sl1 Rt . Rd . Sh i ft Reg [ RdJ- Reg[Rt) « Shi f t (shift left by Shift bits) 

4.2.1 [IOJ <4.1> Which existing blocks (if any) can be used for this instruction? 

4.2.2 [IOJ <4.1 > Which new functional blocks (if any) do we need for this 
instruction? 

4.2.3 [10] <4.1> What new signals do we need (if any) from the control unit to 
support this instruction? 

When processor designers consider a possible improvement to the processor 
datapath, the decision usually depends on the cost/performance tradeoff. In 
the following three problems, assume that we are starting with a datapalh from 
Figure 4.2, where I-Mem, Add, Mux, ALU, Regs, D-Mem, and Control blocks have 
latencies of 400ps, lOOps, 30ps, 120ps, 200ps, 350ps, and lOOps, respectively, and 
costs of 1000, 30, 10, 100,200,2000, and SOD, respectively. The remaining three 
problems in this exercise refer to the fo llowing processor improvement: 

4.16 Exercises 

• Improvement Latency Benefit 

a. Faster Add - 20ps for Add units +20 per Add unit Replaces existing Add units with 
faster ones. 

b. Larger Registers +100ps for Regs +200 for Regs Fewer loads and stores needed 
to save and restore register 
values. This results In 5% fewer 
instructions. 

4.2.4 [10] <4.1 > What is the clock cycle time with and without this 
improvement? 

4.2.5 [IOJ <4.1 > What is the speed-up achieved by adding this improvement? 

4.2.6 [10J <4.1 > Compare the cost/performance ratio with and without this 
improvement. 

Exercise 4.3 
Problems in this exercise refer to the following logic block: 

• Logic Block 

a. Small I·Memory with four B-blt words 

b • Small Registers unit with two B-bit registers 

4.3.1 [5J <4.1,4.2> Does this block contain logic only, flip-flops only, or both? 

4.3.2 [20J <4.1,4.2> Show how this block can be implemented. Use only AND, 
OR, NOT, and D-elements. 

4.3.3 [101 <4. 1,4.2> Repeat Exercise 4.3 .2, but the AND and OR gates you use 
must all be 2-input gates. 

Cost and latency of digital logic depends on the kinds of basic logic elements 
(gates) that are available and on the properties of these gates. The remaining three 
problems in this exercise refer to these gates, latencies, and costs: 

a. 20ps 1 

b. SOps 1 

2-input 
AND or OR 

30ps 2 

lOOps 2 

Each additional 
input for AND/OR 

+Ops +1 

+40ps +1 

D-element 

40ps 6 

l60ps 2 
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4.3.4 [5] <4.1,4.2> What is the latency of your implementation from Exercise 
4.3.2? 

4.3.5 [5] <4.1,4.2> What is the cost of your implementation from Exercise 4.3.2? 

4.3.6 [20] <4.1, 4.2> Change your design to minimize the latency, then to 
minimize the cost. Compare the cost and latency of these two optimized designs. 

Exercise 4.4 
When implementing a logic expression in digital logic, one must use the available 
logic gates to implement an operator for which a gate is not available. Problems In 

this exercise refer to the following logic expressions: 

• Control signal 1 Control signal 2 

a. « (A OR 8 I OR el OR (A OR BI OR e 
(A AND ell OR (A AND 81 

b. «(A OR BI XD R BI OR A AND B 
(A OR ell OR (A AND BI 

4.4.1 [5] <4.2> Implement the logic for the Control signal!. Your circuit should 
directly implement tl,e given expression (do not reorganize the expression to 
"optimize" it), using NOT gates and 2-input AND, OR, and XOR gates. 

4.4.2 [10] Assuming that all gates have equal latencies, what is the length (in 
gates) of the critical path in your circuit from Exercise 4.4.1? 

4.4.3 [10] <4.2> When multiple logic expressions are implemented, it is possible 
to reduce implementation cost by using the some signals in more than one 
expression. Repeat Exercise 4.4.1, but implement both Control signal I and Control 
signal 2, and try to "share" circuitry between ex-pressions whenever possible. 

For the remaining three problems in this exercise, we assume that the following basic 
digital logic elements are available, and that their latency and cost are as follows: 

2·input AND 2·input OR 2·jnputXOR 

•. 20ps 1 30ps 2 34ps 3 40ps 6 

b. 50ps 1 lOOps 2 120ps 2 150ps 2 

4.4.4 [10] <4.2> What is the length of the critical path in your circuit from 4.4.3? 

4.4.5 [10] <4.2> What is the cost of your circuit from Exercise 4.4.3? 
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4.4.6 110] <4.2> What fraction of the cost was saved in your circuit from Exercise 
4.4.3 by implementing these two control signals together instead of separately? 

Exercise 4.5 

The goal of this exercise is to help you familiarize yourself with the design and 
operation of sequential logical circuits. Problems in this exercise refer to th is ALU 
operation: 

• ~ Add·one (X+l) 

ALU operation 

~ Shift left by 2 bits (X«2) 

4.5.1 1201 <4.2> Design a circuit with I-bit data inputs and a I-bit data output 
that accomplishes this operation serially, starting with the least·significant bit. In a 
serial implementation, the circuit is processing input operands bit by bit, generating 
output bits one by one. For example, a serial AND circuit is simply an AND gate: in 
cycle N we give it the Nth bit from each of the operand and we get the Nth bit of the 
result. In addition to data inputs, the circuit has a Clk (clock) input and a "Start" 
input that is set to I only in the very first cycle of the operation. In your design, you 
can use D-elcments and NOT, AND, OR, and XOR gates. 

4.5.2 120J <4.2> Repea t Exercise 4.5. I, but now design a circuit that accomplishes 
this operation 2 bits at a time. 

In the rest of this exercise, we assume that the following basic digital logic elements 
are available, and that their latency and cost are as follows : 

D-element 

B. 20ps 1 30ps 2 20ps 2 30ps 4 40ps 6 
b. 40ps 1 50ps 2 GOps 2 BOps 3 BOps 12 

The time given for a D-element is its setup time. The data input of a flip-flop must 
have the correct value one setup-time before the clock edge (end of clock cycle) 
that stores that value into the flip-flop. 

4.5.3 110] <4.2> What is the cycle time for the circuit you designed in Exercise 
4.5.1? How long does it take to perform the 32-bit operation? 

4.5.4 1101 <4.2> What is the cycle time for the circuit you designed in Exercise 
4.5.2? What is the speed-up achieved by using this circuit instead of the one from 
Exercise 4.5.1 for a 32-bit operation? 
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4.5.5 [10] <4.2> Compute the cost for the circuit you designed in Exercise 4.5.1, 
and then for the circuit you designed in Exercise 4.5.2. 

4.5.6 [5J <4.2> Compare cost/performance ratios for the two circuits you 
desianed in Exercises 4.5.1 and 4.5.2. For this problem, performance of a circuit is o 
the inverse of the time needed to perform a 32-bit operation. 

Exercise 4.6 
Problems in this exercise assume tha t logic blocks needed to implement a processor's 
datapath have the following latencies: 

4.6.1 [1 OJ <4.3> If the only thing we need to do in a processor is fetch consecutive 
instructions (Figure 4.6), what would the cycle time be? 

4.6.2 [10J <4.3> Consider a data path similar to the one in Figure 4.11, but for a 
processor that only has one type of instruction: unconditional PC-relative branch. 
What would the cycle time be for this data path? 

4.6.3 [10J <4.3> Repeat Exercise 4.6.2, but this time we need to support only 
collditio,wi PC-relative branches. 

The remaining three problems in this exercise refer to the following logic block 
(resource) in the datapath: 

• Resource 

I a. I Add 4 (to the PC) 

b. I Data Memory 

4.6.4 [1 OJ <4.3> Which kinds of instructions require this resource? 

4.6.5 [20J <4.3> For which kinds of instructions (if any) is this resource on the 
critical path? 

4.6.6 [10J <4.3> Assuming that we only support beq and add instructions, 
discuss how changes in the given latency of this resource affect the cycle time of the 
processor. Assume that the latencies of other resources do not change. 

4.16 Exercises 

Exercise 4.7 

In this exercise we examine how latencies of individual components of the datapath 
affect the clock cycle time of the entire datapath, and how these components 
are utilized by instructions. For problems in this exercise, assume the following 
latencies for logic blocks in the datapath: 

a. 400ps lOOps 30ps 120ps 200ps 350ps 20ps Ops 

b. 500ps 150ps lOOps l80ps 220ps 1000ps 90ps 20ps 

4.7.1 [IOJ <4.3> What is the clock cycle time if the only type of instructions we 
need to support are ALU instructions (add, and, etc.)? 

4.7.2 [10J <4.3> What is the clock cycle time if we only had to support 1 w 
instructions? 

4.7.3 [20J <4.3> What is the clock cycle time if we must support add, beq, 1 w, 
and 5 ~'J instructions? 

For the remaining problems in this exercise, assume that there are no pipeline stalls 
and that the breakdown of executed instructions is as follows: -------... ---a. 30% 15% 5% 20% 20% 10% 

b. 25% 5% 5% 15% 35% 15% 

4.7.4 [10J <4.3> In what fraction of all cycles is the data memory used? 

4.7.5 [10J <4.3> In what fraction of all cycles is the input of the sign-extend 
circuit needed? What is this circuit doing in cycles in which its input is not 
needed? 

4.7.6 [10J <4.3> If we can improve the latency of one of the given datapath 
components by 10%, which component should it be? What is the speed-up from 
this improvement? 

Exercise 4.8 
When silicon chips are fabricated, defects in materials (e.g., silicon) and 
manufacturing errors can result in defective circuits. A very common defect is for 
one wire to affect the signal in another. This is called a cross-talk fault. A special 
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class of cross-talk faults is when a signal is connected to a wire that has a constant 
logical value (e.g., a power supply wire). In this case we have a stuck-at-O or a stuck
at-I fault, and the affected signal always has a logical value of 0 or 1, respectively. 

The following problems refer to the following signal from Figure 4.24: 

• Signal 

a. Instruction Memory, output Instruction. bit 7 

b. Control uni t, output MemtoReg 

4.8.1 [10] <4.3,4.4> Let us assume that processor testing is done by filling the 
PC, registers, and data and instruction memories with some values (you can choose 
which values), letting a single instruction execute, then reading the PC, memories, 
and registers. These values are then examined to determine if a particular fault is 
present. Can you design a test (values for PC, memories, and registers) that would 
determine if there is a stuck-at-O fault on this signal? 

4.8.2 [10] <4.3,4.4> Repeat Exercise 4.8.1 for a stuck-at-I fault. Can you use a 
single test for both stuck-at-O and stuck-at-I? If yes, explain how; if no, explain 

why not. 

4.8.3 [60] <4.3,4.4> If we know that the processor has a stuck-at- I fault on this 
signal, is the processor still usable? To be usable, we must be able to convert any 
program that executes on a normal MIPS processor into a program that works on 
this processor. You can assume that there is enough free instruction memory and 
data memory to let you make the program longer and store additional data. Hint: 
the processor is usable if every instruction "broken" by this fault can be replaced 
with a sequence of "working" instructions that achieve the same effect. 

The following problems refer to the following fault: 

• Fault 

a. Stuck-at-1 

b. Becomes 0 if Instruction [31-26] has all bits at 0, no fault otherwise 

4.8.4 [10] <4.3,4.4> Repeat Exercise 4.8.1, but now the fault to test for is whether 
the "MemRead" control signal has this fault. 

4.8.5 [10] <4.3,4.4> Repeat Exercise 4.8. 1, but now the fault to test for is whether 
the "Jump" control signal has this fault. 

4.16 Exercises 

4.8.6 [40] <4.3,4.4> Using a single test described Exercise 4.8.1, we can test for 
faults in several different signals, but typically not all of them. Describe a series of 
tests to look for this fault in all Mux outputs (every output bit from each of the five 
Muxes)? Try to do this with as few single-instruction tests as possible. 

Exercise 4.9 
In this exercise we examine the operation of the single-cycle datapath for a particu
lar instruction. Problems in this exercise refer to the following MIPS instruction: 

• Instruction 

~b·.·rl~1_"~S~I_.~4 0_(_S_6_) ____________________________________________ ~ 
~. Label : bne $1 . $2 . Label 

4.9.1 [10] <4.4> What is the value of the instruction word? 

4.9.2 [10] <4.4> What is the register number supplied to the register file's "Read 
register I" input? Is this register actually read? How about "Read register 2"? 

4.9.3 [10] <4.4> What is the register number supplied to the register file's "Write 
register" input? Is this register actually written? 

Different instructions require different control signals to be asserted in the data
path. The remaining problems in this exercise refer to the following two control 
signals from Figure 4.24: 

• Control signal 1 Control signal 2 

I 
ab·. ·rl _________ R_e~g_Ds_t ________ _1----------------M~em~R~e~a=d--------------~ 
.. RegWrite MemRead 

4.9.4 [20] <4.4> What is the value of these two signals for this instruction? 

4.9.5 [20] <4.4> For the datapath from Figure 4.24, draw the logic diagram for 
the part of the control unit that implements just the first signal. Assume that we 
only need to support 1 w, sw, be q, add, and j (jump) instructions. 

4.9.6 [20] <4.4> Repeat Exercise 4.9.5, but now implement both of these signals. 
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Exercise 4.10 
In this exercise we examine how the clock cycle time of the processor affects the 
design of the control unit, and vice versa. Problems in this exercise ass~me that the 
logic blocks used to implement the datapath have the followmg latencIes: 

4.10.1 [10) <4.2, 4.4> To avoid lengthening the critical path of the datapath 
shown in Figure 4.24, how much time can the control unit take to generate the 

MemWrite signal. 

4.10.2 [20) <4.2, 4.4> Which control signal in Figure 4.24 has the most slack and 
how much time does the control unit have to generate it if it wants to avoid bemg 

on the critical path? 

4.10.3 [20 ) <4.2,4.4> Which control signal in Figure 4.24 is the most criti~al to 
generate quickly and how much time does the control unit have to generate It If It 
wants to avoid being on the critical path? 

The remaining problems in this exercise assume that the time needed by the control 
unit to generate individual control signals is as follows: 

b. 1600ps 1600ps 1400ps soops 1400ps 1500ps 400ps 

4.10.4 [20) <4.4> What is the clock cycle time of the processor? 

4.10.5 [20) <4.4> If you can speed up the generation of control signals, but 
the cost of the entire processor increases by $1 for each 5ps improvement of a 
single control signal, which control signals would you speed up and by how much 
to maximize performance? What is the cost (per processor) of thIs performance 

improvement? 

4.10.6 [30) <4 .4> If the processor is already too expensive, instead of paying to 
speed it up as we did in 4.10.5, we want to minimize its cost without funher slowmg 
it down. If you can use slower logic to implement control sIgnals, savmg $1 of the 
processor cost for each 51'S you add to the latency of a single control signal, whic~ 
control signals would you slow down and by how much to reduce the processor s 

cost without slowing it down? 

4.16 Exercises 

Exercise 4.11 
In this exercise we examine in detail how an instruction is executed in a single-cycle 
datapath. Problems in this exercise refer to a clock cycle in which the processor 
fetch es the following instruction word: 

• Instruction word 

•. 10001100010000110000000000010000 

b . 00010000001000110000000000001100 

4.11.1 [5) <4.4> What are the outputs of the sign-extend and thejump"Shift left 2" 
unit (in the upper left of Figure 4.24) for this instruction word? 

4.U.2 [10) <4.4> What are the values of ALU control unit's inputs for this instruction? 

4.11.3 [10 ) <4.4> What is the new PC add ress after this instruction is executed? 
Highlight the path through which this val ue is determined. 

The remaining problems in this exercise assume that data memory is all -zeros and 
that the processor's registers have the fo llowing values at the beginning of the cycle 
in which the above instruction word is fetched: 

o 1 2 3 -4 5 6 8 1 -32 

o -16 - 2 -3 4 - 10 -6 -1 8 -4 

4.11.4 [10) <4.4> For each Mux, show the values of its data output during the 
execution of this instruction and these register val ues. 

4.11.5 [10) <4.4> For cl1e ALU and the two add units, what are their data input values? 

4.11.6 [10) <4.4> What are the values of all inputs for the "Registers" unit? 

Exercise 4.12 
In this exercise, we exam ine how pipeJining affects the clock cycle time of the 
processo·r. Problems in this exercise assume that individual stages of the data path 
have the following latencies: 
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4.12.1 15] <4.5> What is the clock cycle time in a pipe\ined and nonpipe\ined 

processor? 

4.12.2 110] <4.5> What is the total latency of a 1 w instruction in a pipelined and 

nonpipelined processor? 

4.12.3 [101 <4.5> If we can split one stage of the pipelined data path into two new 
stages, each with half the latency of the original stage, willch stage would you spht 
and what is the new clock cycle time of the processor? 

The remaining problems in this exercise assume that instructions executed by the 
processor are broken down as follows: 

4.12.4 1101 <4.5> Assuming there are no stalls or hazards, what is the utilization 

(% of cycles used) of the data memory? 

4.12.5 1101 <4.5> Assuming there are no stalls or hazards, what is the utilization 

of the write-register port of the "Registers" unit? 

4.12.6 1301 <4.5> Instead of a single-cycle organization, we can u:e a multi
cycle organization where each instruction takes ~ult~ple cycl~s but Ol?e mstructlOll 
finishes before another is fetched. In this orgalllzatlOn , an lI1structlOn. only goes 
through stages it actually needs (e.g., ST only takes four cycles because It do:s no: 
need the WB stage). Compare clock cycle tnnes and executIOn tImes WIth smgle 

cycle, multi-cycle, and pipelined organization. 

Exercise 4.13 
In this exercise, we examine how data dependences a~fect :xecllti~n in the basic 
five-stage pipeline described in Section 4.5. Problems 111 tIllS exerCISe refer to the 

following sequence of instructions: 

• Instruction sequence 

a. hi 51. 40(16) 
add 16 . 52 . ,2 
5\-1 16 . 50(51) 

b. 11< 15 . - )6155) 
5 1'/ $5.-16($5) 
add 15.15.15 

4.16 Exercises 

4.13.1 lID ] <4.5> Indicate dependences and their type. 

4.13.2 lID] <4.5> Assume there is no forwarding in this pipelined processor. 
Indicate hazards and add no p instructions to eliminate them. 

4.13.3 lID] <4.5> Assume there is full forwarding. Indicate hazards and add nop 
instructions to eliminate them. The remaining problems in this exercise assume the 
following clock cycle times: 

• Without forwarding With full furwarding With ALU·ALU forwarding only •. I 300ps 400ps 360ps I 
b. I 200ps 250ps 220ps I 

4.13.4 lID] <4.5> What is the total execution time of this instruction sequence 
without forwarding and with full forwarding? What is the speed-up achieved by 
adding full forwarding to a pipeline that had no forwarding? 

4.13.5 lID] <4.5> Add na p instructions to this code to eliminate hazards if there 
is ALU-ALU forwarding only (no forwarding from the MEM to the EX stage)? 

4.13.6 lID] <4.5> What is the total execution time of this instruction sequence 
with only ALU-ALU forwarding? What is the speed-up over a no-forwarding 
pipeline? 

Exercise 4.14 
In this exercise, we examine how resource hazards, control hazards, and ISA design 
can affect pipelined execution. Problems in this exercise refer to the following 
fragment of MIPS code: 

• Instruction sequence 

a. h i 5],40(16) 
beq 12 . 50 .L abel ; Assume $2 .,"'" $0 
5 1'1 16 .5 0(12) 

Label : add 12 . 13 . 14 
51< 53.50(14) 

b • h i 15 . -16(55) 
sw $4 , -16($4 ) 
11'1 13 . -20(1 4 ) 
beq 12 . IO .L abe l : Ass ume $2 !- 10 
add 15 . $1 . 14 

4.14.1 [10] <4.5> For this problem, assume that all branches are perfectly 
predicted (this eliminates all control hazards) and that no delay slots are used. If 
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we only have one memory (for both instructions and data), there is a structural 
hazard every time we need to fetch an instruction in the same cycle in which 
another instruction accesses data. To guarantee forward progress, this hazard must 
always be resolved in favor of the instruction that accesses data. What is the total 
execution time of this instruction sequence in the five-stage pipeline that only has 
one memory? We have seen that data hazards can be eliminated by adding na ps to 
the code. Can you do the same with this structural hazard? Why? 

4.14.2 [20 ] <4.5> For this problem, assume that all branches are perfectly 
predicted (this eliminates all control hazards) and that no delay slots are used. 
If we change load/store instructions to use a register (without an offset) as the 
address, these instructions no longer need to use the ALU. As a result, MEM and EX 
stages can be overlapped and the pipeline has only four stages. Change this code to 
accommodate this changed ISA. Assuming this change does not affect clock cycle 
time, what speed-up is achieved this instruction sequence? 

4.14.3 [IOJ <4.5> Assuming stall-on-branch and no delay slots, what speed-up is 
achieved on this code if branch outcomes are determined in the!D stage, relative to 
the execution where branch outcomes are determined in the EX stage? 

The remaining problems in this exercise assume that individual pipeline stages 

have the following latencies: 

4.14.4 [10 I <4.5> Given these pipeline stage latencies, repeat the speed-up 
calculation from 4.14.2, but take into account the (possible) change in clock cycle 
time. When EX and MEM are done in a single stage, most of their work can be 
done in parallel. As a result, the resulting EX/MEM stage has a latency that is 
the larger of the original two, plus 20ps needed for the work that could not be done 

in parallel. 

4.14.5 [10 I <4.5> Given these pipeline stage la tencies, repeat the speed-up 
calculation from Exercise 4.14. 3, taking into account the (possible) change in clock 
cycle time. Assume that the latency !D stage increases by 50% and the latency of 
the EX stage decreases by lOps when branch outcome resolution is moved from 

EX to !D. 

4.14.6 110] <4.5> Assuming stall-on-branch and no delay slots, what is the new 
clock cycle time and execution time of this instruction sequence if be q address 

4.16 Exercises 

computation is moved to the MEM stage? What is the speed-up from this change? 
Assume that the latency of the EX stage is reduced by 20ps and the latency of 
the MEM stage IS unchanged when branch outcome resolution is moved from EX 
toMEM. 

Exercise 4.15 
In this exercise, we examine how the ISA affects pipeline design. Problems in this 
exercIse refer to the following new instruction: 

•. bez ; (Rs) . Labe l if Mem(Rsi- 0 then PC=PC+Offs 

b. SWl Rd .Rs(Rtl MemIRs+Rt]=Rd 

4.15.1. [20 J <4.5> What must be changed in the pipelined datapath to add this 
mstructlOn to the MIPS [SA? 

4.15.2 [IOJ <4.5> Which new control signals must be added to your pipeline 
from Exercise 4. I 5.1 ? 

4.15.3 [20J <4.5, 4.13> Do~s support for this instruction introduce any new 
hazards? Are stalls due to eXlstmg hazards made worse? 

4.15.4 [IOJ <4.5,4.13> Give an example of where this instruction might be useful 
and a sequence of existing MIPS instruction that are replaced by this instruction. 

4.15:5 [IOJ. <4.5, 4.11, 4.13> If this instruction already exists in a legacy [SA, 
explam how It would be executed in a modern processor like AMD Barcelona. 

The last problem in this exercise assumes that each use of the new instruction 
replaces the gi:,en number of original instructions, that the replacement can 
be made once m the gIven number of original instructions, and that each time 
the new instruction is executed the given number of extra stall cycles is added to 
the program's execution time: 

• Replaces Once in every Extra Stall Cycles 

I:: I 
2 20 1 

3 60 o 

4.15.6 [IOJ <4.5> What is the speed-up achieved by adding this new instruction? 
[n your ca\eulation, assume that the cpr of the original program (without the new 
II1structlOn) IS I. 
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Exercise 4.16 
The first three problems in this exercise refer to the following MIPS instruction: 

• Instruction 

I ~~_1~w __ I~I~._40~(~1~6_1 ____________________________________________ ~ 

[1kJ add 15 ,1 5 . \5 

4.16.1 [5J <4.6> As this instruction executes, what is kept in each register located 

between two pipeline stages? 

4.16.2 [5 J <4.6> Which registers need to be read, and which registers are actually 

read? 

4.16.3 [5J <4.6> What does this instruction do in EX and MEM stages? 

The remaining three problems in this exercise refer to the following loop. Assume 
that perfect branch prediction is used (no stalls due to control hazards), that there 
are no delay slots, and that the pipeline has full forwarding support. Also assume 
that many iterations of this loop are executed before the loop exits. 

• Loop 

•. Loop: hi 11.40(161 
ad d 15 ,15 . 18 
add 16 . 16 .18 
sw 11. 20(151 
beq S 1. SO . Loop 

b. Loop : add 11. 12 . 13 
51-I SO ,O ( $1) 

sw SO . 4( $1 ) 
add 12 . 12 . 14 
beq S2 , $Q,LooP 

4.16.4 [10J <4.6> Show a pipeline execution diagram for the third iteration of 
this loop, from the cycle in which we fetch the first instruction of that iteration up 
to (but not including) the cycle in which we can fetch the first instruction of the 
next iteration. Show all instructions that are in the pipel ine during these cycles (not 

just those from the third iteration). 

4.16.5 [10J <4.6> How often (as a percentage of all cycles) do we have a cycle in 
which all five pipeline stages are doing useful work? 

4.16.6 [10J <4.6> At the star t of the cycle in which we fetch the first instruction 
of the third iteration of this loop, what is stored in the IF/ID register? 

4.16 Exercises 

Exercise 4.17 
Problems in this exercise assume that instructions executed by a pipelined processor 
are broken down as follows: 

4.17:1 [5] <4.6> Assuming there are no stalls and that 60% of all conditional 
branches are taken, in what percentage of clock cycles does the branch adder in the 
EX stage generate a value that is actually used? 

4.17.2 ]5 J <4.6> Assuming there are no stalls, how often (percentage of all cycles) 
do we actua lly need to use all three register ports (two reads and a write) in the 
same cycle? 

4.17.3 ]5] <4.6> Assum ing there are no stall s, how often (percentage of all cycles) 
do we use the data memory? 

Each pipeline s tage in Figure 4.33 has so me latency. Additionally, pipelining 
mtroduces regISters between stages (Figure 4.35 ), and each of these adds an 
additional latency. The remaining pr~blems in this exercise assume the following 
latenCies for logiC wltl11n each pipeline stage and for each register between two 
stages: ----.. --- Pipeline register 

a. I l OOps I 120ps 90ps 130ps GOps lOps I 
b. I l 80ps I lOOps 170ps 220ps 60ps lOps I 

4:17:4 ]5] <4.6> Assuming there are no stalls, what is the speed-up achieved by 
pipelilllng a smgle-cycle datapath? 

4 .17.5 I IOJ <4.6> We ca n convert all load/store instructions into register-based 
(no offset) and put the memory access in parallel with the ALU. What is the clock 
cycle time if this is done in the single-cycle and in the pipelined data path? Assume 
that the latency of the new EX/MEM stage is equal to the longer of their latencies. 

4.17.6 . [10 J <4.6> The change in Exercise 4. 17.5 requires many existing 1 W / 5 1'1 

lI1structions to be converted into two-instruction sequences. If this is needed fo r 50% 
of thes~ instructions, what is the ?verall speed-up achieved by changing fi'om the five
stage pipeline to the four-stage pipeline where EX and MEM are done in parallel? 
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Exercise 4.18 
The first three problems in this exercise refer to the execution of the following 
instruction in the pipelined datapath from Figure 4.51, and assume the followmg 
clock cycle time, ALU latency, and Mux latency: 

• Instruction Clock cycle time ALU Latency Mux Latency 

a. ,dd 11. $2 . 13 lOOps BOps I lOps 

b. slt 12 . 11. 13 BOps 50ps I 20ps 

4.18.1 [10] <4.6> For each stage of the pipeline, what are the values of control 
signals asserted by this instruction in that pipeline stage? 

4.18.2 [10 I <4.6,4.7> How much time does the control unit have to generate the 
ALUSrc control signal? Compare this to a single-cycle organization. 

4.18.3 What is the value of the PCSrc signal for this instruction? This signal 
is generated early in the MEM stage (only a single AND gate). What would be a 
reason in favor of doing this in the EX stage? What is the reason agamst domg It m 

the EX stage? 

The remaining problems in this exerCIse refer to the following signals from 

Figure 4.48: 

• Signal 1 Signal 2 

I a~J RegDst RegWrite 
r2J1--------~M:em~R~e~a-d-------i--------------~R~e~gW~r=ite~-------------l 

4.18.4 [5] <4.6> For each of these signals, identify the pipeline stage in which it 
is generated and the stage in which it is used. 

4.18.5 [5] <4.6> For which MIPS instruction(s} are both of these signals set to I? 

4.18.6 [10] <4.6> One of these signals goes back through the pipeline. Which 
signal is it? Is this a time-travel paradox? Explain. 

Exercise 4.19 
This exercise is intended to help you understand the cost/complexity/perfor
mance tradeoffs of forwarding in a pipelined processor. Problems in this exercise 
refer to pipelined datapaths from Figure 4.45. These problems assume that, of all 
instructions executed in a processor, the followmg fractIOn of these lIlstructlOos 

4.16 Exercises 

has a particular type of RAW data dependence. The type of RAW data dependence 
is identified by the stage that produces the result (EX or MEM) and the instruction 
that consumes the result (J" instruction that follows the one that produces the 
result, 2nd instruction that follows, or both). We assume that the register write is 
done in the first half of the clock cycle and that register reads are done in the second 
half of the cycle, so "EX to 3rd

« and "MEM to 2nd
« dependences are not counted 

because they can not result in data hazards. Also, assume that the CPI of the pro
cessor is 1 if there are no data hazards. 

• EX to 1 at only EX to 1 &t and 2nd EX to 2nd only MEM to 1 st 

~I------~-~-:------~-------~O-:-------~-----:-O:------+------~-~:------~ 
4.19.1 [10] <4.7> Ifwe use no forwarding, what fraction of cycles are we stalling 
due to data hazards? 

4.19.2 [5] <4.7> If we use full forwarding (forward all results that can be 
forwarded), what fi'action of cycles are we stalling due to data hazards? 

4.19.3 [10] <4.7> Let us assume that we can not afford to have three-input Muxes 
that are needed for full forwarding. We have to decide if it is better to forward 
only from the EX/MEM pipeline register (next-cycle forwarding) or only from 
the MEM/WB pipeline register (two-cycle forwarding). Which of the two options 
results in fewer data stall cycles? 

The remaining three problems in this exercise refer to the following latencies for 
individual pipeline stages. For the EX stage, latencies are given separately for 
a processor without forwarding and for a processor with different kinds of 
forwarding. 

b. 300ps 200ps 350ps 320ps 310pS 300ps 

4.19.4 [10] <4.7> For the given hazard probabilities and pipeline stage latencies, 
what is the speed-up achieved by adding full forwarding to a pipeline that had no 
forwarding? 

4.19.5 [10] <4.7> What would be the additional speed-up (relative to a processor 
with forwarding) if we added time-travel forwarding that eliminates all data 
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hazards? Assume that the yet-to-be-invented time-travel circuitry adds lOOps to 

the latency of the full-forwarding EX stage. 

4.19.6 [20] <4.7> Repeat Exercise 4.19.3 but this time determine which of the 
two options results in shorter time per instruction. 

Exercise 4.20 
Problems in this exercise refer to the following instruction sequences: 

• Instruction sequence 

•. hi 11. 40(12) 
add 52 . S3 . 13 
add IloI lo 12 
sw 11.20(12) 

b. add 11. 12 . 13 
5>, 52 .0(11) 
lw 11.4(12) 
add 11 . 11 . 11 

4.20.1 [5] <4.7> Find all data dependences in this instruction sequence. 

4.20.2 [10] <4.7> Find all hazards in this instruction sequence for a five-stage 
pipeline with and then without forwarding. 

4.20.3 [10] <4.7> To reduce clock cycle time, we are considering a split of the 
MEM stage into two stages. Repeat Exercise 4.20.2 for this six-stage pipeline. 

The remaining three problems in this exercise assume that1 before any of the above 
is executed, all values in data memory are Os and that registers $ 0 through $ 3 have 
the following initial values: 

4.20.4 [5] <4.7> Which value is the first one to be forwarded and what is the 
value it overrides? 

4.20.5 [10] <4.7> If we assume forwarding will be implemented when we design 
the hazard detection unit, but then we forget to actually implement forwarding, 
what are the final register values after this instruction sequence? 

4.16 Exercises 

4.20.6 [10] <4.7> For the design described in Exercise 4.20.5, add nap s to this 
instruction sequence to ensure correct execution in spite of missing support for 
forwarding. 

Exercise 4.21 
This exercise is intended to help you understand the relationship between 
forwarding, hazard detection, and ISA design. Problems in this exercise refer to the 
following sequences of instructions, and assume that it is executed on a five-stage 
pipelined datapath: 

• Instruction sequence 

a. h i 11.40(16) 
add 11 .1 3 . 11 
add $1 . 16 . 14 
SI< 51 . 10(1 4 ) 
and 11 . 11. 14 

b. add 11 . $5 . 13 
SI< 11.0(12) 
hi $1 . 4(11) 
add 15 .1 5 . 11 
sw 11. 0(11) 

4.21.1 [5] <4.7> If there is no forwarding or hazard detection, insert naps to 
ensure correct execution. 

4.21.2 [10] <4.7> Repeat Exercise 4.21.1 but now use na ps only when a hazard 
cannot be avoided by changing or rearranging these instructions. You can assume 
register R7 can be lIsed to hold temporary values in your modified code. 

4.21.3 [10] <4.7> If the processor has forwarding, but we forgot to implement 
the hazard detection unit, what happens when this code executes? 

4.21.4 [20] <4.7> If there is forwarding, for the first five cycles during the 
execution of this code, specify which signals are asserted in each cycle by hazard 
detection and forwarding units in Figure 4.60. 

4.21.5 [10] <4.7> If there is no forwarding, what new inputs and output signals 
do we need for the hazard detection unit in Figure 4.601 Using this instruction 
sequence as an example, explain why each signal is needed. 

4.21.6 [20] <4.7> For the new hazard detection unit from Exercise 4.21.5, specify 
which output signals it asserts in each of the first five cycles during the execution 
of this code. 

429 



; , ' 
Ii , ' 

. , 

430 Chapter 4 The Processor 

Exercise 4.22 
This exercise is intended to help you understand the relationship between delay 
slots, control hazards, and branch execution in a pipelined processor. In this exer
cise, we assume that the following MIPS code is executed on a pipelined processor 
with a five-stage pipeline, full forwarding, and a predict-taken branch predictor: 

a. La be l l : 1" 11.40(16} 
beq 52 . S3 . Labe12 ; Taken 
add 11. 16 . 14 

labe12 : beq 11. S1 . Labell ; Not ta ke n 

'" 51 .10('4} 
and Sl . II . 54 

b. add 11.$5.$3 
Labe1 1: 5W S1. 0(11} 

add 11 . 51 . 13 
beq 11 . S4 . Labell ; Not t a ken 
add 55 . $5 , $1 
SI'I 11. 0ll1} 

4.22.1 [10] <4.8> Draw the pipeline execution diagram for this code, assuming 
there are no delay slots and that branches execute in the EX stage. 

4.22.2 [10] <4.8> Repeat Exercise 4.22.1, but assume that delay slots are used. In 
the given code, the instruction that follows the branch is now the delay slot instruc
tion for that branch . 

4.22.3 [20J <4.8> One way to move the branch resolution one stage earlier is 
to not need an ALU operation in conditional branches. The branch instructions 
would be " bez Rd. Lab e l" and " bn ez Rd. Lab el", and it would branch if the 
register has and does not have a ° value, respectively. Change this code to use these 
branch instruction instead of be q. You can assume that register $8 is available for 
you to use as a temporary register, and that a s eq (set if egual) R-type instruction 

can be used. 

Section 4.8 describes how the severity of control hazards can be reduced by moving 
branch execution into the ID stage. This approach involves a dedicated comparator 
in the ID stage, as shown in Figure 4.62. However, this approach potentially adds 
to the latency of the ID stage, and reguires additional forwarding logic and hazard 
detection. 

4.22.4 [IOJ <4.8> Using the first branch instruction in the given code as an 
example. describe the hazard detection logic needed to support branch execution 
in the ID stage as in Figure 4.62. Which type of hazard is this new logic supposed 

to detect? 

4.16 Exercises 

4.22.5 [10] <4.8> For the given code, what is the speed-up achieved by moving 
branch execution into the ID stage? Explain your answer. In your speed-up 
calculation, assume that the additional comparison in the ID stage does not affect 
clock cycle time. 

4.22.6 [10 J <4.8> Using the first branch instruction in the given code as an 
example, describe the forwarding support that must be added to support branch 
execution in th e ID stage. Compare the complexity of this new forwarding unit to 
the complexity of the existing forwarding unit in Figure 4.62. 

Exercise 4.23 
The importance of having a good branch predictor depends on how often 
conditional branches are executed. Together with branch predictor accuracy. this 
will determine how much time is spent stalling due to mispredicted branches. In 
this exercise, assume that the breakdown of dynamic instructions into variolls 
instruction categories is as follows: 

• R·type jrnp 

I :: I-I--:-~-:--- ---~-~-:--+--'-5:-%-----:-::------~~-:---
Also, assume the following branch predictor accuracies: 

Always-taken Always not-taken 2·bit .--------~~==~===T========~ 
~-----:~~~:----~-----:~~~:~---~----:~~~:~---~ 
4.23.1 [I OJ <4.8> Stall cycles due to mispredicted branches increase the CPI. 
What is the extra CPI due to mispredicted branches with the always-taken predictor? 
Assume that branch outcomes are determined in the EX stage, that there are no 
data hazards, and that no delay slots are used. 

4.23.2 [10 J <4 .8 > Repeat Exercise 4.23.1 for the "always not-taken" predictor. 

4.23.3, [10] <4.8> Repeat Exercise 4.23.1 for the 2-bit predictor. 

4.23.4 [10] <4.8> With the 2-bit predictor, what speed-up would be achieved if 
we could convert half of the branch instructions in a way that replaces a branch 
instruction with an ALU instruction? Assume that correctly and incorrectly 
predicted instructions have the same chance of being replaced. 
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4.23.5 lID] <4.8> With the 2-bit predictor, what speed-up would be achieved if 
we could convert half of the branch instructions in a way that replaced each branch 
instruction with two ALU instructions? Assllme that correctly and incorrectly 
predicted instructions have the same chance of being replaced. 

4.23.6 110] <4.8> Some branch instructions are much more predictable than 
others. If we know that 80% of all execu ted branch instructions are easy-to-predict 
loop-back branches that are always predicted correctly, what is th e accuracy of the 
2-bit predictor on the remaining 20% of the branch instructions? 

Exercise 4.24 
This exercise examines the accuracy of various branch predictors for the following 
repeating pattern (e.g., in a loop) of branch outcomes: 

• I a __ 1 T, T, NT, T 

~ T, T, T. NT, NT 

Branch outcomes 

4.24.1 IS] <4.8> What is the accuracy of always-taken and always-nat-taken 
predictors for this sequence of branch outcomes? 

4.24.2 [5] <4.8> What is the accuracy of the two-bit predictor for the first four 
branches in this pattern, assuming that the predictor starts off in the bottom left 
state from Figure 4.63 (predict not taken). 

4.24.3 lID] <4.8> What is the accuracy of the two-bit predictor if this pattern is 
repeated forever? 

4.24.4 [3D] <4.8> Design a predictor that would achieve a perfect accuracy if 
this pattern is repeated forever. Your predictor should be a sequential circuit with 
one output that provides a prediction (1 for taken, 0 for not taken) and no inputs 
other than the clock and the control signal that indicates that the instruction is a 
conditional branch. 

4.24.5 lID] <4.8> What is the accuracy of your predictor from Exercise 4.24.4 if 
it is given a repeating pattern that is the exact opposite of this one? 

4.24.6 120] <4.8> Repeat Exercise 4.24.4, but now your predictor should be able 
to eventually (after a warm-up period during which it can make wrong predictions) 
start perfectly predicting both this pattern and its opposite. Your predictor should 
have an input that tells it what the real outcome was. I-lint: this input lets your 
predictor determine which of the two repeating patterns it is given. 

4.16 Exercises 

Exercise 4.25 

This exercise explores how exception handling affects pipeline design. The first 
three problems in this exercise refer to the following two instructions: 

• Instruction 1 Instruction 2 

a. add 10 . 1] , \2 bne Sl. $2 .L abel 

b. h i $2 ,4 0($3) nand 11. 12 . $3 

4.25.:1: IS] <4.9> Which exceptions can each of these instructions trigger? For 
each of these exceptions, specify the pipeline stage in which it is detected. 

4.25.2 lID] <4.9> If there is a separate handler address for each exception, show 
how the pipeline organization must be changed to be able to handle this exception. 
You can assume that the addresses of these handlers are known when the processor 
is designed . 

4.25.3 [10] <4.9> [f the second instruction from this table is fetched right after the 
instruction from the first table, describe what happens in the pipeline when the first 
instruction causes the first exception you listed in Exercise 4.25.1. 

Show the pipeline execution diagram from the time the first instruction is fetched 
until the time the first instruction of the exception handler is completed. 

The remaining three problems in this exercise assume that exception handlers are 
located at the following addresses: 

b. OxOOOOOOOB Ox00000010 

Invalid instruction 
address 

OxFFFFF300 

Ox00000020 

Hardware 
malfunction 

OxFFFfF400 

Ox00000028 

4.25.4 [5] <4.9> What is the address of the exception handler in Exercise 4.25.3? 
What happens if there is an invalid instruction at that address in instruction 
memory? 

4.25.5 [20] <4.9> In vectored exception handling, the table of exception handler 
addresses is in data memory at a known (fixed) address. Change the pipeline to 
implement this exception handling mechanism. Repeat Exercise 4.25.3 using this 
modified pipeline and vectored exception handling. 

4.25.6 lIS] <4.9> We want to emulate vectored exception handling (described 
in Exercise 4.25.5) on a machine that has only one fixed handler address. Write the 
code that should be at that fixed address. Hint: this code should identify the excep
tion, get the right address from the exception vector table, and transfer execution 
to that handler. 
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Exercise 4.26 
This exercise explores how exception handling affects control unit design and 
processor clock cycle time. The first three problems in this exercise refer to the 
following MIPS instruction that triggers an exception: 

• Instruction Exception 

•• add 50 . 51.12 Arithmetic over11ow 

b. hi 52 .4 01131 Invalid data memory address 

4.26.1 [IO[ <4.9> For each stage of the pipeline, determine the values of 
exception-related control signals from Figure 4.66 as this instruction passes 
through that pipeline stage. 

4.26.2 [5J <4.9> Some of the control signals generated in the ID stage are stored 
into the ID/EX pipeline register, and some go directly into the EX stage. Explain 
why, using this instruction as an example. 

4.26.3 [IOJ <4.9> We can make the EX stage faster if we check for exceptions 
in the stage after the one in which the exceptional condition occurs. Using this 
instruction as an example, describe the main disadvantage of this approach. 

The remaining three problems in this exercise assume that pipeline stags have the 

following latencies: 

b. 200ps 

4.26.4 [I OJ <4.9> If an overflow exception occurs oncefor every 100,000 instruc
tions executed, what is the overall speed-up if we move overflow checking into the 
MEM stage? Assume that this change reduces EX latency by 30ns and that the IPe 
achieved by the pipelined processor is I when there are no exceptions. 

4.26.5 [20J <4.9> Can we generate exception control signals in EX instead of in ID? 
Explain how this will work or why it will not work, using the "bne $4 . $5 , La be 1 " 
instruction and these pipeline stage latencies as an example. 

4.26.6 [I OJ <4.9> Assuming that each Mux has a latency of 40ps, determine how 
much the control unit has to generate the flush signals? Which signal is the most 

critical? 

4.16 Exercises 

Exercise 4.27 
This exercise examines how exception handling interacts with branch and load/store 
instructions. Problems in this exercise refer to the following branch instruction and 
the corresponding delay slot instruction: 

• Branch and delay slot 

s. beq Sl, $O . Label 
$ 1'1 S6 . 501111 

b. beq 55. 10 . Labe l 
nor 15 . 54.53 

4.27.1 [20J <4.9> Assume that this branch is correctly predicted as taken, but 
then the instruction at "Label" is an undefined instruction. Describe what is done 
in each pipeline stage for each cycle, starting with the cycle in which the branch is 
decoded up to the cycle in which the first instruction of the exception handler is 
fetched. 

4.27.2 [!OJ <4.9> Repeat Exercise 4.27.1, but this time assume that the instruction 
in the delay slot also causes a hardware error exception when it is in MEM stage. 

4.27.3 [!O} <4.9> What is the value in the EPe if the branch is taken but the 
delay slot causes an exception? What happens after the execution of the exception 
handler is completed? 

The remaining three problems in this exercise also refer to the following store 
instruction: 

• Store instruction 

I :: I ::: 
56.50(111 

15. 60(131 

4.27.4 [IO} <4.9> What happens if the branch is taken, the instruction at "Label" 
is an invalid instruction, the first instruction of the exception handler is the 5); 

instructi,on given above, and this store accesses an invalid data address? 

4.27.5 [!O} <4.9> If load/store address computation can overflow, can we delay 
overflow exception detection into the MEM stage? Use the given store instruction 
to explain what happens. 

4.27.6 [IOJ <4.9> For debugging, it is useful to be able to detect when a particular 
value is written to a particular memory address. We want to add two new registers, 
WADDR and WVAL. The processor should trigger an exception when the value 
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equal to WVAL is about to be written to address WAD DR. How would you change 
the pipeline to implement this? How would this 51< instruction be handled by your 
modified datapath? 

Exercise 4.28 
In this exercise we compare the performance of I-issue and 2-issue processors, 
taking into account program transformations that can be made to optimize for 
2-issue execution. Problems in this exercise refer to the following loop (written in C): 

• Ccode 

•• for ( i "'O :! =- j;i++) 
b[ iJ -a [iJ: 

b. for t i =O ;a[ i] !=a[i+1] ; i++) 
a[i] -O : 

When writing MIPS code, assume that variables are kept in registers as follows, and 
that all registers except those indicated as Free are used to keep various variables, 
so they cannot be used for anything else. ---------•. $1 I $2 I $3 I $4 I $5 $6,$7,$8 

b. $4 I $5 I $6 I $7 I $8 $1.$2.$3 

4.28.1 [10] <4.10> Translate this C code into MIPS instructions. Your translation 
should be direct, without rearranging instructions to achieve better performance. 

4.28.2 [10] <4.10> If the loop exits after executing only two iterations, draw 
a pipeline diagram for your MIPS code from Exercise 4.28.1 executed on a 
2-issue processor shown in Figure 4.69. Assume the processor has perfect branch 
prediction and can fetch any 2 instructions (not just consecutive instructions) in 
the same cycle. 

4.28.3 [10 ] <4.10> Rearrange your code from Exercise 4.28.1 to achieve better 
performance on a 2-issue statically scheduled processor from Figure 4.69. 

4.28.4 [10] <4.10> Repeat Exercise 4.28.2, but this time use your MIPS code from 
Exercise 4.28.3. 

4.28.5 [10] <4.10> What is the speed-up of going from a I-issue processor to a 
2-issue processor from Figure 4.69. Use your code from Exercise 4.28.1 for both 

4.16 Exercises 

I-issue and 2-issue, and aSSlIme that 1,000,000 iterations of the loop are executed. 
As in Exercise 4.28.2, assume that the processor has perfect branch predictions, and 
that a 2-issue processor can fetch any 2 instructions in the same cycle. 

4.28.6 [10] <4.10> Repeat Exercise 4.28.5, but this t ime assume that in the 
2-issue processor one of the instructions to be executed in a cycle can be of any 
kind, and the other must be a non-memory instruction. 

Exercise 4.29 

In this exercise, we consider the execution of a loop in a statically scheduled 
superscalar processor. To simplify the exercise, assume that any combination of 
instruction types can execute in the same cycle, e.g., in a 3-issue supersca lar, the 
three instructions can be three ALU operations, three branches, three load/store 
instruction, or any combination of these instructions. Note that this only removes 
a resource constraint, but data and control dependences must still be handled 
correctly. Problems in this exercise refer to the following loop: 

• Loop 

.. Loop : hi 1] . 40(16) 
odd $5.$5,$1 
S \'I 11. 20(15) 
addi 16 . 16 .4 
addi \5 . \5 . -4 
beq $5 , SO ,Loop 

b. Loop : odd 11. 12 . 13 
sw $0 , 0($1) 
addi \1 . 11 .4 
beq S2 . S0 . Loop 

4.29.1 [10] <4.10> If many (e.g., 1,000,000) iterations of this loop are executed, 
determine the fraction of all register reads that are useful in a 2-issue static superscalar 
processor? 

4.29.2 [10] <4.10> If many (e.g., 1,000,000) iterations of this loop are executed, 
determine the fraction of all register reads that are useful in a 3-issue static 
superscalar processor? Compare this to your result for a 2-issue processor from 
Exercise 4.29.1. 

4.29.3 [101 <4.10> If many (e.g., 1,000,000) iterations of this loop are executed, 
determine the fraction of cycles in which two or three register write ports are used 
in a 3-issue static superscalar processor? 
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4.29.4 [20[ <4 .10> Unroll this loop once and schedule it for a 2-issue static 
superscalar processor. Assume that the loop always executes an even number of 
iterations. You can use registers $10 through $20 when changing the code to 

eliminate dependences. 

4.29.5 [20J <4.10> What is the speed-up of using your code from Exercise 4.29.4 
instead of the original code with a 2-issue static superscalar processor. Assume that 
the loop has many (e.g., 1,000,000) iterations. 

4.29.6 [10 [ <4.10> What is the speed-up of using your code from Exercise 4.29.4 
instead of the original code with a pipelined (I-issue) processor. Assume that the 
loop has many (e.g., 1,000,000) iterations. 

Exercise 4.30 
In this exercise, we make several assumptions. First, we assume that an N-issue 
superscalar processor can execute any N instructions in the same cycle, regardless 
of their types. Second, we assume that every instruction is independently chosen, 
without regard for the instruction that precedes or follows it. Third, we assume that 
there are no stalls due to data dependences, that no delay slots are used, and that 
branches execute in the EX stage ofthe pipeline. Finally, we assume that instructions 
executed in the program are distributed as follows: 

.+.'!IM Correctly predicted beq Incorrectly predicted beq 

4.30.1 [5J <4.10> What is the CPI achieved by a 2-issue static superscalar 

processor on this program? 

4.30.2 [10J <4. 10> In a 2-issue static superscalar whose predictor can only 
handle one branch per cycle, what speed-up is achieved by adding the abili ty to 
predict two branches per cycle? Assume a stall-an-branch policy for branches that 

the predictor can not handle. 

4.30.3 [I OJ <4.10> In a 2-issue static superscalar processor that only has one 
register write port, what speed-up is achieved by adding a second register write 

port? 

4.30.4 [5 J <4.10> For a 2-issue static superscalar processor with a classic five-stage 
pipeline, what speed-up is achieved by making the branch prediction perfect? 

4.30.5 [IOJ <4. 10> Repeat Exercise 4.30.4, but for a 4-issue processor. What 
conclusion can you draw about the importance of good branch prediction when 
the issue width of the processor is increased? 

4.16 Exercises 

4.30.6 < 4.10> Repeat Exercise 4.30.5, but now assume that the 4-issue processor 
has 50 pipeline stages. Assume that each of the original five stages is broken into 
ten new stage:, and that branches are executed in the first of ten new EX stages. 
What co nclUSion can you draw abo ut the importance of good branch prediction 
when the pipeline depth of the processor is increased? 

Exercise 4.31 
Problems in this exercise refer to the following loop, which is given as x86 code 
and also as ~ MIPS trans.latio.n of that code. You can assume that this loop executes 
many IteratIOns before It exlts. When determining performance, this means that 
you only need to determine what the performance would be in the "steady state", 
not for the first few and the last few iterations of the loop. Also, you can assume full 
forwardlllg support and perfect branch prediction without delay slots, so the only 
hazards you have to worry about are resource hazards and data hazards. Note that 
most x86 instructions in. this pr?blem have two operands each. The last (usually 
second) operand of the lllstruction lI1dlcates both the first source data value and 
the destination. If the operation needs a second source data value, it is indicated 
by the other operand of the instruction. For example, "sub (edx) ,eax" reads the 
memory location pointed by register edx, subtracts that value from register eax, 
and puts the result back in register eax. 

• x86 Instructions MIPS-like translation 

a. Labe l: may - tJ (esp) , eax Label: lw 12 . - 4(lsp ) 
add (ed x) , ea x 1.1 13.0(14) 

add 12 .'2. 13 
!nOV ea x , -4(esp) sw !2 .·4 (ls p) 
add 1. eex addi 16 . 16. 1 
add 4 . edx addi 14 . 14.4 
cmp es i , eex s 1 t 11. 16 .1 5 
j 1 label bne 11. IO. l abel 

b. Label: add eax , (edx) Labe 1 : l w '2 .0(14) 
add 12 . 12. 15 
SI< 12.0(14) 

!nov ea x , edx add $4,$5 , $0 
add 1. eax add l 15 .15.1 
jl Label S 1 t 11.15 . 10 

bne SI ,$O , Labe l 

4.31.1 [20J <4.11> What CPI would be achieved if the MIPS version of this loop 
IS executed on a I-Issue processor with static scheduling and a five-stage pipeline? 

4.31.2 [20[ <4 .11> What CPI would be achieved if the x86 version of this loop 
IS executed on a I-Issue processor with static scheduling and a 7-stage pipeline? 
The ~tages of the pipeline are IF. !D, ARD, MRD, EXE, and WE. Stages IF and !D 
are Similar to those m the five-stage MIPS pipeline. ARD computes the address of 
the memory location to be read, MRD performs the memory read, EXE executes 
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the operation, and WB writes the result to register or memory. The data memory 
has a read port (for instructions in the MRD stage) and a separate write port (for 
instructions in the WB stage) . 

4.31.3 [20) <4.11 > What CPI would be achieved if the x86 version of this loop 
is executed on a processor that internally translates these instructions into MIPS
like micro-operations, then executes these micro-operations on a l-issu~ five
stage pipeline with stat ic scheduling. Note that the instruction count used m CPI 
computation for this processor is the x86 instruction count. 

4.31.4 [20) <4.11 > What CPI would be achieved if the MIPS version of this 
loop is executed on a I-issue processor with dynamic scheduling? Assume that our 
processor is not doing register renaming, so you can only reorder instructions that' 
have no data dependences. 

4.31.5 [30 ) <4.10,4.11> Assuming that there are many free registers available, 
rename the MIPS version of this loop to eliminate as many data dependences as 
possible between instructions in the same iteration of the loop. Now repeat Exercise 
4.31.4, using your new renamed code. 

4.31.6 [20) <4.10,4_11> Repeat Exercise 4.3 1.4, but this time assume that the 
processor assigns a new name to the result of each instruction as that instruction is 
decoded, and then renames registers llsed by subsequent instructions to use correct 

register values. 

Exercise 4.32 
Problems in this exercise assume that branches represent the following fraction of 
all executed instructions, and the following branch predictor accuracy. Assume that 
the processor is never stalled by data and resource dependences, i.e., the processor 
always fetches and executes the maximum number of instructions per cycle if 
there are no control hazards. For control dependences, the processor uses branch 
prediction and continues fetching from the predicted path. If the branch has been 
mispredicted, when the branch outcome is resolved the instructions fetched after 
the mispredicted branch are discarded, and in the next cycle the processor starts 
fetching from the correct path. 

• Branches as a % of all executed instructions Branch prediction accuracy 

~_~I ____________ ~2~0 _____________ ) ________ 9~0~% ______ __ 

~I 20 99.5% 

4.32.1 [5) <4.11 > How many instructions are expected to be executed between 
the time one branch misprediction is detected and the time the next branch 
misprediction is detected? 

4.16 E~erclses 

The remaining problems in this exercise assume the following pipeline depth and 
that the branch outcome is determined in the following pipeline stage (counting 
from stage I): 

• Pipeline depth Branch outcome known in stage 

I :: I 
12 10 

25 18 

4.32.2 [5) <4.11> In a 4-issue processor with these pipeline paramete!'s, how 
many branch instructions can be expected to be "in progress" (already fetched but 
not yet committed) at any given time? 

4.32.3 [5) <4.11> How many instructions are fetched from the wrong path for 
each branch misprediction in a 4-issue processor? 

4.32.4 [lO) <4.11> What is the speed-up achieved by changing the processo r 
from 4-issue to 8-issue? Assume that the 8-issue and the 4-issue processor differ 
only in the number of instructions per cycle, and are otherwise identical (pipeline 
depth, branch resolution stage, etc.). 

4.32.5 [10 ) <4.11> What is the speed-up of executing branches I stage earlier in 
a 4-issue processor? 

4.32.6 [10) <4.11> What is the speed-up of executing branches 1 stage earlier in 
a 8-issue processor? Discuss the difference between this result and the result from 
Exercise 4.3 2.5. 

Exercise 4.33 
This exercise explores how branch prediction affects performance of a deeply 
pipelined multiple-issue processor. Problems in this exercise refer to a processor 
with the following number of pipeline stages and instructions issued per cycle: 

• Pipeline depth Issue width 

I:: I 
10 4 

25 2 

4.33.1 [10) <4.11> How many register read ports should the processor have to 
avoid any resource hazards due to register reads? 

4.33.2 [10) <4.11> If there are no branch mispredictions and no data dependences, 
what is the expected performance improvement over a I-issue processor with 
the classical five-stage pipeline? Assume that the clock cycle time decreases in 
proportion to the number of pipeline stages. 
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4.33.3 [1O[ <4. 11 > Repeat Exercise 4.33.2, but this time every executed instruc
tion has a RAW data dependence to the instruction that executes right afte'.'t. 
You can assume that no stall cycles are needed, i.e., forwarding allows consecutIVe 

instructions to execute in back-ta-back cycles. 

For the remaining three problems in this exercise, unless the problem specifies 
otherwise, assume the following statistics about what percentage of lIl.struct~o~s are 
branches, predictor accuracy, and performance loss due to branch mlspredlctIOns: 

I Branches as a fraction of 
all executed instructions 

30% 

15% 

Branches execute 
in stage 

7 

8 

Predictor accuracy 

95% 10% 

97% 2% 

4.33.4 [IO[ <4. 11 > If we have the given fraction of branch instructions and 
branch prediction accuracy, what percentage of all cycles are entirely spent fetchmg 
wrong-path instructions? Ignore the performance loss number. 

4.33.5 [20[ <4.11> If we want to limit sta lls due to mispredicted branches to no 
more than the given percentage of the ideal (no stalls) execution time, what should 
be our branch prediction accuracy? Ignore the given predictor accuracy number. 

4.33.6 [IO[ <4 .11> What should the branch prediction accuracy be if we are 
willing to have a speed-up of 0.5 (one half) relative to the same processor With an 

ideal branch predictor? 

Exercise 4.34 
This exercise is designed to help you understand the discussion of the "P ipelining is 
easy" fallacy from Section 4.13. The first four problems in this exercise refer to the 

following MIPS instruction: 

• Instruction Interpretation 

•. add Rd . Rs. Rt Reg[Rd)- Reg[Rs)+Reg [ Rt) 

b. h~ Rt .Offs(Rs) Reg[Rt) - Hem[Reg[Rs )+Off S) 

4.34.1 [I O[ <4 .13> Describe a pipelined datapath needed to support only this 
instruction. Your data path should be designed with the assumption that the only 
instructions that will ever be executed are instances of this instruction. 

4.34.2 [10 [ <4.13> Describe the requirements offorwardingand hazard detection 

units for your datapath from Exercise 4.34.1. 

4.16 Exercises 

4.34.3 [IO[ <4. 13> What needs to be done to support undefined instructio n 
exceptions in your datapath from Exercise 4.34. 1. Note that the undefined instruc
tion exception shoul d be triggered whenever the processor encounters any other 
kind of instruction. 

The remaining two problems in this exercise also refer to this MIPS instruction: 

• Instruction Interpretation 

•• beg Rs , Rt , L1lbel if Reg[Rs) -- Reg[ Rt ) PC-= PC +Offs 

b. and Rd . Rs. Rt Reg[Rd ) -Reg[R s )~Reg[Rt) 

4.34.4 [[O[ <4.13> Describe how to extend your datapath from Exercise 4.34. 1 
so it can also support this instruction. Your extended data path should be designed 
to only support instances these two instructions. 

4.34.5 [IOJ <4 . [3> Repeat Exerc ise 4.34.2 fo r your extended data path from 
Exercise 4.34.4. 

4.34.6 [[ O[ <4. [3> Repeat Exercise 4.34.2 for your extended data path from Exercise 
4.34.4. 

Exercise 4.35 
This exercise is intended to help yo u better understand the relationship between 
ISA design and pipeJining. Problems in this exercise assume that we have a 
multiple-issue pipelined processor with the following number of pipeline stages, 
instructions issued per cycle, stage in which branch outcomes are resolved, and 
branch predictor accuracy: 

10 4 

25 2 

Branches execute 
in stage 

7 

17 

Branch predictor 
accuracy 

80% 

92% 

Branches 85 a % of 
instructions 

20% 

25% 

4.35.1 [5[ <4.8,4. 13> Control hazards can be eli minated by add ing branch delay 
slots. How ,many delay slots must fo llow each branch if we want to eliminate all 
control hazards in this processor? 

4.35.2 [IO[ <4.8,4.13> What is the speed-up that would be achieved by using four 
branch delay slots to reduce control hazards in this processor? Assume that there are 
no data dependences between instructions and that all four delay slots can be fi lled 
with useful instructions without increasing the number of executed instructions. To 
make your computations easier, you can also assume that the mi spredicted branch 
instruction is always the last instruction to be fetched in a cycle, i.e., no instructions 
that are in the same pipel ine stage as the branch are fetched from the wrong path. 

443 



" •. 
" ~ 
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4.35.3 [10] <4.8,4.13 > Repeat Exercise 4.35.2, but now assume that 10% of 
executed branches have all four delay slots filled with useful instruction, 20% have 
only three useful instructions in delay slots (the fourth delay slot is a nop ), 30% 
have only two useful instructions in delay slots, and 40% have no useful instructions 
in their delay slots. 

The remaining four problems in this exercise refer to the following C loop: 

a. for(i=O ;i! =j :i ++)[ 
b[ i] - a[i] : 

I 

b. fort i"'O :a[i] !"'a[i+l] : i++) [ 
c++ ; 

I 

4.35.4 [lO] <4.8,4.13> Translate this C loop into MIPS instructions, assuming 
that our [SA requires one delay slot for every branch. Try to fill delay slots with 
non-n op instructions when possible. You can assume that variables a. b, e,i. 
and j are kept in registers $1 , $2, $3, $4 . and $5 . 

4.35.5 [10] <4.7,4.13 > Repeat Exercise 4.35.4 for a processor that has two delay 
slots for every branch. 

4.35.6 [10] <4.10,4.13> How many iterations of your loop from Exercise 4.35.4 
can be "in flight" within this processor's pipeline? We say that an iteration is "in 
flight" when at least one of its instructions has been fetched and has not yet been 
committed. 

Exercise 4.36 
This exercise is intended to help you better understand the last pitfall from 
Section 4.13-failure to consider pipelining in instruction set design. The first four 
problems in this exercise refer to the following new MIPS instruction: 

• Instruction Interpretation 

a. lwinc Rt . Offset(Rs) Reg[Rt]-Hem[Reg[Rs ]+Off.et] 
Reg[Rs]-Reg[Rs]+4 

b. addr Rt ,Offset(Rs) Reg[Rt) -Mem[Reg[Rs]+Offset]+Reg[Rt] 

4.36.1 [10 ] <4. 11,4.13> Translate this instruction into M[PS micro-operations. 

4.36.2 [10] <4.11,4.13> I-low would you change the five-stage MIPS pipeline to 
add support for micro-op translation needed to support this new instruction? 

4.16 Exercises 

4.36.3 [20] <4. 13> If we want to add this instruction to the MIPS ISA, discuss 
the changes to the pipeline (which stages, which structures in which stage) that are 
needed to directly (without micro-ops) support this instruction. 

4.36.4 [IOJ <4.13 > How often do you expect this instruction can be used. Do you 
tlunk that we would be justified if we added this instruction to the MIPS ISA? 

The remaining two problems in this exercise are about adding a new addm 
instruction to the ISA. In a processor to which a ddm has been added, these 
problems assume the following breakdown of clock cycles according to which 
instruction is completed in that cycle (or which stall is preventing an instruction 
from completing): 

5% 
b. 25% 10% 25% 10% 10% 10% 10% 

4.36.5 [10] <4.13> Given this breakdown of execution cycles in the processor 
with direct support for the add m instruction, what speed-up is achieved by 
replacing this instruction with a 3-instruction sequence (1 IV, add, and then 5IV)? 
Assume that the addm instruction is somehow (magically) supported with a 
classical five-stage pipeline without creating resource hazards. 

4.36.6 [10J <4.13> Repeat Exercise 4.36.5, but now assume that addm was sup
ported by adding a pipeline stage. When a ddm is translated, this extra stage can be 
removed and, as a result, half of the existing data stalls are eliminated. Note that the 
data stall elimination applies only to stalls that existed before add m translation, not 
to stalls added by the addm translation itself. 

Exercise 4.37 

This exercise explores some of the tradeoffs involved in pipelining, such as clock 
cycle time and utilization of hardware resources. The first three problems in this 
exercise refer to the following MIPS code. The code is written with an assumption 
that the processor does not use delay slots . 

.. h i 11.401161 
beq Sl,SO .Label : Assume $1 "" ... SO 
sw 16 . 501111 

Label : add 12 . $3 . 11 
sw 12 . 501111 

b. hi 15 . -161151 
51-I $5 , -16($5) 
hi 15.-101$51 
beq 15 . 10 .Label : Assume $51=$0 
add $5 .$ 5 . 15 
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4.37.1 [5 ] <4.3,4.14> Which parts of the basic single-cycle data path are used by 
all of these instructions? Which parts are the least utilized? 

4.37.2 [10] <4.6,4. 14> What is the utilization for the read and for the write port 
of the data memory unit? 

4.37.3 [10] <4.6,4.14> Assume that we already have a single-cycle design. How 
many bits in total do we need for pipeline registers to implement the pipelined 
design? 

The remaining three problems in this exercise assume that components of the 
datapath have the following latencies: 

o. 400ps lOOps 30ps 120ps 20Dps 350ps 20ps Ops 

b. 500ps 150ps lOOps lBOps 220ps 1000ps 90ps 20ps 

4.37.4 [10] <4.3, 4.5, 4.14> Given these latencies for individual elements of the 
datapath, compare clock cycle times of the single-cycle and the five-stage pipelined 
datapath. 

4.37.5 [!O] <4.3,4.5,4. 14> Repeat Exercise 4.37.4, but now assume that we only 
want to support ADD instructions. 

4.37.6 [20] <4.3,4.5,4.1 4> If it costs $1 to reduce the latency of a single compo
nent of the data path by Ips, what would it cost to reduce the clock cycle time by 
20% in the single-cycle and in the pipelined design? 

Exercise 4.38 
This exercise explores energy efficiency and its relationship with performance. 
Problems in this exercise assume the following energy consumption for activity in 
Instruction Memory, Registers, and Data Memory. You can assume that the other 
components of the datapath spend a negligible amount of energy. 

1 Register Read Register Write D-Mem Read D-Mem Write 

a. 100pJ 60pJ 70pJ 120pJ lOOpJ 

b. 200pJ 90pJ SOpJ 300pJ 2S0pJ 

4.38.1 [10] <4.3, 4.6,4.14> How much energy is spent to execute an ad d 
instruction in a single-cycle design and in the five-stage pipelined design? 

4.16 Exercises 

4.38.2 [10] <4.6,4.14> What is the worst-case MIPS instruction in terms of 
energy consumption, and what is the energy spent to execute it? 

4.38.3 [10] <4.6,4.14> If energy reduction is paramount, how would you change 
the pipelined design? What is the percentage reduction in the energy spent by a 1 w 
instruction after this change? 

The remaining three problems in this exercise assume that components in the 
datapath have the following latencies. You can assume that the other components 
of the data path have negligible latencies. 

Register Read or Write D-Mem Read Dr Write .. 40Dps 300ps 200ps 120ps 350ps 

b . 500ps 400ps 220ps lS0ps 1000ps 

4.38.4 [10] <4.6,4.14> What is the performance impact of your changes from 
Exercise 4.38.3? 

4.38.5 [10] <4.6,4.14> We can eliminate the MemRead control signal and have 
the data memory be read in every cycle, Le., we can permanently have MemRead=1. 
Explain why the processor still functions correctly after this change. What is the 
effect of this change on clock frequency and energy consumption? 

4.38.6 [10] <4.6,4.14> If an idle unit spends 10% of the power it would spend 
if it were active, what is the energy spent by the instruction memory in each cycle? 
What percentage of the overall energy spent by the instruction memory does this 
idle energy represent? 

Exercise 4.39 

Problems in this exercise assume that, during an execution of the program, 
processor cycles are spent in the following way. A cycle is "spent" on an instruction 
if the processor completes that type of instruction in that cycle; a cycle is "spent" 
on a stall if the processor could not complete an instruction in that cycle because 
of a stall . ........ - Control Stalls Data Stalls .. 35% 20% 20% I 10% 10% 5% 

b. 25% 10% 25% I 10% 20% 10% 

Problems in this exercise also assume that individual pipeline stages have the 
following latency and energy consumption. The stage expends this energy in order 
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Chapter 4 The Processor 

to do its work within the given latency. Note that no energy is spent in the MEM 
stage during a cycle in which there is no memory access. Similarly, no energy is 
spent in the WB stage in a cycle in which there is no register write. In several of 
the following problems, we make assumptions about how energy consumption 
changes if a stage performs its work slower or faster than this. 

b. 200ps/150pJ 150ps/60pJ 120ps/50pJ 190ps/150pJ 140ps/20pJ 

4.39.1 [10j <4.14> What is the performance (in instructions per seco nd)? 

4.39.2 [10j <4.14> What is the power dissipated in watts (joules per second )? 

4.39.3 [10j <4.6,4.14> Which pipeline stages can you slow down and by how 
much, without affecting the clock cycle time? 

4.39.4 [20j <4.6,4. 14> It is often possible to sacrifice some speed in a circuit 
in order to reduce its energy consumption. Assume that we can reduce energy 
consumption by a factor of X (new energy is lIX times the old energy) if we 
increase the latency by a factor of X (new latency is X times the old latency). Now 
we can adjust latencies of pipeline stages to minimize energy consumption without 
sacrificing any performance. Repeat Exercise 4.39.2 for this adjusted processor. 

4.39.5 [lOj <4.6,4.14> RepeatExercise4.39.4, but this time the goal is to minimize 
energy spent per instruction while increasing the clock cycle time by no more 
than 10%. 

4.39.6 [10 j <4.6,4.14> Repeat Exercise 4.39.5, but now assume that energy 
consumption is reduced by a factor of X2 when latency is made X times longer. 
What are the power savings compared to what you computed for Exercise 4.39.2? 

§4. 1. page 303: 3 of 5: Control, Datapath, Memory. Input and Output are missing. 
§4.2, page 307: false. Edge-triggered state elements make simultaneous reading and 
writing both possible and unambiguous. 
§4.3, page 315: I. A. II. C. 
§4.4, page 330: Yes, Branch and ALUOpO are identical. In addition, MemtoReg and 
RegDst are inverses of one another. You don't need an inverter; simply use the other 
signal and flip the order of the inputs to the multiplexor! 
§4.5, page 343: 1. Stall on the LW result. 2. Bypass the first ADD result written into 
$t 1. 3. No stall or bypass required. 
§4.6, page 358: Statements 2 and 4 are correct; the rest are incorrect. 
§4.8, page 383: 1. Predict not taken. 2. Predict taken. 3. Dynamic prediction. 

4.16 Exercises 

§4.9, page 391: The first instruction, since it is logically executed before the others. 
§4.1O, page 403: I. Both. 2. Both. 3. Software. 4. Hardware. 5. Hardware. 6. Hardware. 
7. Both. 8. Hardware. 9. Both. 
§4. 11, page 404: First two are false and last two are true. 
§4.1 2, til page 6.7-3: Statements 1 and 3 are both true. 
§4.12, til page 6.7-7: Only statement 3 is completely accurate. 
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tcmporallocality The 
principle stating that if it 
data location is referenced 
then it will tend to be 
referenced again soon. 

spatial locality The 
locality principle stating 
that if it data location is 
referenced, data locations 
with nearby addresses 
will tend to be referenced 
soon. 

Chapter 5 Large and Fast: Exploiting Memory Hierarchy 

1I ,·"..,u .. ;o. 
From the earliest days of computing, programmers have wanted unlimited 
amounts of fast memory. The topics in this chapter aid programmers by creating 
that illusion. Before we look at creating the illusion, let's consider a simple analogy 
that illustrates the key principles and mechanisms that we use. 

Suppose you were a student writing a term paper on important historical develop
ments in computer hardware. You are sitting at it desk in it library with a collection 
of books that you have pulled from the shelves and are examining. You find that 
several of the important computers that you need to write about are described in 
the books you have, but there is nothing about the EDSAC. Therefore, you go back 
to the shelves and look for an additional book. You find a book on early British 
computers that covers the ED SAC. Once you have a good selection of books on the 
desk in front of you, there is a good probability that many of the topics you need 
can be found in them, and you may spend most of your time just using the books 
on the desk without going back to the shelves. Having several books on the desk 
in front of you saves time compared to having only one book there and constantly 
having to go back to the shelves to return it and take out another. 

The same principle allows us to create the illusion of a large memory that we 
can access as fast as a very small memory. Just as you did not need to access all the 
books in the library at once with equal probability, a program does not access all 
of its code or data at once with equal probability. Otherwise, it would be impossible 
to make most memory accesses fast and still have large memory in computers, just 
as it would be impossible for you to fit all the library books on your desk and still 
find what you wanted quickly. 

This p1'illciple of locality underlies both the way in which you did your work in 
the library and the way that programs operate. The principle of locality states that 
programs access a relatively small portion of their address space at any instant of 
time, just as you accessed a very small portion of the library's collection. There are 
two different types of locality: 

• Temporal locality (locality in time): if an item is referenced, it will tend to be 
referenced again soon. If you recently brought a book to your desk to look at, 
you will probably need to look at it again soon. 

• Spatial locality (locality in space): if an item is referenced, items whose 
addresses are close by will tend to be referenced soon. For example, when 

5.1 Introduction 

you brought out the book on early English computers to find out about the 
EDSAC, you also noticed that there was another book shelved next to it about 
early mechanical computers, so you also brought back that book and, later 
on, found something useful in that book. Libraries put books on the same 
topic together on the same shelves to increase spatial locality. We'll see how 
memory hierarchies use spatial locality in a little later in this chapter. 

Just as accesses to books on the desk naturally exhibit locality, locality in pro
grams arises from simple and natural program structures. For example, most 
programs contain loops, so instructions and data are likely to be accessed repeat
edly, showing high amounts of temporal locality. Since instructions are normally 
accessed sequentially, programs also show high spatial locality. Accesses to data also 
exhibit a natural spatial locality. For example, sequential accesses to elements of an 
array or a record will naturally have high degrees of spatial locality. 

We take advantage of the principle of locality by implementing the memory 
of a computer as a memory hierarchy. A memory hierarchy consists of multiple 
levels of memory with different speeds and sizes. The faster memories are more 
expensive per bit than the slower memories and thus are smaller. 

Today, there are three primary technologies used in building memory hierar
chies. Main memory is implemented from DRAM (dynamic random access 
memory), while levels closer to the processor (caches) use SRAM (static random 
access memory). DRAM is less costly per bit than SRAM, although it is substan
tially slower. The price difference arises because DRAM uses significantly less area 
per bit of memory, and DRAMs thus have larger capacity for the same amount of 
silicon; the speed difference arises from several factors described in Section C.9 of 
ttl Appendix C. The third technology, used to implement the largest and slowest 
level in the hierarchy, is usually magnetic disk. (Flash memory is used instead of 
disks in many embedded devices; see Section 6.4.) The access time and price per 
bit vary widely among these technologies, as the table below shows, using typical 
values for 2008: 

Memory technology Typical access time $ per GB in 2008 

SRAM 0.5 2.5 ns I $2000 $5000 

DRAM 50-70 ns I $20 $75 

Magnetic disk 5,000,000 20,000,000 ns I $0.20 $2 

Because of these differences in cost and access time, it is advantageous to build 
memory as a hierarchy of levels. Figure 5.1 shows the faster memory is close to the 
processor and the slower, less expensive memory is below it. The goal is to present 
the user with as much memory as is available in the cheapest technology, while 
providing access at the speed offered by the fastest memory. 
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multiple levels of 
memories; as the distance 
from the processor 
increases, the size of the 
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block (or line) The 
minimum unit of 
information that can 
be either present or not 
present in a cache. 

hit rate The fraction of 
memory accesses found 
in a level of the memory 
hierarchy. 

miss rate The fraction 
of memory accesses not 
found in a level of the 
memory hierarchy. 

Chapter 5 Large and Fast: Exploiting Memory Hierarchy 

Current 

Speed Processor Size Cost (Sibil) technology 

Fastest Memory Smallest Highest SRAM 

I Memo~ I DRAM 

Slowest Memory Biggest Lowest Magnetic disk 

FIGURE 5.1 The basic structure of a memory hierarchy. By lInplcmcnting the memory system 
as a hierarchy, the lIscr hns the illusion of a memory that is as hlrgc as the largest kvcl of the h.icra~ch}', but 
can be accessed as if it were all built from the fil stcS! memory. Flash memory has replaced dIsks In many 
embedded devices. and may leild to a new level in the storage hierarchy for desktop and server computers; 

see Section 6.4. 

The data is similarly hierarchical: a level closer to the processor is generally a 
subset of any level further away, and all the data is stored at the lowest level. By 
analogy, the books on your desk form a subset of the library you are working in, 
which is in turn a subset of all the libraries on campus. Furthermore, as we move 
away from the processor, the levels take progressively longer to access, just as we 
might encounter in a hierarchy of campus libraries. 

A memory hierarchy can consist of multiple levels, but data is copied between 
only two adjacent levels at a time, so we can focus our attention on just two levels. 
The upper level-the one closer to the processor-is smaller and faster than the 
lower level, since the upper level uses technology that is more expensive. Figure 5.2 
shows that the minimum unit of information that can be either present or not 
present in the two-level hierarchy is called a block or a line; in our library analogy, 

a block of information is one book. 
If the data requested by the processor appears in some block in the upper level, 

this is called a hit (analogous to your finding the information in one of the books 
on your desk). If the data is not found in the upper level, the request is called a lIliss. 
The lower level in the hierarchy is then accessed to retrieve the block containing the 
requested data. (Continuing our analogy, you go from your desk to the shelves to 
find the desired book.) The hit rate, or hit mtio, is the fraction of memory accesses 
found in the upper level; it is often used as a measure of the performance of the 
memory hierarchy. The miss rate (I - hit rate) is the fraction of memory accesses 
not found in the upper level. 

5.1 Introduction 

Processor 

Data is transferred 

FIGURE 5.2 Every pair of levels In the memory hierarchy can be thought of as having an 
upper and lower level. Within each level , the unit of information that is prescnt or not is c:l l1 cd a /J/uck 
or a iiI/C. Usually wc transfcr:ln cntire block when we copy something bctwccn levels. 

Since performance is the major reason for having a memory hierarchy, the time 
to service hits and misses is important. Hit time is the time to access the upper level 
of the memory hierarchy, which includes the time needed to determine whether 
the access is a hit or a miss (that is, the time needed to look through the books 
on the desk). The miss penalty is the time to replace a block in the upper level with 
the corresponding block from the lower level, plus the time to deliver this block to 
the processor (or the time to get another book from the shelves and place it on the 
desk). Because the upper level is smaller and built using faster memory parts, the 
hit time will be much smaller than the time to access the next level in the hierarchy, 
which is the major component of the miss penalty. (The time to examine the books 
on the desk is much smaller than the time to get up and get a new book from the 
shelves.) 

As we will see in this chapter, the concepts used to build memory systems affect 
many other aspects of a computer, including how the operating system manages 
memory and I/O, how compilers generate code, and even how applications 
use the computer. Of course, because all programs spend much of their time 
accessing memory, the memory system is necessarily a major fac tor in determining 
performance. The reliance on memory hierarchies to achieve performance has 
meant that programmers, who used to be able to think of memory as a flat, 
random access storage device, now need to understand that memory is a hierarchy 
to get good performance. We show how important this understanding is in later 
examples, such as Figure 5.18 on page 490. 

Since memory systems are critical to performance, computer designers devote a 
great deal of attention to these systems and develop sophisticated mechanisms for 
improving the performance of the memory system. In this chapter, we discuss the 
major conceptual ideas, although we use many simplifications and abstractions to 
keep the material manageable in length and complexity. 
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hit lime The lime 
required to aC(CSS a Icvel 
of the memoq' hierarch}'. 
including th e lime nceded 
to determine whether the 
access is a hit or a miss. 

miss penalty The time 
required to fetch a block 
into a level of the memory 
hierarch), from the lower 
level. including th e time to 
access the block. transmit 
it from one le"ello the 
other. insert it in the level 
that experienced the miss, 
and then pass the block to 
the requestor. 
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The BIG 
Picture 

Chapter 5 Large and Fast: Exploiting Memory Hierarchy 

Programs exhibit both temporal locality. the tendency to reuse recently 
accessed data items, and spatial locali ty. the tendency to reference data 
items that are close to other recently accessed items. Memory hierarchies 
take advantage of temporal locality by keeping more recently accessed 
data items closer to the processor. Memory hierarchies take advantage of 
spatial locality by moving blocks consisting of mult iple contiguous words 
in memo,y to upper levels of the hierarchy. 

Figure 5.3 shows that a memory hierarchy uses smaller and faster 
memory technologies close to the processor. Thus. accesses that hit in the 
highest level of the hierarchy ca n be processed quickly. Accesses that miss 
go to lower levels of the hierarch)'. which are larger but slower. If tbe hll 
rate is high enough. the memory hierarchy has an effective access tim e 
close to that o f the highest (and fas test) level and a size equal to that of the 
lowest (and largest) level. 

In most systems. the memory is a true hierarchy. meaning that data 
cannot be present in level i unless it is also present in level i + I. 

CPU 

Levels in the Level 2 

Increasing distance 

from the CPU in 

access time 

memory hierarchy/-__________ --".., 

Level n 

Size of the memory at each level 

FIGURE 5.3 This diagram shows the structure of a memory hierarchy: as the distance 
from the processor Increases, so does the size. This structure, with the appropriate operating 
mechanisms, allows the processor to have an access lime that is determined primarily by level! of the hier
archy and yel have a memory as large as level II. Maintaining this illusion is the subject of this chapter. 
Although the local disk is normally the bottom of the hierarchy, some systems use tape or a file server over a 
local areil network as the next levels of the hierarchy. 

5.2 The Basics of Caches 

Which of the follO\ving statements are generally true? 

1. Caches take advantage of temporal locality. 

2. On a read. the value returned depends on which blocks are in the cache. 

3. Most of the cost of the memory hierarchy is at the highest level. 

4. Most of the capacity of the memory hierarchy is at the lowest level. 

II The Basics of Caches 

In our library example. the desk acted as a cache-a safe place to store things 
(books) that we needed to examine. Cache \vas the name chosen to represent the 
level of the memory hierarchy between the processor and main memory in the first 
commercial computer to have this extra level. The memories in the datapath in 
Chapter 4 are simply replaced by caches. Today. although this remains the dominant 
use of the word enche. the term is also used to refer to any storage managed to take 
advantage of locality of access. Caches first appeared in research computers in the 
early 1960s and in production computers later in that same decade; every general
purpose computer built today. from servers to low-power embedded processors. 
includes caches. 

In this section. we begin by looking at a very simple cache in which the processor 
requests are each one word and the blocks also consist of a single word. (Readers 
already familiar with cache basics may want to skip to Section 5.3.) Figure 5.4 
shows such a simple cache, before and after requesting a data item that is not 
initially in the cache. Before the request, the cache contains a collection of recent 
references Xl' X2, ... , XII _ I' and the processor requests a word XII that is not in 
the cache. This request results in a miss, and the word XII is brought from memory 
into the cache. 

In looking at the scenario in Figure 5.4, there are two questions to answer: How 
do we know if a data item is in the cache? Moreover, if it is, how do we find it? The 
answers are related. If each word can go in exactly one place in the cache. then it is 
straightforward to find the word if it is in the cache. The simplest way to assign a 
location in the cache for each word in memory is to assign the cache location based 
on the nddressof the word in memory. This cache structure is called direct mapped, 
since each memory location is mapped directly to exactly one location in the cache. 
The typical mapping between addresses and cache locations for a direct-mapped 
cache is usually simple. For example. almost all direct-mapped caches use this 
mapping to find a block: 

(Block address) modulo (Number of blocks in the cache) 

Check 
Yourself 
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direct-mapped cache 
A cache structure in which 
each memory location is 
mapped to exactly one 
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tag A field in a table lIsed 
for a memory hierarchy 
that contains the address 
information required 
to identify whether the 
associated block in the 
hierarchy corresponds to 
a requested word. 

valid bit A field in the 
tables of a memory 
hierarchy Ihilt indicates 
that the associ<ltcd block 
in the hierarchy contains 
valid data. 
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X, X" 

X, X, 

Xn _ 2 
Xn _ 2 

Xn _ 1 
Xn_ 1 

X, X, 

Xn 

X3 X3 

8. Before the reference to Xn b. After the reference to Xn 

FIGURE 5.4 The cache just before and just after a reference to a word Xn that is not 
initially in the cache. This reference ca uses a miss that forces the cache to fetch XII from memory and 
insert it into the cache. 

If the number of entries in the cache is a power of 2, then modulo can be computed 
simply by using the low-order log2 (cache size in blocks) bits of the address. 
Thus, an 8-block cache uses the three lowest bits (8 ~ 23

) of the block address. 
For example, Figure 5.5 shows how the memory addresses between llen (OOOOI,wo) 
and 29"n (l [[Ol,wo) map to locations l"n (OOI,wo) and 5"n (lOI,wo) in a direct
mapped cache of eight words. 

Because each cache location can contain the contents of a number of different 
memory locations, how do we know whether the data in the cache corresponds 
to a requested word? That is , how do we know whether a requested word is in the 
cache or not? We answer this question by adding a set of tags to the cache. The tags 
contain the address information required to identify whether a word in the cache 
corresponds to the requested word. The tag needs only to contain the upper por
tion of the address, corresponding to the bits that are not used as an index into the 
cache. For example, in Figure 5.5 we need only have the upper 2 of the 5 address 
bits in the tag, since the lower 3-bit index field of the address selects the block. 
Architects omit the index bits because they are redundant, since by definition the 
index field of any address of a cache block must be that block number. 

We also need a way to recognize that a cache block does not have valid infor
mation. For instance, when a processor starts up. the cache does not have good 
data, and the tag fields will be meaningless. Even after executing many instructions, 
some of the cache entries may still be empty, as in Figure 5.4. Thus, we need to 
know that the tag should be ignored for such entries. The most common method 
is to add a valid bit to indicate whether an entry contains a valid address. If the bit 
is not set, there cannot be a match for this block. 

5.2 The Basics of Caches 

Cache 
0 .... 0 .... 0 .... 0 .... 
00 ........ 00 ........ 
0000 ~~,=,= 

. /i'~~~ 
r-V / / II 1\ '" " ", / ) / \ 

" ", 
I.Y I· .. '0 , " 

<- '---
00001 00101 01001 01101 10001 10101 11001 11101 

Memory 

FIGURE 5.5 A direct·mapped cache with eight entries showing the addresses of memory 
words between 0 and 31 that map to the same cache locations. Because there arc eight \'lords ill 
the cache, an address X maps to the direct-mapped cache word X modulo 8, That is, the [ow-order iog2(S) = 

3 bits are used as the cache index. Thus, addresses 00001\\\,0' 01001\\\,0' 10UU I\WO' and lIUUI\WU all map to entry 
00 1 t\\'o of the cache, while addresscs OOIOI\WO' OIIOltwn' IOIOI\wn' and I IIOI\WO all map to clltry IO I\wn of 

the cache. 

For the rest of this section, we will focus on explaining how a cache deals with 
reads. In general, handling reads is a little simpler than handling writes, since reads 
do not have to change the contents of the cache. After seeing the basics of how 
reads work and how cache misses can be handled, we'll examine the cache designs 
for real computers and detail how these caches handle writes. 

Accessing a Cache 

Below is a sequence of nine memory references to an empty eight-block cache, 
including the action for each reference. Figure 5.6 shows how the contents of the 
cache change on each miss. Since there are eight blocks in the cache, the low-order 
three bits of an address give the block number: 
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Decimal address 
of reference 

Binary address 
of reference 

Assigned cache block 
(where found or placed) 

Since the cache is empty, several of the first references are misses; the caption 
of Figure 5.6 describes the actions for each memory reference. On the eighth refer
ence we have conflicting demands for a block. The word at address 18 (10010,wo) 
should be brought into cache block 2 (010,wo)' Hence, it must replace the word at 
address 26 (11010,wo), which is already in cache block 2 (010,wo)' This behavior 
allows a cache to take advantage of temporal locality: recently referenced words 

replace less recently referenced words. 
This situation is directly analogous to needing a book from the shelves and 

having no more space on your desk-some book already on your desk must be 
returned to the shelves. In a direct-mapped cache, there is only one place to put the 
newly requested item and hence only one choice of what to replace. 

We lmow where to look in the cache for each possible address: the low-order bits 
of an address can be used to find the unique cache entry to which the address could 
map. Figure 5.7 shows how a referenced address is divided into 

• A tng field, which is used to compare with the value of the tag field of the 

cache 

• A ene". illdex, which is used to select the block 

The index of a cache block, together with the tag contents of that block, uniquely 
specifies the memory address of the word contained in the cache block. Because 
the index field is used as an address to reference the cache, and because an II-bit 
field has 2" values, the total number of entries in a direct-mapped cache must be 
a power of 2. In the MIPS architecture, since words are aligned to multiples of 
four bytes, the least significant two bits of every address specify a byte within a 
word. !-Ience, the least significant two bits are ignored when selecting a word in 

the block. 
The total number of bits needed for a cache is a function of the cache size and 

the address size, because the cache includes both the storage for the data and the 
tags. The size of the block above was one word, but normally it is several. For the 

following situation: 

-'----
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...... - Data ...... Data 

000 N 000 N 

001 N 001 N I 
010 N 010 N 

011 N 011 N 

100j N 100 N 

101 N 101 N 

110 N 110 Y 1°'1'10 Memory (10110\1'10) 

111 N 111 N 

8. The initial state of the cache after power-on b. After handling a miss of address (10110 ) two 

Data ..... , Data 

000 N 

001 N 

010 y Memory (11010two) 

011 N 

100 N 

101 N 

110 y Memory (10110'1'10) 

111 N 

c. After handling a miss of address (11010Iwo) d. After handling a miss of address (lOOOO,you) 

e, After handling a miss of address (00011,wu) f, After handling a miss of address (lOOlO,wo) 

FIGURE 5.6 Tho cache contents are shown after each f 
shown in binary for the sequence of addresses on pag~e4:~en~e re~u~~ ~h,at misses, with the index and tag fields 

, 
( 

s , 

ul'~lcd off (N). The processor requests the following addresses: 10110 • ( l~ C;'C Ie IS lmtlatl~ empty, with all ~alid bits (V entry in c;jche) 
m,ss), OOOII\WO (miss) , 10000\WO (hit), 10010\\\'0 (miss), and 10000 two h~lJ SS : 1,lD 1,°111'0 (nuss), lOll °lll'u (lUI), 110 lOtwu (hit), 1000011

1'0 

equellce has been handled, When address 10010 ( 18) ., d ","0 ( 11). 1 he figures show the cache COnlents ,Ifter each miss in the 

A 
' IWO Is relerence ,llcentryforaddrcss l JO IO ('6) b , , 

c. 

1 10lwO wll,' cause a subsequent miss, The tilg lield will contain onl the u . f. lWO", must e rep acc( ,and a reference to 
ache block I with tag lield j for this cache is)'x 8 + i or' ' I ' 1 Y, pper por,tlOn a the address, rhe full address of a word contained in 
b .' d' ' eqUlva ell! y t Ie conca tenatIOn of the tag field)' and the ind' 'F ' 
ave, III ex 0 I 01\\,0 has tag J0

1W 
and co rresponds to address 10010 ex I, or example, In cadle f a () 111'0 ' 

, 
; 
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Address (showing bit positions) 

3130 13 121 1·· ·210 ... 

\ I \(BYI~I\ offset 

Hit fO ,10 
Tag 

Data 
Index 

Index Valid Tag Data 

0 
1 
2 
... 

... 

... 
1021 
1022 
1023 

20 32 

~ 
9 

to select a cache FIGURE 5 7 For this cache the lower portion of the address Is used . 
entry con'slsting of a data ~ord and a tag. This cache hold,S \024 words or " ~B. We assume 3?-b lt 
addresses in this chap ter. The tag from the cache is compared agamst the upper portion of the ~~~rcss2 \~ 
determine whether the entry in the cache corresponds to the requested address. BC:OlUSC the cae ~c_ ~~ b' 
(or 1024 ) words and a block size of onc word. 10 bits arc used to indc..x the cache, leavmg 32 - [0 ~d- ; -. Its 

to be compared against the tag. If the tag and upper 20 bits of the address arc equal, and th~ VOl 1 It IS on, 
then the request hits in the cache, and tbe word is supplied to the processor. Otherwise, a miss occurs. 

• 32-bit byte addresses 

• A direct-mapped cache 

• The cache size is 2" blocks, so tI bits are used for the index 

• The block size is 2'" words (2",+2 bytes), so 111 bits are used for the word within 
the block, and two bits are used for the byte part of the address 

the size of the tag field is 

32 - (t1 + '" + 2). 

5.2 The Basics of Caches 

The total number of bits in a direct-mapped cache is 

2" X (block size + tag size + valid fie ld size). 

Since the block size is 2'" words (2,,,+5 bits), and we need I bit for the va lid field, the 
number of bits in such a cache is 

2" X (2'" X 32 + (32 - tI- HI - 2) + 1) = 2" x (2'" x 32 + 31 - tI - HI) . 

Although this is the actual size in bits, the naming convention is to exclude the size 
of the tag and valid fie ld and to count only the size of the data. Thus, the cache in 
Figure 5.7 is called a 4 KB cache . 

Bits in a Cache 

How many total bits are required for a direct-mapped cache with 16 KB of data 
and 4-word blocks, assuming a 32-bit address? 

We know that 16 KB is 4K (212) words. With a block size of 4 words (2'), there 
are 1024 (210) blocks. Each block has 4 X 32 or 128 bits of data plus a tag, which 
is 32 - 10 - 2 - 2 bits, plus a valid bit. Thus, the tota l cache size is 

2'0 x (4 x 32 + (32 - 10 - 2 - 2) + 1) = 2'ox 147= 147 Kbits 

or 18.4 KB fo r a 16 KB cache. For this cache, the total number of bits in the 
cache is about 1.15 times as many as needed just for the storage of the data. 

Mapping an Address to a Multiword Cache Block 

Consider a cache with 64 blocks and a block size of 16 bytes. To what block 
number does byte address 1200 map? 

We saw the formula on page 457. The block is given by 

(Block address) modu lo (Number of blocks in the cache) 
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where the address of the block is 

Byte address 

Bytes per block 

Notice that this block address is the block containing all addresses between 

and 

l Byte address j X Bytes per block 
Bytes per block 

l Byte address j . bl I 1) X Bytes per block + (Bytes pel oc c-
Bytes per block 

Tlms, with 16 bytes per block, byte address 1200 is block address 

l12~O j= 75 

which maps to cache block number (75 modulo 64) = 11. In fact, this block 

maps all addresses between 1200 and 1215. 

Larger blocks exploit spatial locality to lower. miss rates. As. Figure 5.8 ,s~ows, 
increasing the block size usually decreases the miss r~te. The miss tate, ma) 00 up 
eventually if the block size becomes a significant fr3:tlO11 of the cache Size, be~au~e 
the number of blocks that can be held in the cache WIll become small, and thele WIll 
be a great deal of competition for those blocks. As a result, a block Wlllbe bumped 
out of the cache before many of its words are accessed. Stated alternatIvely, spatial 
locality among the words in a block decreases with a very large block; consequently, 

the benefits in the miss rate become smaller. . . . 
A more serious problem associated with just increasll1g the block SIze IS that the 

cost of a miss increases. The miss penalty is determined by the ~J1~1e reqUired to fetch 
the block from the next lower level of the hierarchy and load It ll1to the cache. The 
time to fetch the block has two parts: the latency to the first word and the transfer 
time for the rest of the block. Clearly, unless we change the memory system, the 
transfer time-and hence the miss penalty-will likely increase as the block SIZe 
increases. Furthermore, the improvement in the m~ss rate 5,tart5 to decrea~e as the 
blocks beco me larger. The result is that the increase 111 the miss penalty ovel whelms 
the decrease in the miss rate for blocks that arc too large, and cache performance 
thus decreases. Of course, if we design the memory to tran~fer larger bloc~(s more 
efficiently, we can increase the block size and obtail: further Improvements In cache 
performance. Vve discuss this topic in the next sectIOn. 

Miss 
rate 
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10% 4K 

5% ......... . . ......... ................ ........ . . ....... ..... ... . ......... . . . .......... .. ... . 

'-__ --______ ~~---------+-----------4 16K 

r=----------O---------~~----____ -o __________ -o64K 
O%I:=====;;::====~;=====~~===~~ 256K 16 32 64 128 256 

Block size 

FIGURE 5.S Miss rate versus block size. Note that the miss ratc actually gocs up if the block size is 
too hugL! relative to the cache size. Each line rL!prL!scnts a cacbe of different size. (This figure is independent 
of associativity, discussed soon.) Unfortunately, SPEC2000 traces would take too long if block size were 
included, so this data is based on SPEC92. 

Elaboration: Although it is hard to do anything about tile longer latency component of 
the miss penalty for large blocl{s, we may be able to hide some of tile transfer time so 
that the miss penalty is effectively smaller. Tile simplest method for doing this, called 
early restart, is Simply to resume execution as soon as tile requested word of tile blod{ 
is returned, rather tllan wait for tile entire blode Many processors use tllis technique 
for instruction access, where it worl~s best. Instruction accesses are largely sequential, 
so if tile memory system can deliver a word every clocl< cycle, tile processor may be 
able to restart operation wilen the requested word is returned, with the memory system 
delivering new instruction words just in time. This technique is usually less effective 
for data caclles because it is likely tllat the words will be requested from the blocl< in a 
less predictable way, and the probability tllat tile processor will need another word from 
a different cache block before the transfer completes is high. If tile processor cannot 
access tile data cache because a transfer is ongoing, tllen it must stall. 

An even more SOpllisticated scheme is to organize tile memory so tllat tile requested 
word is transferred from tile memory to tile cache first. The remainder of the block 
is t llen transferred, starting with the address after the requested word and wrapping 
around to the beginning of the blocl~. This teclmique, called requested word first or 
critical word first, can be slightly faster than early restart, but it is limited by tile same 
properties tllat limit early restart. 

Handling Cache Misses 

Before we look at the cache of a real system, let's see how the control ullit deals 
with cache misses. (We describe a cache controller in detail in Section 5.7). The 
controlunitlllust detect a miss and process the miss by fetching the requested data 
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from memory (or, as we shall see, a lower-level cache). If the cache reports a hit, the 
computer continues using the data as if nothing happened. 

Modifying the control of a processor to handle a hit is trivial; misses, however, 
require some extra work. The cache miss handling is done in collaboration with 
the processor control unit and with a separate controller that initiates the memory 
access and refills the cache. The processing of a cache miss creates a pipeline stall 
(Chapter 4) as opposed to an interrupt, which would require saving the state of 
all registers. For a cache miss, we can stall the entire processo~, essentia~l)' freezin.g 
the contents of the temporary and programmer-visible registers, while we walt 

fo r memory. More sophisticated out-of-order processors can allow execution of 
instructions whi le waiting for a cache miss, but we'll assume in-order processors 
that stall on cache misses in this section. 

Let's look a little more closely at how instruction misses are handled; the same 
approach can be easily extended to handle data misses. If an instruction access 
results in a miss, then the content of the Instruction register is invalid. To get 
the proper instruction into the cache, we must be able to instruct the lower level 
in the memory hierarchy to perform a read. Since the program counter is incre
mented in the first clock cycle of execlltion, the address of the instruction that 
generates an instruction cache miss is equal to the value of the program counter 
minus 4. Once we have the address, we need to instruct the main memory to per
form a read. We wait for the memory to respond (since the access wi ll take multi
ple clock cycles), and then write the words containing the desired instruction into 

the cache. 
We can now define the steps to be taken on an instruction cache miss: 

1. Send the original PC value (current PC - 4) to the memory. 

2. Instruct main memory to perform a read and wait for the memo!")' to com
plete its access. 

3. Write the cache entry, putting the data from memory in the data portion of 
the entry, writing the upper bits of the address (from the ALU) into the tag 

field, and tllrning the valid bit on. 

4. Restart the instruction execution at the first step, which will refetch the 
instruction, this time finding it in the cnche. 

The control of the cache on a data access is essentially identical: on a miss, we 
simply stall the processor until the memory responds with the data. 

Handling Writes 
Writes work somewhat differently. Suppose on a store instruction, we wrote the 
data into only the data cache (without changing main memory); then, after the 
write into the cache, memory would have a different value from that in the cache. 
In such a case, the cache and memory are said to be illcollsistcllt. The simplest way 

5.2 The Basics of Caches 

to keep the main memory and the cache consistent is always to write the data into 
both the memory and the cache. This scheme is called write-through . 

The other key aspect of writes is what occurs on a write miss. We first fetch the 
words of the block from memory. After the block is fetched and placed into the 
cache, we can overwrite the word that caused the miss into the cache block. We also 
write the word to main memory using the full address. 

Although this design handles writes very simply, it would not provide very good 
performance. With a write-through scheme, every write causes the data to be written 
to main memory. These writes will take a long time, likely at least 100 processor clock 
cycles, and could slow down the processor considerably. For example, suppose 10% 
of the instructions are stores. If the CPI without cache misses was 1.0, spending 100 
extra cycles on every write would lead to a CPI of 1.0 + 100 x \0% = II , reducing 
performance by more than a factor of 10. 

One solution to this problem is to lISe a write buffer. A write buffer stores the 
data while it is waiting to be written to memory. After writing the data into the 
cache and into the write buffer, the processor can continue execution. ''''hen a write 
to main memory completes, the entry in the write buffer is freed. If the write buffer 
is full when the processor reaches a write, the processor must stall until there is an 
empty position in the write buffer. Of course, if the rate at which the memory can 
complete writes is less than the rate at which the processor is generating writes, no 
amount of buffering can help, because writes are being generated fas ter than the 
memory system can accept them. 

The rate at which writes are generated may also be less than the rate at which the 
memory can accept them, and yet sta lls may still occur. This can happen when the 
writes occur in bursts. To reduce the occurrence of such stalls, processors usually 
increase the depth of the write buffer beyond a single entry. 

The alternative to a write-through scheme is a scheme called write-back or 
copy back. In a write-back scheme, when a write occurs, the new value is written 
only to the block in the cache. The modified block is written to the lower level of 
the hierarchy when it is replaced. Write-back schemes can improve performance, 
especially when processors can generate writes as fast or faster than the writes can 
be handled by main memory; a write-back scheme is, however, more complex to 
implement than write-through . 

In the rest of this section, we describe caches from real processors, and we 
examine how they handle both reads and writes. In Section 5.5, we will describe 
the handling of writes in more detail. 

Elaboration: Writes introduce several complications into caches that are not present 
for reads. Here we discuss two of them: the policy on write misses and efficient 
implementation of writes in write-bacl< caches. 

Consider a miss in a write-through cache. The most common strategy is to allocate a 
block in Ule cache, called write allocate. The block is fetched from memory and then the 
appropriate portion of the block is overwritten. An alternative strategy is to update the portion 
of the block in memory but not put it in the cache, called no write allocate. The motivation is 

467 

write-through A scheme 
in which writes always 
upd<lte both the c<lche 
and the next lower level 
of thc mcmory hierarchy, 
ensuring that data is 
always consistent between 
the two. 

write buffer A queue 
that holds data while 
the data is waiting to be 
wri tten to memory. 

write-back A scheme 
that handles writes by 
updating values only to 
the block in the cache, 
then writing the modified 
block to the lower level 
of the hierarchy when the 
block is replaced. 

I , 

,. 



468 Chapter 5 Large and Fast: Exploiting Memory Hierarchy 

that sometimes programs write entire blocks of data, such as when the operating system 
zeros a page of memory. In such cases, the fetch associated with the initial write miss may 
be unnecessary. Some computers allow the write allocation policy to be changed on a per 
page basis. 

Actually implementing stores efficiently in a cache that uses a write-back strategy is 
more complex than in a write-through cache. A write-through cache can write the data 
into the cache and read the tag; if the tag mismatches, then a miss occurs. Because the 
cache is write·through, the overwriting of the block in the cache is not catastrophic, since 
memory has the correct value. In a write-back cache, we must first write the block back 
to memory if the data in the cache is modified and we have a cache miss. If we simply 
overwrote the block on a store instruction before we knew whether the store had hit in 
the cache (as we could for a write-through cache), we would destroy the contents of the 
block, which is not backed up in the next lower level of the memory hierarchy. 

In a write-back cache, because we cannot overwrite the block, stores either require 
two cycles (a cycle to check for a hit followed by a cycle to actually perform the write) or 
require a write buffer to hold that data-effectively allowing the store to take only one 
cycle by pipelining it. When a store buffer is used, the processor does the cache lool<up 
and places the data in the store buffer during the normal cache access cycle. Assuming 
a cache hit. the new data is written from the store buffer into the cache on the next 
unused cache access cycle. 

By comparison, in a write-through cache, writes can always be done in one cycle. 
We read the tag and write the data portion of the selected block. If the tag matches 
the address of the block being written, the processor can continue normally, since the 
correct blocl< has been updated. If the tag does not match, the processor generates a 
write miss to fetch the rest of the block corresponding to that address. 

Many write-back caches also include write buffers that are used to reduce the miss 
penalty when a miss replaces a modified block. In such a case, the modified block is 
moved to a write-back buffer associated with the cache while the requested block is read 
from memory. The write-back buffer is later written back to memory. Assuming another 
miss does not occur immediately, this technique halves the miss penalty when a dirty 
block must be replaced. 

An Example Cache: The Intrinsity FastMATH Processor 

The Intrinsity FastMATH is a fast embedded microprocessor that uses the MIPS 
architecture and a simple cache implementation. Near the end of the chapter, we 
will examine the more complex cache design of the AMD Opteron X4 (Barcelona), 
but we start with this simple, yet real. example for pedagogical reasons. Figure 5.9 
shows the organization of the Intrinsity FastMATH data cache. 

This processor has a 12-stage pipeline. similar to that discussed late in Chapter 4. 
When operating at peak speed. the processor can request both an instruction word 
and a data word on every clock. To satisfy the demands of the pipeline without 
stalling. separate instruction and data caches are used. Each cache is 16 KB. or 4K 
words. with 16-word blocks. 

Read requests for the cache are st raightforward. Because there are separate 
data and instruction caches, we need separate control signals to read and write 
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Address (showing bit positions) 

31 14 13 ··· 65 2 1 0 ... 

l I I I 
Hit Tag t18 8 4 Byle Data 

offset 
Index Block offset 

18 bits 512 bits 
... 

V Tag Data 

. " 

... 

. .. 

... 256 - ~ ... , entries 
, .. 
... 
.. , 
... .. . 

18 , 32 , 32 , 32 

1l ... 1 

. .. 

~ Mux "-y 1-32 

FIGURES,9 The 16 KB caches in the In . ". trlnsity FastMATH each contain 256 blocks With 16 words per block The la I field 
IS 18 bits wIde •. mtl Ihe IIldex fic.ld is 8 bi.ls ~vide. while:l 4-bit field (bils 5-2) is used 10 index Ihe block and selecI Ihe word from Ihe block gus· I 

a..'f-I~- Jh~ll.l~tll~exor. tn pr.actlCc, 10 ehmlll'l(C Ih ,:, multiple ,~o r, caches use a separa le Jarge RAt-,.1 for the dal;t ,md a smaller RAM for the t.:;; 
~\I 1 1,1 Ie OC

I 
0 sl'lt SUPI~I)'mg Ihe eXIra .tddress hilS for Ihe large dala RAM. In Ihis ca5e, the large RAM is 31 bils wide and musllnve 16 lil11~; 

,IS m,m), wore S:l5 ) ocks III Ihe cache, ' 

each cache. (Remember that we need to update the instruction cache when a miss 
occurs.) Thus. the steps for a read request to either cache are as follows: 

I. Send Ihe address to the appropriate cache. The address comes either from 
the PC (for an instruction) or from the ALU (for data) . 

2. If the cache signals hit. the requested word is available o n the data lines. 
SInce there are 16 words in the desired block. we need to select the right one. 
A block Index field IS used to control the multiplexor (shown at the bottom 
of the figure). which selects the requested word fro m the 16 words in the 
II1dexed block. 
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3. If the cache signals miss, we send the address to the main memory. When the 
memory returns with the data, we write it into the cache and then read It to 
fulfill the request. 

For writes, the Intrinsity FastMATH offers both write-through and write-back, 
leavi ng it up to the operating system to decide which strategy to use for an appli
cation. It has a one-entry write buffer. 

Instruction miss rate Data miss rate Effective combined miss rate 

0.4% 11.4% 3.2% 

RGURE 5.10 Approximate instruction and data miss rates for the Intrlnsity FastMATH 
processor for SPEC2000 benchmarks. The combined miss rate is the cffcctiv~ mi~s ratc s.ccn for ,the 
combination orthe 16 K13 instruClion cache anu 16 KI3 dala cache. It is obtained by wClghtlllS the Il1structlon 
and data individual miss rates b)' Ihe frcqucnC)' of in struction and data references. 

What cache miss rates are attained with a cache structure like that used by the 
In trinsity FastMATH? Figure 5.10 shows the miss rates for the instruction and 
data caches. The combined miss rate is the effective miss rate per reference for 
each program after accounting for the differing frequency of instruction and data 
accesses. 

Although miss rate is an important characteristic of cache designs, th~ ultima~e 
measure will be the effect of the memory system on program executIOn tllllej we II 
see how miss rate and execlltion time are related shortly. 

Elaboration: A combined cacl1e with a total size equal to the sum of tl1e two split 
caches will usually l1ave a better l1it rate . This higller rate occurs because the combined 
cache does not rigidly divide tile number of entries tllat may be used by instructions from 
tl10se that may be used by data. Nonetlleless, many processors use a split instruction 
and data cache to increase cacl1e bandwidth. (There may also be fewer conflict misses; 
see Section 5.5.) 

Here are miss rates for caches the size of those found in the Intrinsity FastMATH 
processor, and for a combined cache whose size is equal to the sum of the two caches: 

• Total cache size: 32 KB 

• Split cache effective miss rate: 3.24% 

• Combined cache miss rate: 3.18% 

The miss rate of the split cache is only slightly worse. 
The advantage of doubling tl1e cache bandwidth, by supporting both an instruction and 

data access simultaneously, easily overcomes the disadvantage of a slightly increased 
miss rate. Tilis observation cautions us tllat we cannot use miss rate as tile sole 
measure of cache performance, as Section 5.3 SllOWS. 

5.2 The Basics of Caches 

Designing the Memory System to Support Caches 

Cache misses are satisfied from main memory. which is constructed from DRAlvls. 
In Section 5.1, we saw that the primary emphasis with DRAMs is on cost and 
density. Although it is difficult to reduce the latency to fetch the first word from 
memory, we can reduce the miss penalty if we increase the bandwidth from the 
memory to the cache. This reduction allows larger block sizes to be used while still 
maintaining a low miss penalty, similar to that for a smaller block. 

The processor is traditionally connected to memory over a bus. (As we'll see 
in Chapter G, that tradition is changing, but the actual interconnect technology 
does,i't matter in this chapter, so we'll use the term bus.) The clock rate of the bus 
is usually much slower than the processor. The speed of this bus affects the miss 
penalty. 

To understa nd the impact of different organizations of memory, let's defi ne a set 
of hypothetical memory access times. Assume 

• I memory bus clock cycle to send the address 

• 15 memory bus clock cycles for each DRAM access initiated 

• I memory bus clock cycle to send a word of data 

If we have a cache block of four words and a one-ward-wide bank of DRAMs, 
the miss penalty would be I + 4 x 15 + 4 x I = 65 memory bus clock cycles. Thus, 
the number of bytes transferred per bus clock cycle for a single miss would be 

4 X 4 = 0'5 
65 .-

Figure 5.11 shows three options for designing the memory system. The first 
option follows what we have been assuming: memory is one word wide, and all 
accesses are made sequentially. The second option increases the bandwidth to 
memory by widening the memory and the buses between the processor and mem
ory; this allows parallel access to multiple words of the block. The thi rd option 
increases the bandwidth by widening the memory but not the in terconnection 
bus. Thus, we still pay a cost to transmit each word, but we can avoid paying the 
cost of the access latency more than once. Let's look at how much these other two 
options improve the 65-cycle miss penalty that we would see for the first option in 
Figure 5.11 (a). 

Increasing the width of the memory and the bus will increase the memory 
bandwidth proportionally, decreasing both the access time and transfer time 
portions of the miss penalty. With a main memory width of two words, the miss 
penalty drops from 65 memory bus clock cycles to I + (2 x iS) + 2 X I = 33 memory 
bus clock cycles. The bandwidth for a single miss is then 0.48 (almost twice as high) 
bytes per bus clock cycle for a memory that is two worels wide. The major costs of 
this enhancement are the wider bus and the potential increase in cache access time 
due to the multiplexor and control logic between the processor and cache. 
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Cache 

Bus Bus 

Memory Memory Memory Memory 

bank 0 bank 1 bank 2 bank 3 

b. Wider memory organization c. Interleaved memory organization 

FIGURE S.U The primary method of achieving higher memory bandwidth I,S to, increase ,the PhYSiC~' or"Ogi~~ ~i~~h 
of the memory system. [n this figure, memory bandlvidth is improved two ways. 1 he sIInplcs\ deSign, (a), uses .1 ~1I.: mor~ Idlt;fC ,III 
components arc one word wide; (b) shows a wider memory, bus, ilnd cac1~c: while (e) shows a narrow bus <In~ cache \~ It~l al1.lntc rlca~:c(~ 
memor)'. [n (b), the logic between the cache ilnd processor consists of a multiplexor used on reads and control logic to upd,ltl: the ,lppropn ,lI~ 

wurds of the cache 011 writes. 

Instead of making the entire path between the memory and cache wider, the 
memory chips ca n be organized in banks to read or write n~ultlple words 111 one 
access time rather than reading or wri ting a single word each tlIne. Each bank could 
be one word wide so that the width of the bus and the cache need not change, 
but sending an address to several banks permits them all to read simultaneously. 
This scheme which is called ilJlerlelJving. retains the advantage of IJ1 curnng the 
full memory'latency only once. For example, with four banks, the time to get a 
four-word block would consist of I cycle to transmit the address and read request 
to the banks, 15 cycles for all four banks to access memory, and 4 cycles to send the 
foll\' words back to the cache. This yields a m iss penalty of I + ( I x 15) + 4 x I = 20 
memory bus clock cycles. This is an effective bandwidth per miss of 0.80 bytes per 
clock, or about three times the bandwidth for the one-word-Wlde memory and bus. 

5.2 The Basics of Caches 

Banks are also valuable on writes. Each bank can write independently, quadrupling 
the write bandwidth and leading to fewer stalls in a write-through cache. As we will 
see, an alternative strategy for writes makes interleaving even more attractive. 

Because of the ubiquity of caches and the desire for larger block sizes, DRAM 
manufacturers provide for a burst access to data fro m a series of sequential loca
tions in the DRAM. The newest development is DOl/ble Dntn Rnte (DDR) DRAMs. 
The name means data transfers on both the leading and falling edge of the clock, 
thereby getting twice as much bandwidth as you might expect based on the clock 
rate and the data width. To deliver such high bandwidth, the internal DRAM is 
o rgall ized as interleaved memory banks. 

The advantage of such optimizations is that they use the circuitry already 
largely on the DRAlvls, adding little cost to the system while achieving a significa nt 
improvement in bandwidth. Section e.g of [IJ Appendix C describes the internal 
architecture of DRAMs and how these optimizations are implemented. 

Elaboration: Memory chips are organized to produce a number of output bits, usua lly 
4 to 32, with 16 being the most popular in 2008. We describe the organization of a RAM 
as d x w, where d is the number of addressable locations (the depth) and w is the output 
(or width of each location). DRAMs are logically organized as rectangular arrays, and 
access time is divided into row access and column access. DRAMs buffer a row. Burst 
transfers allow repeated accesses to the buffer without a row access time. The buffer 
acts like an SRAM; by changing column address, random bits can be accessed in the 
buffer until the next row access. This capability changes the access time significantly, 
since the access time to bits in the row is much lower. Figure 5.12 shows how the 
denSity, cost, and access time of DRAMs have changed over the years. 

To improve the interface to processors, DRAMs added clocks and are properly called 
Synchronous DRAMs or SDRAMs. The advantage of SDRAMs is that the use of a clock 
eliminates the time for the memory and processor to synchronize. 

Elaboration: One way to measure the performance of the memory system behind the 
caches is the Stream benchmarl( [McCalpin , 1995J. It measures the performance of long 
vector operations. Tiley have no temporal locality and they access arrays that are larger 
tllan the cache of the computer being tested . 

Elaboration: The burst mode for DDR memory is also found on memory buses, SUCll 
as the Intel Duo Core Front Side Bus. 
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Year Introduced 

1980 

1983 256 Kbit 

1985 1 Mbit 

1989 4 Mblt 

1992 16 Mblt 

1996 64 Mbit 

1998 128 Mblt 

2000 256 Mbit 

2004 512 Mbit 

2007 1 Gbit 

$500.000 

$200.000 

$50.000 

$15.000 

510.000 

54.000 

$1.000 

$250 

$50 

Total access time to 
a new row/column 

250 ns 

185 ns 

135 ns 

110 ns 

90 ns 
60 ns 

60 ns 

55 ns 

50 ns 

40 ns 

I Column access 
time to existing row 

150 ns 

100 ns 

40 ns 

40 ns 

30 ns 

12 ns 

10 ns 

7 n5 

5 n5 

1.25 ns 

FIGURE 5.12 DRAM size Increased by multiples of four approximately once every three 
years until 1996, and thereafter considerably slower. The improvements in access time have been 
slower but con tinuous, and cost roughly tracks density improvements, although cost is often affected by 
other issues, such as availability and demand. The (ost per gigabyte is not adj usted for infhllion. 

Summary 

We began the previous section byexamining the simplest of caches: a direct-mapped 
cache with a one-word block. In such a cache, both hits and misses are simple, since 
a word can go in exactly one location and there is a separate tag for every word. To 
keep the cache and memory consistent, a write-through scheme can be lIsed, so 
that every write into the cache also causes memory to be updated. The alternative 
to write-through is a write-back scheme that copies a block back to memory when 
it is replaced; we'll discuss this scheme further in upcoming sections. 

To take advantage of spatial locality, a cache must have a block size larger than 
one word. The use of a larger block decreases the miss rate and improves the effi
ciency of the cache by reducing the amount of tag storage relative to the amount of 
data storage in the cache. Although a larger block size decreases the miss rate, it can 
also increase the miss penalty. If the miss penalty increased linearly with the block 
size, larger blocks could easily lead to lower performance. 

To avoid performance loss, the bandwidth of main memory is increased to 
transfer cache blocks more efficiently. Common methods for increasing bandwidth 
external to the DRAM are making the memory wider and interleaving. DRAM 
designers have steadily improved the interface between the processor and memory 
to increase the bandwidth of burst mode transfers to reduce the cost of larger cache 
block sizes. 

5.3 Measuring and Improving Cache Performance 

The speed of the memory system affects the designer's decision on the size of the 
cache block. Which of the following cache designer guidelines are generally valid? 

I. The shorter the memory latency, the smaller the cache block 

2. The shorter the memory latency, the larger the cache block 

3. The higher the memory bandwidth, the smaller the cache block 

4. The higher the memory bandwidth, the larger the cache block 

Measuring and Improving Cache 
Performance 

In this section, we begin by examining ways to measure and analyze cache perfor
mance. We then explore two different techniques for improving cache performance. 
One focuses on reducing the miss rate by reducing the probability that two differ
ent memory blocks wi ll contend for the same cache location. The second tech
nique reduces the miss penalty by adding an add itional level to the hierarchy. This 
technique, called IIlllltile!'el cachillg, first appeared in high-end computers sell ing 
for more than $ ) 00,000 in 1990; since then it has become common on desktop 
computers selling for less than $500! 

CPU time can be divided into the clock cycles that the CPU spends executing 
the program and the clock cycles that the CPU spends waiting for the memory 
system. NormallYI we assume that the costs of cache accesses that are hits are part 
of the normal CPU execution cycles. Thus, 

CPU time = (CPU execution clock cycles + Memory-stall clock cycles) 
x Clock cycle time 

The memory-stall clock cycles come primarily from cache misses, and we make 
that assumption here. We also restrict the discussion to a simplified model of the 
memory system. In real processors, the stalls generated by reads and writes can be 
quite complex, and accurate performance prediction usually reguires very detailed 
simulations of the processor and memory system. 

Memory-stall clock cycles can be defined as the sum of the stall cycles coming 
from reads plus those coming fro m writes: 

Memory-stall clock cycles = Read-stall cycles + Write-stall cycles 

Check 
Yourself 

475 



476 Chapter 5 Large and Fast: Exploiting Memory Hierarchy 

The read-stall cycles can be defined in terms of the number of read accesses per 
program, the miss penalty in clock cycles for a read, and the read miss rate: 

Read-stall cycles Reads x Read miss rate x Read miss penalty 
Program 

Writes are more complicated. For a write-through scheme, we have two sources of 
stalls: write misses, which usually require that we fetch the block before continu
ing the write (see the Elnborntioll on page 467 for more details on dealing with 
writes), and write buffer sta lls, which occur when the write buffer is full when a 
write occurs. Thus, the cycles stalled for writes equals the sum of these two: 

Write-stall cycles = x nte miss rate X nte miSS pena y (
Writes W .. W .. It ) 

Program 

+ Write buffer stalls 

Because the write buffer stalls depend on the proximity of writes, and not just 
the frequency, it is not possible to give a simple equation to compute such stalls. 
Fortunately, in systems with a reasonable write buffer depth (e.g., four or more 
words) and a memory capable of accepting wri tes at a rate that significantly exceeds 
the average write frequency in programs (e.g., by a factor of 2), the write buffer 
stalls will be small, and we can safely ignore them. If a system did not meet these 
criteria, it would not be well designed; instead, the designer should have used either 
a deeper write buffer or a write-back organization. 

Write-back schemes also have potential additional stalls aris ing from the need 
to write a cache block back to memory when the block is replaced. We will discuss 
this more in Section 5.5. 

In most write-through cache organizations, the read and write miss penalties 
are the same (the time to fetch the block from memory). If we assume that the 
write buffer stalls are negligible, we can combine the reads and writes by us ing a 
single miss rate and the miss penalty: 

Memory-stall clock cycles 

We can also factor this as 

Memory accesses . 
-~~-'---- x Miss rate x MISS penalty 

Program 

Instructions Misses [. I Memory-stall clock cycles = x. x Iv ISS pena ty 
Program InstructIOn 

Let's consider a simple example to help us understand the impact of cache perfor
Illallce on processor performance. 

5.3 Measuring and Improving Cache Performance 

Calculating Cache Performance 

Assllme the miss rate of an instruction cache is 2% and the miss rate of the 
data cache is 4%. If a processor has a CPI of 2 without any memory sta lls and 
the miss penalty is 100 cycles for all misses, determine how much faster a pro
cessor would run with a perfect cache that never missed. Assume the frequency 
of all loads and sto res is 36%. 

The number of memory miss cycles for instructions in terms of the Instruc
tion count (I) is 

Instruction miss cycles = I x 2% x 100 = 2.00 x I 

As the frequency of all loads and stores is 36%, we can find the number of 
memory m iss cycles for data references: 

Data miss cycles = I x 36% x 4% x 100 = 1.44 x I 

The total number of memory-stall cycles is 2.00 [ + 1.44 I = 3.44 I. This is 
more than three cycles of memory stall per instruction. Accordingly, the total 
CPI including memory sta lls is 2 + 3.44 = 5.44. Since there is no change in 
instruction count or clock rate, the ratio of the CPU execution times is 

CPU time with stalls [ x CPI,,,,11 x Clock cycle 

CPU time with perfect cache I x CP[p"r", x Clock c),cle 

CPI",11 5.44 
= 

CPIpcrfcc, 2 

The performance with the perfect cache is better by 5.;4 = 2.72. 

What happens if the processor is made faster, but the memory system is no t? The 
amount of time spent on memory stalls will take up an increas ing fraction of the 
execution time; Amdahl's law, which we examined in Chapter I, reminds us of this 
fact. A few simple exa mples show how serious this problem can be. Suppose we 
speed-up the computer in the previous example by reducing its CP I from 2 to I 
without changing the clock rate, which might be done with an improved pipeline. 
The system with cache misses would then have a CPt of I + 3.44 = 4.44, and the 
system with the perfect cache would be 
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4.;14 = 4.44 times faster. 

The amoLlnt of execution time spent on memory stalls would have risen fwm 

to 

3.44 = 63% 
5.44 

3.44 = 770' 
4.44 w . 

Similarly, increas ing the clock rate without changing the memory system also 
increases the performance lost due to cache misses. ... . 

The previous examples and equations aSSllme that the hit tll11 C IS not a fa~tor 111 

determining cache performance. Clea rly, if the hit time increases, the toral. rime to 
access a word from the memory system will increase, possibly causmg an Increase 
in the processor cycle time. Although we will see additional examples of what 
can increase hit time shortly, one example is increasmg the cache size. A larger 
cache could clearly have a longer access time, just as, if your desk in the library 
was very large (say, 3 square meters), it would take longer to locate a book ~n the 
desk. An increase in hit time likely adds another stage to the pipelin e, slllce It may 
take multiple cycles for a cache hit. Although it is more complex to calculate the 
performance impact of a deeper pipeline, at some pomt the mcr,ease 111 hit time f?f 
a larger cache could dominate the improvement in hit rate, lead lIlg to a decrease III 

processor performan ce. . . 
To capture the fac t that the time to access data for both Ilits and misses affects 

performance, designers someti me lise average memory access t illl,! (A~I AT) as a way 
to examine altern ative cache designs. Average memory access time IS the average 
time to access memory considering both hits and misses and the frequency of 
different accesses; it is equal to the fo llowing: 

AMAT = Time for a hit + Miss rate x Miss penalty 

Calculating Average Memory Access Time 

Find the AMAT for a processor with a I ns clock cycle time, a miss penalty of 
20 clock cycles, a miss rate of 0.05 misses per instruction , and a cache acc~ss 
time (including hit detection) of I clock cycle. Assume that the read and write 
miss penalties are the sa me and ignore other write stalls. 

5.3 Measuring and Improving Cache Performance 

The average memory access time per instruction is 

or 2 ns. 

AlvIAT = Time for a hit + Miss rate x Miss penalty 

= I + 0.05 x 20 

= 2 clock cycles 

The next subsection discusses alternative cache organizations that decrease 
miss rate but may sometimes increase hit time; additional examples appear in 
Section 5.1 \, Fallac ies and Pitfalls. 

Reducing Cache Misses by More Flexible Placement 
of Blocks 

So far, when we place a block in the cache, we have used a simple placement 
scheme: A block can go in exactly one place in the cache. As men tioned earlier, it is 
called direct II/apped because there is a direct mapping from any block address in 
memory to a single location in the upper level of the hierarchy. However, there is 
actually a whole range of schemes for placing blocks. Direct mapped, where a block 
can be placed in exactly one location, is at one extreme. 

At the other extreme is a scheme where a block ca n be placed in nil)' location 
in the cache. Such a scheme is called fully associative, because a block in memory 
may be associated with any entry in the cache. To find a given block in a fully asso
ciative cache, all the entries in the cache must be searched because a block can be 
placed in anyone. To make the search practical, it is done in parallel with a com
parator associated with each cache entry. These comparators significantly increase 
the hardware cost, effectively making fully associative placement practical only for 
caches with small numbers of blocks. 

The middle range of designs between di rect mapped and fully associative is called 
set associative. In a set-associative cache, there are a fixed number of locations 
where each block can be placed. A set-associative cache with 11 locations for a block 
is called an II-way set-associative cache. An 1l-way set-associative cache consists of a 
number of sets, each of which consists of II blocks. Each block in the memory maps 
to a unique sel in the cache given by the index field, and a block can be placed in 
mlyelement of that set. Thus, a set-associative placement combines direct-mapped 
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placement and fully associative placement: a block is directly mapped into a set, 
and then all the blocks in the set are searched for a match. For example, Figure 5.13 
shows where block 12 may be placed in a cache with eight blocks total, according 

to the three block placement policies. 

Direct mapped Set associative Fully associative 

Block ii 0 1 2 3 4 5 6 7 Set If o 2 3 

Data 

-

Taglllll~1111 
Search t 

Data 

-

Tagll~1111111 
Search 11 

Data 

Tag~ 
Search 11T1tTi1 

FIGURE 5.13 The location of a memory block whose address is 12 in a cache with eight blocks varies for direct
mapped, set-associative, and fully associative placement. In direct-mapped placement, there is only one cache block where 
memory block 12 can be found, and that block is given by (12 modulo 8) = 4. In a two-way sct-associative cache, there would he four sets, 
and memory block 12 must be in sct (\2 mod 4) = 0; the memory block could be in either element of the set. In a fully associative placement, 

the memory block for block addrcss 12 can i1ppear in any of the eight cache blocks. 

Remember that in a direct-mapped cache, the position of a memory block is 

given by 

(Block number) modulo (Number of blocks in the cache) 

In a set-associative cache, the set containing a memory block is given by 

(Block number) modulo (Number of sets in the cache) 

Since the block may be placed in any element of the set, all the tags of all the elements 
of the set must be searched. In a fully associative cache, the block can go anywhere, 
and all tags of all the blocks in the cache must be searched. 

5.3 Measuring and Improving Cache Performance 

w: ~al.l als? think of all block placement strategies as a variation on set 
associativity. Flgu.re 5.14 shows the possible associativity structures for an cight
block cache. A dIrect-mapped cache is simply a one-way set-associative cache: 
each cache entry holds O~le block and each set has one element. A fully associative 
cache wIth III entnes IS SImply an Ill-way set-associative cache; it has one set with 
III blocks, and an entry can reside in any block within that set. 

One-way set associative 

(direct mapped) 

Block Tag Data 

o 

2 

3 

4 

5 

6 

7 

Two-way set associative 

Sel Tag Data Tag Data 

o 

2 

3 

Four-way set associative 

Sel 

o I Tag I Dala I Tag I Data I Tag I Dala I Tag I Dala I 

Eight-way set associative (fully associative) 

Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data 

I I I I I I I I I I I I I 
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FIGURE 5.14 An eight-block cache configured as direct mapped, two-way set associative four-way set associative 
~~d .fUII~ .~s~o~ia.t.iv~. ~n:e tOlal size of [h~ cachl' in blocks is l'qual to the number of sets limes lh~ ;1.~so ~ ia ti vi L )'. Thus, for a fixed cach~ 
SIZC: mcr:ds.mg the ilS.SOClilIIVII)' decreas~s Ihe n~lIT~ber of sets while incn:asing the J1l1mher or clemen( s per sel. Wi( It eight blocks, all ci >Ill -wav 
set-olsSOclatlve cache IS (he sam~ as a fully assooa\lve cache. g . 

The advantage of increasing the degree of associativity is that it usually decreases 
~he miss rate,. as the next example shows. The main disadvantage, which we discliss 
III more detaIl shortly, is a potential increase in the hit time. 
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Misses and Associativity in Caches 

Assume there are three small caches, each consisting of four one-word blocks. 
One cache is fully associative, a second is t\>llO-way set-associ.tt ive, ~nd ,the ~lird 
is di rect-mapped. Find the number of misses for each cache orgaOlZUtlOn gIven 
the fo ll owing sequence of block addresses: 0, 8, 0, 6, and 8. 

The direct-mapped case is eas ies t. First, let's determi ne to which cache block 

each block address maps: 

Block address Cache block 

0 (0 modulo 4) 0 

6 (6 modulo 4) 2 

8 (8 modulo 4) 0 

Now we can fill in the cache contents after each reference, using a blank entr), 
to mean that the block is invalid, colored text to show a new entry added to 
the cache for the associa ted reference, and plain text to show an old entry III 

the cache: 

Address of memory 
block accessed 

The direct-mapped cache generates five misses for the five accesses. . 
The set-associative cache has two sets (with indices ° and I ) With two 

elements per set. Let's first determine to which set each block address maps: 

Block address Cache set 

a (0 modulo 2) = 0 

6 (6 modulo 2) = 0 

8 (8 modulo 2) "" 0 

5.3 Measuring and Improving Cache Performance 

Because we have a choice of which entry in a set to replace on a miss, we need 
a replacement rule. Set-associative caches usually replace the least recently 
used block within a set; that is, the block that was used fur thest in the past 
is replaced. (We wi ll discuss other replacement rules in more detail shortl ),.) 
Using th is replacement ru le, the con tents of the set-associative cache after each 
reference looks like this: 

Address of'memory 
block accessed 

Contents of cache blocks after reference 

Notice that when block 6 is referenced, it replaces block 8, since block 8 has 
been less recently referen ced than block 0. The two-way set-associative cache 
has four misses, one less than the d irect-mapped cache. 

The fully associat ive cache has four cache blocks (in a single set); an)' 
memor), block can be stored in an)' cache block. The fu ll ), associative cache has 
the best perfo rmance, with only three misses: 

Add f Contents of cache blocks after reference 
ress a memory • 

btock accessed M:!ffi,.MM:!ffijMM:!ffiDM:!ffii+ 
o miss Memory[OI I 
8 miss MemorylOI I Memory[81 

a hit Memory[ O[ I Memory[8[ 

6 miss I MemorylO[ I Memoryl8[ Memoryl61 

8 hit Memory[O] I Memory[8] Memory[6] J 

Fo r this series of references, three misses is the bes t we can do. because 
three uniq ue block addresses are accessed. Notice that if we had eight blocks 
in the cache, there would be no replacements in the two-way set-associative 
cache (check this for ),ourself), and it would have the same number of m isses 
as the fully associative cache. Sim il arl)" if we had [6 blocks, all 3 caches would 
have the same number of misses. Even this tr ivial example shows that cache 
size and associativity are not independent in determining cache performance. 
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I-low mllch of a reduction in the miss rate is achieved b)' associativity? Figure 5. IS 
shows the improvement for a 64 KB data cache with a 16-word block, and associa
tivity ranging from direct Illtlpped to eight-way. Going from oll~ -,~ay to two
way associativity decreases the miss ra te by about \ 5%, but there IS lIttle further 
improvement in going to higher associativity. 

Associativity Data miss rate 

1 10.3% 

2 8.6% 

4 8.3% 

8 8.1% 

FIGURE 5.15 The data cache miss rates for an organization like the Intrinsity Fast~ATH 
processor for SPEC2000 benchmarks with associativity varying from one-way to eight· 
way. These rcsull s for 10 SPEC2tlOO programs li re from Hennessy and Patterson [2003]. 

Locating a Block in the Cache 

Now, let's consider the task of find ing a block in a cache thaI is set associative. 

Just as in a direct-mapped cache, each block in a set-associative cache inc.l lI~cs an 
address tag that gives th e block address. The tag of every cache block wttllln the 
appro priate set is checked to see if it matches the block add ress from the proces
sor. Figure 5.16 decomposes the address. The index value is used to select the set 
containing lhe address of interest, and the tags of all th e blocks in the set must be 
sea rched. Because speed is of the essence, all the tags in the selected set are searched 
in parallel. As in a fully associative cache, a sequential search would make the Illt 

time of a set-associative cache too slow. 

Tag Index Block offset 

FIGURE 5.16 The three portions of an address in a set-associative or dire ct.m~pped 
cache. The index is used to select the scI, then Ihe lag is used 10 choose Ihe block by compa rison Wit h the 
blocks in the selected sci. The block offset is the address or the desired data within the block. 

If the total cache size is kept the same, increasing the associativity increases the 
number of blocks per set, which is the number of sim ultaneous CO~l1pares ,:e~d~d 
to perform the search in parallel: each increase by a factor of 2 III assoc l a~l v l ty 
doubles the number of blocks per set and halves the number of sets. Accordlllgly, 
e;;!ch factor-of-2 increase in associativity decreases the size of the index by 1 bit and 
increases the size of the tag by I bit. In a fu lly associative cache, there is effectively 
only one sel, and all the blocks must be checked in parallel. TillIS, there is no index, 
and the enli re address, excluding the block offset, is compared against the tag of 
every block. In other words, we search the entire cache without any indexing. 

5.3 Measuring and Improving Cache Performance 

In a direct-mapped cache, only a single comparator is needed, because the entry 
can be in only one block, and we access the cache simply by indexing. Figure 5. 17 
shows that in a four-way set-associative cache, fo ur comparators are needed, 
together with a 4-to-\ multiplexor to choose among the four potential members 
of the selected set. The cache access consists of indexing the appropriate set and 
then searching the tags of the set. The costs of an associative cache are the extra 
comparators and any delay imposed by having to do the compare and select from 
among the elements of the set. 

The choice among direct-mapped, set-associative, or fully associative mapping 
in any memory hierarchy will depend on the cost of a miss versus the cost of 
implementing associativity, both in time and in extra hardware. 

Elaboration: A Content Addressable Memory (CAM) is a circuit that combines compari· 
son and storage in a Single device. Instead of supplying an address and reading a word 
like a RAM. you supply the data and the CAM looks to see if it has a copy and returns tile 
index of the matching row. CAMs mean that cache designers can afford to implement 
much higher set associativity than if they needed to build the hardware oul of SRAMs and 
comparators. In 2008. the greater size and power of CAM generally leads to 2·way and 
4-way set associativity being built from standard SRAMs and comparators, with 8-way 
and above built using CAMs. 

Choosing Which Block to Replace 

When a miss occurs in a direct-mapped cache, the requested block can go in 
exactly one position, and the block occupying lhat position must be replaced. In 
an associa tive cache. we have a choice of where to place the requested block, and 
hence a choice of which block to replace. In a fully associative cache, all blocks are 
candidates for replacement. In a set-associative cache, we must choose among the 
blocks in the selected set. 

The most commonly used scheme is least recently used (LRU), which we used 
in the previous example. In an LRU scheme, th e block replaced is the one that has 
been unused for the longest time. The set associative example on page 482 uses 
LRU, which is why we replaced Memory(O) instead of Memor),(6). 

LRU replacement is implemented by keeping track of when each element in a 
set was used relative to the other elements in the set. For a two-way set-associative 
cache, tracking when the two elements were used can be implemented by keeping 
a single bit in each set and setting the bit to indicate an element whenever that 
element is referenced. As associativity increases, implementing LRU gets harder; in 
Section 5.5. we will see an alternative scheme for replacement. 
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Tag 

V Tag 

r 

I 

Address 
3130···12111098···3210 

I I 
t22 8 

Index 

Data V Tag Data 

~ 
t 1111 

Hit 

V Tag Data V Tag 

22 

If ~~ 
I 

4-10-1 mUllip1eXOJ 

j 
Data 

Data 

32 

FIGURE 5 .17 The implementation of a four-way set-associative cache requires four comparators and a 4-t0-1 
multiplexor. The comparators determine which clement of the selected set (if any) matches the tag. The output of the comparators 
is used \0 select the datil from ooe of the four blocks of the indexed set , using a multiplexor with a decoded sclect signal. In some 
implementations, the Output enable signa ls on the data portions of the cache RAMs can be used to select the entry in the sc t that drives 
the ou tput. The Ou tput enable .~ i gnal comes from the comparators, causi ng the element that matches to drive the data outputs. This 
organ ization eliminates the need for the multiplexor. 

EXAMPLE 

Size of Tags versus Set Associativity 

Increasing associativity requires more comparators and more tag bits per 
cache block. Assuming a cache of 4K blocks, a 4-word block size, and a 32-bit 
address, find the total number of sets and the total number of tag bits for 
caches that are direct mapped, two-way and four-way set associative, and fully 
associative. 

5.3 Measuring and Improving Cache Performance 

Since there are 16 (= 2·') bytes per block, a 32-bit address yields 32 - 4 = 28 bits 
to be used for index and tag. The direct-mapped cache has the same number of 
sets as blocks, and hence 12 bits of index, since log2( 4K) = 12; hence, the to tal 
number is (28 - 12) x 4K = 16 x 4K = 64 K tag bits. 

Each degree of associativity decreases the number of sets by a factor of 2 and 
thus decreases the number of bits used to index the cache by 1 and increases the 
number of bits in the tag by 1. Thus, for a two-way set-associative cache, th ere 
are 2K sets, and the total number of tag bits is (28 -11) x 2 x 2[( = 34 x 2[( = 68 
Kbits. For a four-way set-associative cache, the total number of sets is I K, and 
the total number is (28 - 10) x 4 x 1 K = 72 x l K = 72 ]( tag bits. 

For a fully associative cache, there is on ly one set with 4K blocks, and the tag 
is 28 bits, leading to 28 x 4K x 1 = 112K tag bits. 

Reducing the Miss Penalty Using Multilevel Caches 

All modern computers make use of caches. To close the gap further between the 
fast clock rates of modern processors and the increasingly long time required to 
access DRAMs, most microprocessors support an additional level of caching. This 
second-level cache is usually on the same chip and is accessed whenever a miss 
occurs in the primary cache. If the second-level cache contains the desired data, 
the miss penalty for the first- level cache will be essentially the access lime of the 
second-level cache, which will be much less than the access time of main memory. 
If neither the primary nor the secondary cache contains the data, a main memory 
access is required, and a larger miss penalty is incurred. 

How significant is the performance improvement from the use of a secondary 
cache? The next example shows us. 

Performance of Multilevel Caches 

Suppose we have a processor with a base CPI of 1.0, assuming all references 
hit in the primary cache, and a clock rate of 4 Gf-Jz. Assume a main memory 
access time of 100 ns, including all the miss handling. Suppose the miss rale 
per instruction at the primary cache is 2%. How much fasler wi ll the processor 
be if we add a secondary cache that has a 5 ns access time for either a hit or a 
miss and is large enough to reduce the miss rate to main memory to O.S%? 

The miss penalty to main memory is 

100 ns 
400 clock cycles 

0.25 n 5 
clock cycle 
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The effec tive CPI with one level of caching is given by 

Total CPI = Base CPI + Memory-stall cycles per instruction 

For the processor with one level of caching, 

Total CPI = 1.0 + Memory-stall cycles per instruction = 1.0 + 2% x 400 = 9 

With two levels of caching, a miss in the primary (or first-level) cache can be 
satisfied eith er by the secondary cache or by main memory. The miss penalty 
for an access to the second-level cache is 

5 ns 
--~"'n!'-s~- = 20 clock cycles 
0.25 --,-~--,--

clock cycle 

If the miss is satisfied in the secondary cache, then this is the entire miss penalty. 
If the miss needs to go to main memory, then the total miss penalty is the sum 
of the secondary cache access time and the main memory access time. 

Thus, for a two-level cache, total CPI is the sum of the stall cycles from both 
leve!s of cache and the base CPI: 

Total CPI = I + Primary stalls per instruction 
+ Secondary stalls per instruction 

= I + 2% x 20 + 0.5% x 400 = I + 0.4 + 2.0 = 3.4 

Thus, the processor with the secondary cache is faster by 

9.0 =? 6 3.4 _. 

Alternatively, we could have computed the stall cycles by summing the stall 
cycles of those references that hit in the secondary cache ({2% - 0.5%) x 20 = 
0.3 ). Those references that go to main memory, which must include the cost to 
access the secondary cache as well as the main memory access time, is (0.50/0 x 
(20 + 400) = 2.1). The sum , 1.0 + 0.3 + 2.1 , is again 3.4. 

The design considerations for a primary and secondary cache are signi fi cantly 
different, because the presence of the other cache changes the best choice versus 
a single-level cache. In particular, a two-level cache structure allows the primary 
cache to focus on minimizing hit time to yield a shorter clock cycle or fewer 
pipeline stages, while allowing the secondary cache to focus on miss rate to reduce 
the penalty of long memory access times. 

5.3 Measuring and Improving Cache Performance 

The effect o f these changes on the two caches can be seen by comparing each 
cache to the optimal design for a single level of cache. In compa rison to a s ingle
leve! cache, the primary cache of a multilevel cache is often smaller. Furthermore, 
the primary cache may use a smaller block size, to go with the smaller cache size 
and reduced miss penalty. In comparison , the secondary cache wi ll be mllch larger 
th an in a single-level (nche, since the access time of the seco ndary cache is less 
cri tical. With a larger total size, the secondary cache may use a larger block size 
than approp riate with a single-level cache. It often uses higher associa tivity than 
the primary cache given the foclis of reducing miss rates. 

Sorting has been exhaustively analyzed to find better algorithms: Bubble So rt, 
Qu icksort, Radix So rt, and so on. Figure 5.18{a ) shows instructions executed 
by item sea rched for Radix So rt versus Quicksort. As expected, for large arrays, 
Radix Sort has an algorithmic advantage over Quicksort in terms of number of 
operat ions. Figure 5. 18(b) shows time per key instead of instructions executed. We 
sec that the lines star t on the same trajectory as Figure 5. 18{a), but then the Radix 
Sort line diverges as the data to sort increases. What is going on? Figure 5. 18{c) 
answers by looking at the cache misses per item sorted: Quicksort consistently has 
many fewer misses per item to be sorted. 

Alas, standard algorithmic analysis often ignores the im pact of the memory 
hierarchy. As faster clock rates and Moore's law allow architects to squeeze all of 
the performance out of a stream of instructions, using the memory hiera rchy well 
is critical to high performan ce. As we said in the introduction, understa nding th e 
behavior of the memory hierarchy is critical to understa nd ing the performance of 
programs on today's computers. 

Elaborat ion: Multilevel caches create several complications. First, there are now several 
different types of misses and corresponding miss rates. In the example on page 482 , we 
saw the primary cache miss rate and the global miss rate- the fraction of references that 
missed in all cache levels. There is also a miss rate for the secondary cache, which is the 
ratio of all misses in the secondary cache divided by the number of accesses to it. This 
miss rate is called the local miss rate of the secondary cache. Because tile primary caclle 
fi lters accesses. especia lly those with good spatial and temporal locality. the local miss 
rate of the secondary caclle is much higher than the global miss rate. For tile example 
on page 482, we can compute tile local miss rate of the secondary cache as 0.5%/2%::; 
25%! LucIdly, tile global miss rate dictates how often we must access tile main memory. 

Elaboration: With out-of-order processors (see Chapter 4). performance is more 
complex, since tlley execute instructions during the miss penalty. Instead of instruction 
miss rates and data miss rates, we use misses per instruction , and tllis formu la: 

Memory-stall cycles 
Instruction I n~~~~:t~on x (Total miss latency - Overlapped miss latency) 
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FIGURE 5.18 Comparing Quicksort and Radix Sort by (a) instructions executed per item 
sorted, (b) time per item sorted, and (e) cache misses per item sorted. This data is fro,m a 

paper by Lai\·]arca amI Ladner 11996]. Although the numbers would change for newer compute rs, :hc 1(.1;:" 

still bolds . Due to such results, new vers ions of Radix Son have been invented that take memory lucrarchy 
illtn account, to regain it ~ algorithm ic adva ntagt:s (set: Sect ion 5.1 1). The bas ic idea of cache optimizations is 

to lISe all the data in a block repeatedly before it is replaced on a miss. 

5.3 Measuring and Improving Cache Performance 

There is no general way to calculate overlapped miss latency, so evaluations of memory 
hierarchies for out-of-order processors inevitably require simulation of the processor and 
memory hierarchy. Only by seeing the execution of the processor during each miss can we 
see if the processor stalls waiting for data or Simply finds other worl< to do. A guideline is 
tllat tile processor often hides the miss penalty for an Ll cache miss that hits in the L2 
cache, but it rarely hides a miss to tile L2 cache. 

Elaboration: The performance challenge for algorithms is that the memory hierarchy 
varies between different implementations of tile same architecture in cache size, 
associativity, blocl{ size, and number of caches. To cope with such variability, some 
recent numerical libraries parameterize their algorithms and then searcll tile parameter 
space at runtime to find the best combination for a particular computer. This approacll 
is called autotuning. 

Which of the following is generally true about a design with multiple levels of Check 
caches? Yourself 

1. First-level caches are more concerned about hit time, and second-level 
caches are more concerned about miss rate. 

2. First-level caches are more concerned about miss rate, and second-level 
caches are more concerned about hit time. 

Summary 

In this section, we focused on three topics: cache performance, using associativity 
to reduce miss rates, and the use of multilevel cache hierarchies to reduce miss 
penalties. 

The memory system has a significant effect on program execution time. The 
number of memory-stall cycles depends on both the miss rate and the miss penalty. 
The challenge, as we will see in Section 5.5, is to reduce one of these factors without 
significantly affecting other critical factors in the memory hierarchy . 

To reduce the miss rate, we examined the use of associative placement schemes. 
Such schemes can reduce the miss rate of a cache by allowing more flexible place
ment of blocks within the cache. Fully associative schemes allow blocks to be 
placed anywhere, but also require that every block in the cache be searched to 
satisfy a request. The higher costs make large fully associative caches impractical. 
Set-associative caches are a practical alternative, since we need only search among 
the elements of a unique set that is chosen by indexing. Set-associative caches 
have higher miss rates but are faster to access. The amount of associativity that 
yields the best performance depends on both the technology and the details of the 
implementation. 

Finally, we looked at multilevel caches as a technique to reduce the miss penalty 
by allowing a larger secondary cache to handle misses to the primary cache. 
Second-level caches have become commonplace as designers find that limited 
silicon and the goals of high clock rates prevent primary caches from becoming 
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large. The secondary cache, which is often ten or more times larger than the primary 
cache, handles many accesses that miss in the primary cache. In such cases, the miss 
penalty is that of the access time to the secondary cache (typ ically < 10 processor 
cycles) versus the access time to memory (typically> 100 processor cycles). As with 
associativity, the design tradeoffs between the size of the secondary cache and its 
access time depend on a number of aspects of the implementation. 

II Vir.ual Memory 

In the previous section, we saw how caches provided fast access to recently used 
portions of a program's code and data. Similarly, the main memory can act as a 
"cache" for the secondary storage, usually implemented with magnetic e1isks. This 
technique is called virtual memory. Historically, there were two major motivations 
for virtual memory: to allow efficient and safe sharing of memory among multiple 
programs, and to remove the programming burdens of a small, limited amount of 
main memory. Four decades after its invention, it's the former reason that reigns 
today. 

Consider a collection of programs running all at once on a computer. Of course, 
to allow multiple programs to share the same memory, we must be able to protect 
the programs from each other. ensuring that a program can only read and write 
the portions of main memory that have been assigned to it. Main memory need 
contain only the active portions of the many programs, just as a cache contains 
only the active portion of one program. Thus, the principle of locality enables vir
tual memory as well as caches, and virtual memory allows us to efficiently share the 
processor as well as the main memory. 

We cannot know which programs will share the memory with other pro
grams when we compile them. In fact, the programs sharing the memory change 
dynamically while the programs are running. Because of this dynamic interaction, 
we would like to compile each program into its own address space-a separate 
range of memory locations accessible only to this program. Virtual memory 
implements the translation of a program's address space to physical addresses. 
This translation process enforces protection of a program's address space from 
other programs. 

The second motivation for virtual memory is to allow a single user program to 
exceed the size of primary memory. Formerly, if a program became too large for 
memory, it was up to the programmer to make it. fit. Programmers divided pro
grams into pieces and then identified the pieces that were mutually exclusive. These 
overlays were loaded or unloaded under user program control during execution, 
with the programmer ensuring that the program never tried to access an overlay 
that was not loaded and that the overlays loaded never exceeded the total size of 
the memory. Overlays were traditionally organized as modules, each containing 
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both code and data. Calls between procedures in different modules would lead to 
overlaying of one module with another. 

As you can well imagine, this responsibility was a substantial burden on pro
grammers. Virtual memory, which was invented to relieve programmers of this 
difficulty, automatically manages the two levels of the memory hierarchy repre
sented by main memory (sometimes called physicnllllelllory to distinguish it from 
virtual memory) and secondary storage. 

Although the concepts at work in virtual memory and in caches are the same, 
their differing historical roots have led to the use of different terminology. A virtual 
memory block is called a page, and a virtual memory miss is called a page fault. 
With virtual memory, the processor produces a virtual address, which is translated 
by a combination of hardware and software to a physical address, which in turn can 
be used to access main memory. Figure 5.19 shows the virtually addressed memory 
with pages mapped to main memory. This process is called aridress lIlapping or 
address translation. Today, the two memory hierarchy levels controlled by virtual 
memory are usually DRAMs and magnetic disks (see Chapter 1, pages 22-23). If 
we return to our library analogy, we can think of a virtual address as the title of 
a book and a physical address as the location of that book in the library, such as 
might be given by the Library of Congress call number. 

Virtual addresses Physical addresses .. Address trans la/ 

~ ""--- /' -

~ ~ 
0:: /' "-... - -...... 

V ~ 

.... /' r----
""-0' 0' ------. 

r---- ./ 
Disk addresses 

---
FIGURE 5.19 In virtual memory, blocks of memory (called pages) are mapped from one 
set of addresses (called virtual addresses) to another set (called physical addresses). 
The processor generates virtual ;Jddrcsscs while the memory is acccs~cd using ph}'.~ica l addresses. l3ulh the 
virtual memory and the physical memory arc brnken into pages, so that a virtual page is mapped to a physical 
page. Of course, it is also possible for a virtual page to be absent from main memo ry and nO! be mapped to 
a physical address; in that case, the page reside.~ nn disk. Physica l pages can be shared by having two virtual 
addresses poi III 10 the same physical address. This capability is used to annw two different programs to share 
data or code. 
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Virtual memory also simplifies loading the program for execution by providing 
reloen/ioll. Relocation maps the virtual addresses used by a program to different 
physical addresses before the addresses are used to access memory. This relocation 
allows us to load the program anywhere in main memory. Furthermore, all virtual 
memory systems in use today relocate the program as a set of fixed-size blocks 
(pages), thereby eliminating the need to find a contiguous block of memory to 
allocate to a program; instead, the operating system need only find a sufficient 
number of pages in main memory. 

In virtual memory, the address is broken into a virtll111 pnge nll1llber and a page 
offset. Figure 5.20 shows the translation of the virtual page number to a physical 
page 1IllIlIber. The physical page number constitutes the upper portion of the 
physical address, while the page offset, which is not changed, constitutes the lower 
portion. The number of bits in the page offset field determin es the page size. The 
number of pages addressable with the virtual address need not match the number 
of pages addressable with the physical address. Having a larger number of virtual 
pages than physical pages is the basis for the illusion of an essentially unbounded 
aIllount of virtual memory. 

Virtual address 

3130292827 .. · .................. ·15141312111098· .. · 3210 

I 
Virtual page number I Page offset 

I 

( Translation 

292827 ........ · ............ 15141312111098 .......... 3210 

Physical page number Page offset 

Physical address 

FIGURE 5.20 Mapping from a virtual to a physical address. The page size is 212 =,1 KB. The 
number of physica l pages allowed in memory L~ 2111

, since lhe physical page number has 18 bits in it. Thus, 
main memory ca n have at most I GB, while th e virtual address space is <\ GB . 

Many design choices in virtual memory systems are motivated by the high cost 
of a miss, which in virtual memory is traditionally called a page fault. A page fault 
will take millions of clock cycles to process. (The table on page 453 shows that main 
memory latency is about 100,000 times quicker than disk.) This enormous miss 
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penalty, dominated by the time to get the erst word for typical page sizes, leads to 
several key decisions in designing virtual memory systems: 

• Pages should be large enough to try to amortize the high access time. Sizes 
from 4 [(B to 16 [(B are typical today. New desktop and server systems are 
being developed to support 32 KB and 64 [(B pages, but new embedded sys
tems are going in the other direction, to 1 KB pages. 

• Organizations that reduce the page fault rate are attractive. The primary tech
nique used here is to allow fully associative placement of pages in memory. 

• Page faults can be handled in software because the overhead will be small 
compared to the disk access time. In addition, software can afford to use 
clever algorithms for choosing how to place pages because even small reduc
tions in the miss rate will pay for the cost of such algorithms. 

• Write-through will not work for virtual memory, since writes take too long. 
Instead, virtual memory systems use write-back. 

The next few subsections address these factors in virtual memory design. 

Elaboration: Although we normally thinl, of virtual addresses as much larger tilan 
physical addresses, the opposite can occur when the processor address size is small 
re lative to the state of the memory technology. No single program can benefit, but a 
collection of programs running at the same time can benefit from not having to be 
swapped to memory or by running on parallel processors. For servers and desl<top 
computers, 32-bit address processors are problematic . 

Elaboration: The discussion of virtual memory in this bool< focuses on paging , Wllich 
uses fixed·size blocl<s. Tilere is also a variable-size blocl< scheme called segmentation . 
In segmentation, an address consists of two parts: a segment number and a segment 
offset. Tile segment register is mapped to a physical address, and the offset is added 
to find the actual plwsical address. Because the segment can vary in size, a bounds 
Cllecl{ is also needed to mal<e sure tllat the offset is within tile segment. The major 
use of segmentation is to support more powerful methods of protection and sharing in 
an address space. Most operating system textbool{s contain extensive discussions of 
segmentation compared to paging and of the use of segmentation to logically sllare the 
address space. Tile major disadvantage of segmentation is tllat it splits the address 
space into logically separate pieces tllat must be manipulated as a two-part address: 
the segment number and the offset. Paging, in contrast, mal{es tile boundary between 
page number and offset invisible to programmers and compilers. 

Segments have also been used as a method to extend the address space without 
changing tile word size of tile computer. Such attempts have been unsuccessful because 
of the awl{wardness and performance penalties inherent in a two-pa rt address, of Wllich 
programmers and compilers must be aware . 

Many arcllitectures divide the address space into large fixed-size blocks that simplify 
protection between tile operating system and user programs and increase the efficiency 
of implementing paging. Altllough tllese divisions are often called "segments," this 
mechanism is much simpler than variable blocl{ size segmentation and is not visible to 
user programs; we discuss it in more detail shortly. 
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Placing a Page and Finding It Again 

Because of the incredibly high penalty for a page fault, designers reduce page fault 
frequency by optimizing page placement. If we allow a virtual page to be mapped 
to any physical page, the operating system can then choose to replace any page 
it wants when a page fault occurs. For example, the operating system can use a 
sophisticated algorithm and complex data structures that track page usage to try 
to choose a page that will not be needed for a long time. The ability to usc a clever 
and flexibl e replacement scheme reduces the page fault rate and simplifies the use 

of fully associative placement of pages. 
As mentioned in Section 5.3, the difficulty in using [-lilly associative placement 

is in locating an entry, since it can be anywhere in the upper level of the hierarchy. 
A fu ll search is impractical. In virtual memory systems, we locate pages by using a 
table that indexes the memory; this structure is called a page table, and it resides in 
memory. A page table is indexed with the page number from the virtual address to 
discover the corresponding physical page number. Each program has its own page 
table, which maps the virtual address space of that program to main memory. In 
our library analogy, the page table corresponds to a mapping between book titles 
and library locations. Just as the card catalog may contain entries for books in 
another lib rary on campus rather than the local branch library, we will see that the 
page table may contain entries for pages not present in memory. To indicate the 
location of the page table in memory, the hardware includes a register that points 
to the start of the page table; we call this the page table register. Assume for now that 
the page table is in a fixed and contiguous area of memory. 

The page table, together with the program counter and the registe rs, specifies the 
stnte of a program. If we want to allow another program to use the processor, we 
must save this state. Later, after restoring this state, the program can continue exe
Clition. \Ale often refer to this state as a process. The process is considered nctive 
when it is in possession of the processor; otherwise, it is considered ilInctive. The 
operating system can make a process active by loading the process's state, includ
ing the program coun ter, which wi ll initiate execution at the value of the saved 

program counter. 
The process's address space, and hence all the data it can access in memory, is 

defined by its page table, which resides in memory. Rather than save the entire 
page table, the operating system simply loads the page table register to point to 
the page table of the process it wants to make active. Each process has its own page 
table, since different processes use the same virtual addresses. The operating system 
is responsible for allocating the physical memory and updating the page tables, so 
that the virtual address spaces of different processes do not collide. As we will see 
shortly, the use of separate page tables also provides protection of one process from 

another. 

5.4 Virtual Memory 

Figure 5.21 uses the page table register, the virtual address, and the indicated 
page table to show how the hardware can form a physical address. A valid bit is 
used in each page table entry, just as we did in a cache. If the bit is off, the page is 
not present III mall1 memory and a page fau lt occurs. If the bit is on, the page is in 
memory and the entry contains the physical page number. 

I Page table register 

Virtual address 

I 

31 30 29 28 27········ ·· · ·· · ·· · ···· ··1 5 14 13 12 11 10 9 8 ········3 

I 
Virtual page number I Page offset 

20 12 

Valid Physical page number 

Page table 

18 

If 0 then page is not 
present in memory 

29 28 27·· ·· · ······ ·· ··············· · · ···1 5 1 4 13 12 1 1 10 9 8·· ·····3 2 

Physical page number Page offset 

Physical address 
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FIGURE 5.21 The page table is indexed with the virtual page number to obtain the corresponding portion of the 
physi~al address. We assume a 32-bit address. The starting address uf the page table is given by the page tab le pointer. In this figure the 
p'Beslzeis ? 12 b tl KB TI . I dd . Pb ' , _ , yes, or. '. . Ie vlrtua a. r~ss space IS 2' - ytcs~ or <\ GO, and the physical address space is 2JO bytes, wh ich allows main 
mem~ry ~f up to 1 ?~. I he number of entnes In the page table is 2_0, or 1 million entries. The valid bit for each entry indicates whet her the 
mappll1g I~ legal. If It IS off, then the p~ge is not pres.ent i~ memory. Although the page table entry shown here need on ly be 19 bits wide, it 
wuuld typICally be rou!lded up to 32 bll s for ease of mdexlllg. The extra bit s would be used to store additiona l information that needs to be 
kept on a per-page baSIS, such as protection. 
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Because the page table contains a mapping for every possible virtual page, no 
tags are required. In cache terminology, the index that is used to access the page 
table consists of the full block address, which is the virtual page number. 

Page Faults 
If the valid bit for a virtual page is off, a page fault occurs. The operating system 
must be given control. This transfer is done with the exception mechanism, which 
we discuss later in this section. Once the operating system gets control, it must find 
the page in the next level of the hierarchy (usually magnetic disk) and decide where 
to place the requested page in main memory. 

The virtual address alone does not immediately tell us where the page is on disk. 
Returning to our library analogy, we cannot find the location of a library book on 
the shelves just by knowing its title. Instead, we go to the catalog and look up the 
book, obtaining an address for the location on the shelves, such as the Library of 
Congress call number. Likewise, in a virtualmcmory system, we must keep track of 
the location on disk of each page in virtual address space. 

Because we do not know ahead of time when a page in memory will be 
replaced, the operating system usually creates the space on disk for all the pages 
of a process when it creates the process. This disk space is called the swap space. 
At that time, it also creates a data structure to record where each virtual page is 
stored on disk. This data structure may be part of the page table or may be an aux
iliary data structure indexed in the same way as the page table. Figure 5.22 shows 
the organization when a si ngle table holds either the physical page number or the 

disk address. 
The operating system also creates a data structure that tracks which processes 

and which virtual addresses use each physical page. When a page fault occurs, if all 
the pages in main memory are in use} the operating system must choose a page to 
replace. Because we want to minimize the number of page faults, most operating 
systems try to choose a page that they hypothesize will not be needed in the nea r 
future. Using the past to predict the future, operating systems follow the least 
recently used (LRU) replacement scheme, which we mentioned in Section 5.3. The 
operating system searches for the least recently used page, assuming that a page 
that has not been used in a long time is less likely to be needed than a more recently 
accessed page. The replaced pages are written to swap space on the disk. In case 
you are wondering, the operating system is just another process, and these tables 
controlling memory are in memory; the details of this seeming contradiction will 
be explained shortly. 
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FIGURE 5.22 The page table maps each page in virtual memory to either a page in main 
memory or a page stored on disk, which is the next level in the hierarchy. The virtual page 
number is used to index the page tahle. If the valid hit is 011, the page table sup plies th e physica l page Ilumber 
(i.e., the starting address of the page illlll emory) corresponding to the virtual page. If the va li d bil is off, the 
page current ly resides only on disk, at a specified disk address. In many systems, the table of physical page 
addresses and disk page addresses, while logically one table, is stored in two separate data structures. Dua l 
tab les arc justified in part because we must keep the disk addresses o( all the pages, even if they arc currently 
in main memory. Remember that the pages in main memory and the page.~ on disk are the same size. 

Implementing a completely accurate LRU scheme is too expensive, since it requires 
updating a data structure on every memory reference. Instead, most operating 
systems approximate LRU by keeping track of which pages have and which pages 
have not been recently used. To help the operating system estimate the LRU pages, 
some computers provide a reference bit or use bit, which is set whenever a page 
is accessed. The operating system periodically clears the reference bits and later 
records them so it can determine which pages were touched during a particular 
time period. With this usage information, the operating system can select a page 
that is among the least recently referenced (detected by having its reference bit off). 
[f this bit is not provided by the hardware, the operating system must find another 
way to estimate which pages have been accessed. 
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Elaboration: Will1 a 32-bit vi rtua l address, 4 KB pages, and 4 bytes per page table 
entry, we can compute the total page table size: 

232 '.10 Number of page table entries = 12 = 2-
2 

Size of page table = 220 page table entries x 22 ~~~s t 4 MB page a e en ry 

That is , we would need to use 4 MB of memory for eaell program in execution at any 
t ime. This amount is not so bad for a single program. What if there are hundreds of 
programs running, eacl1 with tl1eir own page table? And how should we 11andle 64-bit 
addresses, which by this calculation would need 252 words? 

A range of techniques is used to reduce the amount of storage required for the page 
table. The five techniques below aim at reducing the total maximum storage required as 
wet! as minimizing the main memory dedicated to page tables: 

1. The simplest technique is to I{ESP a limit register that restricts the size ofihe page 
table for a given process. If tile virtual page number becomes larger than tile con
tents of tl1e limit register, entries must be added to tl1e page table. This technique 
allows the page table to grow as a process consumes more space . Thus, the page 
table will only be large if the process is using many pages of virtual address space. 
This technique requires that the address space expand in only one direction. 

2. Allowing growth in only one direction is not sufficient, since most languages require 
two areas whose size is expandable: one area holds tile stacl< and the other area 
110lds the heap. Because oftl1is dua lity, it is convenient to divide the page table and 
let it grow from tl1e l1igl1est address down, as well as from tl1e lowest address up. 
This means that there will be two separate page tables and two separate limits. The 
use of two page tables breaks the address space into two segments. The high-order 
bit of an address usually determines which segment and thus which page table to 
use far that address. Since the segment is specified by the high-order address bit. 
each segment can be as large as one-half of the address space. A limit register for 
each segment specifies the current size of the segment, which grows in units of 
pages. This type of segmentation is used by many arcl1itectures, including MIPS_ 
Unlil,e the type of segmentation discussed in tl1e second elaboration on page 495, 
this form of segmentation is invisible to tl1e application program. althougl1 not to the 
operating system. The major disadvantage of this scheme is tllat it does not work 
well when the address space is used in a sparse fashion rather than as a contiguous 
set of virtual addresses. 

3. Another approach to reducing the page table size is to apply a l1asl1ing function to 
the virtual address so that the page tab le need be only t he size of tile number of 
physical pages in main memory. Such a structure is called an inverted page table. 
Of course, the lookup process is slightly more complex willl an inverted page table, 
because we can no longer just index the page table. 

4. Multiple levels of page tables can also be used to reduce the total amount of page 
table storage. The first level maps large fixed-size blocl<s of virtual address space, 
perhaps 64 to 256 pages in tota l. These large blocl,s are sometimes called segments, 
and this first-level mapping tab le is sometimes called a segment table. though the 
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segments are again invisible to the user. Each entry in the segment table indicates 
whether any pages in tl18t segment are allocated and, if so, points to a page table for 
t l1at segment. Address translation l1appens by first looking in tile segment table, 
using tl1e highest-order bits of the address. If the segment address is valid , tl1e next 
set of high-order bits is used to index the page table indicated by the segment tab le 
entry. This scheme allows the address space to be used in a sparse fashion (multiple 
noncontiguous segments can be active) without having to allocate the entire page 
table. Such schemes are particularly useful with very large address spaces and in 
software systems that require noncontiguous allocation. The primary disadvantage 
of tllis two-level mapping is the more complex process for address translation. 

5. To reduce tile actual main memory tied up in page tables, most modern systems 
also allow the page tables to be paged. Although this sounds tricl,y, it warl,s by using 
tl1e same basic ideas of virtual memory and simply allowing the page tables to 
reside in the virtual address space. In addition, there are some small but critical 
problems, such as a never·ending series of page faults, which must be avoided. How 
tl1ese problems are overcome is both very detailed and typically highly processor 
specifiC. In brief, these problems are avoided by placing all the page tables in the 
address space of tl1e operating system and placing at least some of the page tables 
for the operating system in a portion of main memory that is physically addressed 
and is always present and thus never on disl<. 

What about Writes? 

The difference between the access time to the cache and main memory is tens to 
hundreds of cycles. and write-through schemes can be used. although we need a 
write buffer to hide the latency of the write fi'om the processor.ln a virtual memory 
system. writes to the next level of the hierarchy (d isk) take millions of processo r 
clock cycles; therefore. building a write buffer to allow the system to write-through 
to disk would be completely impractical. Instead, virtualmcmory systems musl use 
write-back, performing the individual writes into the page in memory. and copying 
the page back to disk when it is repbced in the memory. 

A write-back scheme has another major advantnge in a virtual memory system. 
Because the disk transfer time is small compared with its access time, copying back 
an ent ire page is much more efficient than writing individual words back to the 
disk. A write-back operation. although more efficient tha n transferring individual 
words. is still costly. Thus. we would like to know whether a page lIeeds to be copied 
back when we choose to replace it. To track whether a page has been written since 
it was read into the memory. a dirt)' bit is added to the page table. The dirty bit is 
set when any word in a page is written. If the operating system chooses to replace 
the page. the dirty bit indicates whether the page needs to be written out befo re its 
location in memory can be given to another page. Hence. a modified page is often 
called a dirty page. 
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Making Address Translation Fast: the TLB 

Since the page tables are stored in main memory. every mem~ry access b~ a progr~1l1 
can take at least twice as long: one memory access to obtJII1 the physlCal add,l css 
and a second access to get the data. The key to improving acc~ss perfor~lance IS to 
rely on locality of reference to the page table. When a translation for a virtual page 
number is used, it will probably be needed again in the near future, because the 
references to the words on that page have both temporal and spatJal locahty. 

Accordingly, modern processors include a special cache that ke:ps track ~f recently 
used translations. This special address translalion cache IS tl'3dltlOnally I efel red to 
as a translation-Iookaside buffer (TLB), although it would be more accurate to call 
it a translation cache. The TLB corresponds to that little piece of paper we typically 
use to record the location of a set of books we look up in the card catalog; rather 
than continually searching the entire catalog, we record the location of several books 
and use the scrap of paper as a cache of Library of Congress call numbers. . 

Figure 5.23 shows that each tag entry in the TLB holds a portion of the Virtual 
page number, and each data entry of the TLB holds a phYSICal page numbe!. Because 
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we access the TLB instead of the page table on every reference, the TLB will need to 
include other status bits, such as the dirty and the reference bits. 

On every reference, we look up the virtual page number in the TLB. If we get a 
hit, the physical page number is used to form the address, and the corresponding 
reference bit is turned on. If the processor is performing a write, the dirty bit is also 
turned on. If a miss in the TLB OCClll'S, we must determine whether it is a page fault 
or merely a TLB miss. If the page exists in memory, then the TLB miss indicates 
only that the translation is missing. In such cases, the processor can handle the 
TLB miss by loading the translation from the page table into the TLB and then 
trying-the reference again. If the page is not present in memory, then the TLB miss 
indicates a true page fault. In this case, the processor invokes the operating system 
using an exception. Because the TLB has many fewer entries than the number of 
pages in main memory, TLB misses will be much more frequent than true page 
faults. 

TLB misses can be handled either in hardware or in software. In practice, with 
care there Can be little performance difference between the two approaches, because 
the basic operations are the same in either case. 

After a TLB miss occurs and the missing translation has been retrieved from the 
page table, we will need to select a TLB entry to replace. Because the reference and 
dirty bits are contained in the TLB entry, we need to copy these bits back to the page 
table entry when we replace an entry. These bits are the only portion of the TLB 
entry that can be changed. Using write-back-that is, copying these entries back at 
miss time rather than when they are written-is very efficient, since we expect the 
TLB miss rate to be small. Some systems use other techniques to approximate the 
reference and dirty bits, eliminating the need to write into the TLB except to load 
a new table entry on a miss. 

Some typical values for a TLB might be 

• TLB size: 16-51 2 entries 

• Block size: 1-2 page table entries (typically 4-8 bytes each) 

• Hit time: 0.5-1 clock cycle 

• Miss penalty: 10- 100 clock cycles 

• Miss rate: 0.01%-1% 

Designers have used a wide variety of associativities in TLBs. Some systems use 
small, fully associative TLBs because a fully associative mapping has a lower miss 
rate; furthermore, since the TLB is small, the cost of a fully associative mapping 
is not too high. Other systems use large TLBs, often with small associativity. With 
a fully associative mapping, choosing the entry to replace becomes tricky since 
implementing a hardware LRU scheme is too expensive. Furthermore, since TLB 
misses are much more frequent than page faults and thus must be handled more 
cheaply, we cannot afford an expensive software algorithm, as we can for page 
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fa ults. As a result, many systems provide some support for randomly choosing 
an entry to replace. We'll examine replacement schemes in a little more detail in 
Section 5.5. 

The Intrinsity FastMATH TLB 

To see these ideas in a real processor, let's take a closer look at the TLB of the 
Intrinsity FastMATI-I. The memory system uses 4 KB pages and a 32-bit address 
space; thus, the virtual page number is 20 bits long, as in the top of Figure 5.24. 
The physical address is the same size as the virtual address. The TLB contai ns 16 
entries, it is fully associative. and it is shared between the instruction and data 
references. Each entry is 64 bits wide and contains a 20-bit tag (whi ch is the virtual 
page number for that TLB ent ry), the corresponding physical page number (also 
20 bits), a valid bit, a d irty bit, and other bookkeeping bits. 

Figure 5.24 shows the TLB and one of the caches, while Figure 5.25 shows the 
steps in processing a read or write request. When a TLB miss occurs, the MIPS 
hardware saves the page number of the reference in a special register and generates 
an exception. The exceptio n invokes the operating system, which handles the miss 
in software. To find the physical address for the missing page, the TLB miss rou
tine indexes the page table using the page number of the virtual address and the 
page table register, which indicates the starting address of the active process page 
table. Using a special set of system instru ctions that can update the TLB, the oper
ating system places the physical address from the page table into the TLB. A TLB 
miss takes about J3 clock cycles, assuming the code and the page table entry are 
in the instruction cache and data cache, respectively. (We will see the MIPS TLB 
code on page 5l3.) A true page fau lt occurs if the page table entry does not have a 
valid physical address. The hardware maintains an index that indicates the recom
mended entry to replacei the recommended entry is chosen randomly. 

There is an extra complication for wri te requests: namely. the write access bit in 
the TLB must be checked. This bit prevents the program from writing into pages 
for which it has only read access. If the program attempts a write and the wri te 
access bit is off, an exception is generated. The write access bit form s part of the 
protection mechan ism, which we will discuss shortly. 

Integrating Virtual Memory, TLBs, and Caches 

OUf virtual memory and cache systems work together as a hierarchy, so that data 
ca nnot be in the cache unless it is present in main memory. The operating system 
helps maintain this hierarchy by flu shing the contents of any page fro m the cache 
when it decides to migrate that page to disk. At the same time, the OS modifies 
the page tables and TLB, so that an attem pt to access any data on the mi grated page 
will generate a page fa ult. 
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FIGURE 5.24 The TLB and cache implement the process of going from a virtual address to a data item in the Intrinsity 
FastMATH. This figure sh ow~ the organization of the TLB and the data cache, assum ing a 'I KI3 page size. This diagram focuses on a read; 
Figure 5.25 describes how to hand le writes. Note that unlike Figure 5.9, the tag and data RAMs are split . By addressing the long but narrow 
data RAM with the cache index conca tenated with the block offset, we select the desired word in the block without a 16:1 multiplexor. While 
the cache is direct m;lpped, the TLB is fully associative. Implementing a fli ll y associat ive TLB requires thaI every TLB tag be compared against 
the virtual page number, since the en try of interest can be anywhere in the TLI3. {See content addressable memories in the EinburlltiOIl on 
page 485.} If the valid bit of the matching entry is on, the access is a TLI3 hit, and bits from the physical page number together with bits from 
the page offse t form the index that is used to access the cache. 
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Virtual address 

j 
I TLB Tess I 

Ves 
TLB hit? 

Physical address 

No Ves 

Cache hit? 

Write? 

No 

Write protection 

Write access 
bit on? 

Ves 

Yes exception ,-----\ 

Deliver data 
to the CPU ,--_-' _ _ , 

No Ves Cache miss stall 
while read block \---< Cache hit? 

Write data inlo cache. 
update the dirty bit, and 

put the data and the 
address into the write buffer 

FIGURE 5.25 Processing a read or a write-through in the Intrinsily FastMATH TLB and cache. If the TLB gene rates a hit, the 
cache can be accessed with the resu lting physical address. For a read, the cache generates a hit or miss and supplies the data or causes a stall 
while the data is brought from memory. If the OPCf<1lion is a wrile, a portion of the cache emry is overwritten for a hit and the dat<1 is sent to 
the write buffer if we assume write-Ihrough. A write miss is just like <1 read miss except th<1t the block i~ modified after it is re<1d from memory. 
Write-back requires writes to sci a dirty bit for the cache block, and a write buffer is loaded with the whole block only on a read miss or write 
mi~s if the block to be repl<1ced is dirty. Not ice that a TlO hit and <1 cache hit arc independent cvent s, but a c<1cbe hit ca n onl y occur <1fter a Tl13 
hit occurs, which means that the data must be presem in mcmory. The relationship between TlB misses and cache misses is examined further 
in the following example and the exercises at tbe end of this chapter. 

5.4 Virtual Memory 

Under the best of circumstances, a virtual address is translated by the TLB and 
sent to the cache where the appropriate data is found, retrieved, and sent back to 
the processor. In the worst case, a reference can miss in all three components of the 
memory hierarchy: the TLB, the page table, and the cache. The following example 
illustrates these interactions in more detail. 

Overall Operation of a Memory Hierarchy 

In a memory hierarchy like that of Figure 5,24, which includes a TLB and a 
cache organized as shO\vn, a memory reference can encounter three different 
types of misses: a TLB miss, a page fault, and a cache miss, Consider all the 
combinations of these three events with one or more occurring (seven possi
bilities). For each possibility, state whether this event can actually occur and 
under what circumstances. 

Figure 5.26 shows all combinations and whether each is possible in practice. 

Possible? If so, under what circumstance? 

FIGURE 5.26 The possible combinations of events in the TLB, virtual memory system, and 
cache. Three of these combinations arc impossible, and one is possible (TLB hit, \'irt ua l memory hit, cache 
miss) bulnever detected. 

Elaboration: Figure 5.26 assumes tllat all memory addresses are translated to 
pllysical addresses before tIle cache is accessed. In t llis organization, the caclle is 
physically indexed and physically tagged (both the cache index and tag are pllYsical, 
raUler Ulan virtual, addresses). In sucll a system, the amount of time to access memory, 
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assuming a cache hit, must accommodate both a TLB access and a cache access; 

of course, these accesses can be pipelined. 
Alternatively, the processor can index the cache with an address that is completely 

or partially virtual. This is called a virtually addressed cache, and it uses tags tl18t 
are virtual addresses; hence. such a cache is virtually indexed and virtually tagged. 
In such caches, the address translation hardware (TLB) is unused during the normal 
cache access since the cache is accessed with a virtual address that 1185 not been 
translated to ~ physical address. This tal<es the TLB out of the critical path, reducing 
cache latency. When a cache miss occurs. however, the processor needs to transla:e 
the address to a physical address so that it can fetch the cache block from main 

memory. 
When tile cache is accessed with a virtual address and pages are shared between 

programs (which may access them wittl different virtual addresses), there is the possibility 
of aliasing. Aliasing occurs when the same object has two names-in this case, two 
virtual addresses for the same page. This ambiguity creates a problem, because a word 
on such a page may be cached in two different locations, each corresponding to different 
virtual addresses. This ambiguity would allow one program to write the data without the 
other program being aware that the data had changed. Completely virtually addressed 
caches either introduce design limitations on the cache and TLB to reduce aliases or 
require the operating system, and possibly the user, to tal<e steps to ensure that aliases 

do not occur. 
A common compromise between tllese two design points is caches that are virtually 

indexed-sometimes using just the page offset portion of the address, which is really 
a physical address since it is not translated-but use physical tags. These designs, 
which are virtually indexed but physically tagged, attempt to achieve tile performance 
advantages of virtually indexed caclles with the architecturally simpler advantages of 
a physically addressed cache. For example, there is no alias problem in this case. 
Figure 5.24 assumed a 4 KB page size. but it's really 16 KB, so the Intrinsity FastMATH 
can use this triclc To pull it off, there must be careful coordination between the minimum 

page size, tile cache size, and associativity. 

Implementing Protection with Virtual Memory 

Perhaps the most important function of virtual memory is to allow sharing of a 
single main memory by multiple processes, while providing memory protectton 
among these processes and the operating system. The protection mechanism must 
ensure that although multiple processes are sharing the same main memory, one 
renegade process cannot write into the address space of another user p:ocess or 
into the operating system either intentionally or unintentionally. The wrtte access 
bit in the TLB can protect a page from being written. Without this level of protec
tion, computer viruses would be even more widespread. 

5.4 Virtual Memory 

To enable the operating system to implement protection in the virtual memory 
system, the hardware must provide at least the three basic capabilities summarized 
below. 

1. Support at least two modes that indicate whether the running process is a 
user process or an operating system process, varioLIsly called a supervisor 
process, a kernel process, or an execlltil'c process. 

2. Provide a portion of the processor state that a LIser process can read but 
not write. This includes the user/supervisor mode bit, which dictates 
whether the processor is in user or supervisor mode, the page table 
pointer, and the TLB. To write these elements, the operating system uses 
special instructions that are only available in supervisor mode. 

3. Provide mechanisms whereby the processor can go from user mode to 
supervisor mode and vice versa. The first direction is typically accom
plished by a system call exception, implemented as a special instruction 
(s)'scnl/ in the MIPS instruction set) that transfers control to a dedicated 
location in supervisor code space. As with any other exception, the 
program counter from the point of the system call is saved in the 
exception PC (EPC), and the processor is placed in supervisor mode. To 
return to user mode from the exception, use the retlIrn fr011l cxception 
(ERET) instruction, which resets to user mode and jumps to the address 
in EPe. 

By using these mechanisms and stori ng the page tables in the operating system's 
address space, the operating system can change the page tables while preventing a 
user process from changing them, ensuring that a user process can access only the 
storage provided to it by the operating system. 

We also want to prevent a process from reading the data of another process. 
For example, we wouldn't want a student program to read the grades while they 
were in the processor's memory. Once \ve begin sharing main memory, we must 
provide the ability for a process to protect its data from both reading and writing 
by another process; otherwise, sharing the main memory will be a mixed blessing! 

Remeniber that each process has its own virtual address space. Thus, if the 
operating system keeps the page tables organized so that the independent virtual 
pages map to disjoint physical pages, one process will not be able to access another's 
data. Of course, this also requires that a user process be unable to change the page 
table mapping. The operating system can assure safety if it prevents the user process 
from modifying its own page tables. However, the operating system must be able to 
modify the page tables. Placing the page tables in the protected address space of the 
operating system satisfies both requirements. 
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When processes want to share information in a limited way, the operating system 
must assist them, since accessing the information of another process requires 
changing the page table of the accessing process. The write access bit can be used 
to restrict the sharing to just read sharing, and, like the rest of the page table, this 
bit can be changed only by the operating system. To allow another process, say, PI, 
to read a page owned by process 1'2, 1'2 would ask the operating system to create 
a page table entry for a virtual page in PI's address space that points to the same 
physical page that 1'2 wants to share. The operating system could use the write 
protection bit to prevent PI from writing the data, if that was P2's wish. Any bits 
that determine the access rights for a page must be included in both the page table 
and the TLB, because the page table is accessed only on a TLB lIIiss. 

Elaboration: When tile operating system decides to cllange from running process 
Pi to running process P2 (called a context switch or process switch), it must ensure 
that P2 cannot get access to the page tables of P1 because that would compromise 
protection. If there is no TLB, it suffices to change the page table register to point to P2's 
page table (ratller tllan to Pi's); with a TLB, we must clear tile TLB entries that belong to 
Pi-both to protect the data of Pi and to force the TLB to load the entries for P2. If tile 
process switch rate were high, this could be quite ineHicient. For example, P2 migllt load 
only a few TLB entries before tile operating system switched back to Pl. Unfortunately, 
Pi would then find tllat all its TLB entries were gone and would have to pay TLB misses 
to reload tllem. Tilis problem arises because the virtual addresses used by P1 and P2 
are the same, and we must clear out the TLB to avoid confusing these addresses. 

A common alternative is to extend the virtual address space by adding a process 
identifier or tas/( identifier. The Intrinsity FastMATH has an 8-bit address space ID (ASID) 
field for this purpose. This small field identifies tile currently running process; it is I<ept 
in a register loaded by the operating system when it switclles processes. The process 
identifier is concatenated to the tag portion of the TLB, so that a TLB hit occurs only if 
both the page number and the process identifier match. This combination eliminates tile 
need to clear tile TLB, except on rare occasions. 

Similar problems can occur for a caclle, since on a process switch the cache will 
contain data from the running process. These problems arise in different ways for 
physically addressed and virtually addressed caches, and a variety of diHerent solutions, 
such as process identifiers, are used to ensure that a process gets its own data. 

Handling TLB Misses and Page Faults 

Although the translation of virtual to physical addresses with a TLB is straightfor
ward when we get a TLB hit, handling TLB misses and page faults is more complex. 
A TLB miss occurs when no entry in the TLB matches a virtual address. A TLB miss 
can indicate one of two possibilities: 

I. The page is present in memory, and we need only create the missing TLB entry. 

2. The page is not present in memory, and we need to transfer control to the 
operating system to deal with a page fault. 

5.4 Virtual Memory 

How do we know which of these t\'"o circumstances has occurred? 'Nhen we process 
the TLB miss, we will look for a page table entry to bring into the TLB. If the 
matching page table entry has a valid bit that is turned off, then the corresponding 
page is not in memory and we have a page fault, rather than just a TLB miss. If the 
valid bit is on, we can simply retrieve the desired entry. 

A TLB miss can be handled in software or hardware because it will require only 
a short sequence of operations to copy a valid page table entry from memory into 
the TLB. MIPS traditionally handles a TLB miss in software. It brings in the page 
table entry from memory and then re-executes the instruction that caused the TLB 
miss . .upon re-executing, it will get a TLB hit. If the page table entry indicates the 
page is not in memory, this time it will get a page fault exception. 

Handling a TLB miss or a page fault requires using the exception mechanism 
to interrupt the active process, transferring control to the operating system, and 
later resuming execution of the interrupted process. A page fault will be recognized 
sometime during the clock cycle used to access memory. To restart the instruction 
after the page fault is handled, the program counter of the instruction that caused 
the page fault must be saved. Just as in Chapter 4, the exception program counter 
(EpC) is used to hold this value. 

In addition, a TLB miss or page fault exception must be asserted by the end of 
the same clock cycle that the memory access occurs, so that the next clock cycle 
will begin exception processing rather than continue normal instruction execu
tion. If the page fault was not recognized in this clock cycle, a load instruction 
could overwrite a register, and this could be disastrous when we try to restart the 
instruction. For example, consider the instruction 1 w $1 ,0 ( $1 ) : the computer 
must be able to prevent the write pipeline stage from occurring; otherwise, it could 
not properly restart the instruction, since the contents of $1 would have been 
destroyed. A similar complication arises on stores. We must prevent the write into 
memory from actually completing when there is a page fault; this is usually done 
by deasserting the write control line to the memory. 

Register CPO register number Description 

EPe 14 Where to restart after exception 
Cause 13 Cause of exception 

BadVAddr 8 Address that caused exception 
Index 0 I Location in TLB to be read or written 

Random 1 Pseudorandom location in TLB 
EntryLo 2 PhYSical page address and flags 
EntryHi 10 Virtual page address 
Context 4 Page table address and page number 

FIGURE 5.27 MIPS control registers. These arc considered to be in coprocessor 0, and hence arc 
read usi ng rn fc O and written using mtcO. 
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Between the time we begin executing the exception handler in the operating system 
and the time that the operating system has saved all the state of the process, the 
operating system is particularly vulnerable. For example, if another exception 
occurred when we were processing the first exception in the operating system, the 
control unit would overwrite the exception program counter, making it impossible 
to return to the instruction that caused the page fault! We can avoid this disaster 
by providing the ability to disable and enable exceptions . When an exception first 
occurs, the processor sets a bit that disables all other exceptions; this could happen 
at the same time the processor sets the supervisor mode bit. The operating system 
will then save just enough state to allow it to recover if another exception occurs
namely, the exception program counter (EPC) and Cause registers. EPC and Cause 
are two of the special control registers that help with exceptions, TLB misses, and 
page faults; Figure 5.27 shows the rest. The operating system can then re-enable 
exceptions. These steps make sure that exceptions will not cause the processor 
to lose any state and thereby be unable to res tart execution of the interrupting 
instruction. 

Once the operating system knows the virtual address that caused the page fault, 
it must complete three steps: 

1. Look up the page table entry using the virtual address and find the location 
of the referenced page on disk. 

2. Choose a physical page to replace; if the chosen page is dirty, it must be writ
ten out to disk before we can bring a new virtual page into this physical page. 

3. Start a read to bring the referenced page from disk into the chosen physical 
page. 

Of course, this last step will take millions of processor clock cycles (so will the sec
ond if the replaced page is dirty); accordingly, the operating system will usually 
select another process to execute in the processor until the disk access completes. 
Because the operating system has saved the state of the process, it can freely give 
control of the processor to another process. 

When the read of the page from disk is complete, the operating system can 
resto re the state of the process that originally caused the page fault and execute the 
instruction that returns from the exception. This instruction will reset the proces
sor from kernel to user mode, as well LIS restore the program counter. The user 
process then re-executes the instruction that faulted, accesses the requested page 
successfully. and continues execu tion. 

5.4 Virtual Memory 

Page fault exceptions for data accesses are difficult to implemen t properly in a 
processor because of a combination of three characteristics: 

1. They Occur in the middle of instructions, unlike instruction page faults. 

2. The instruction cannot be completed before handlino the . 
( t:J exceptIOn. 

3. Al fter handling the exception, the instruction must be restarted as if nothing 
lad occurred. 

Making instructions ~estartable , so that the exception can be handled and the 
IJ1stluctlOn later con tlJ1ued, IS relatively easy in an architecture like the MIPS 
Becau:e each l.nstructlOl1 writes only one data item and this write Occurs at the end 
of the instructIOn cycle, we can simply prevent the instruction from completing (by 
not w;lIlng) and restart the Instruction at the beginning. 

Let s look 111 more deta il at MIPS. When a TLB miss occurs, the MIPS hardware 
saves the page number of the reference in a special register called Ba d VAdd d 
genel atcs an exception. r an 

C The ~xceptio~ invokes the operating system, which handles the miss in softwa re 
ontro IS trans erred to address 8000 OOOOhox' the location oftheTLB miss handler ' 

To find the phYS Ical add ress for the missing page, the TLB miss routine indexes th~ 
p~geiabl~us ll1g the page number of the virtual address and the page table r~gister 
w lIc., 1I1( Icates the starting address of the active process page table. To make thi; 
Indexll1g fast, MIPS hardware places everything you need in the special Conte xt 
regIster. the upper 12 b,ts have the address of the base of the page tabl d I 
next 18 b' t I I . " ,e, an t ,e 

I s 'ave t ,e vtrtual address of the missing page Eacl, page t bl t . 
on ·d I lb' ., , a e en ry IS 

e WOl. ,so t 1e ast 2 ItS are O. Thus, the first two instructions copy the Context 
reglstel II1tO the kernel temporary register $k I and then load tl bl 
from that address into $kL Recall that $k0 and HI d,ecpagle ta e entry 

t t . 1 ,are reserve WI' t lC operatlllg 
sy~ c7l 0duse Wit lOut saving; a major reason for this convention is to make the'TLB 
mIss 'an IeI' fast. Below is the MIPS code for a typical TLB miss handl~r: 
TL Bmi s s: 

mf cO H I. Cont ext " c o dd ~ py a r e s s of PTE i n to temp Ikl 
lw I kl. O(lkl) # put PTE i nt o temp Ikl 

~i~~r HI.En t l-yLo II put PTE into specia l regi s ter EntryLo 
e re t II put Ent rYLo i nto TLB entry a t Ran dom 

# re tu r n from TL B mi s s exc e pt i o n 

T As shown abo~e, MIPS has a special set of system instructions to update the 
LB. The II1structlon t I bl'lr copies from control register En t r y Lo into tl TLB 

entry selected by the control register Random. Ra ndom implem t l e d 
replnceme t 't' b . II f en s I an om , n , so I IS aSlca y a Tee-running counter. A TLB . t k b . 
dozen clock cycles. miSS a es a out a 

513 

restartable instruction 
An instruct ion that can 
resume execution after 
an exception is resolved 
without the except ion's 
affecting the result of the 
instruction. 

handler NaillI.' of II 
softw'lre rou tine invoked 
to "handle" an excep ti on 
or interrupt. 



514 

unmapped A portion 
of the address space that 
cannot have page faults. 

Chapter 5 Large and Fast: Exploiting Memory Hierarchy 

Note that the TLB miss handler does not check to see if the page table entry is 
valid. Because the exception for TLB entry missing is much more freq uent than a 
page fault, the operating system loads the TLB from the page table without exam
ining the entry and restarts the instruction. If the entry is invalid, another and 
different exception occurs, and the operating system recognizes the page fault. This 
method makes the frequent case of a TLB miss fast, at a slight performance penalty 
for the infrequent case of a page fault. 

Once the process that generated the page fault has been interrupted, it transfers 
control to 8000 0180hcx' a different address than the TLB miss handler. This is 
the general address for exception; TLB miss has a special entry point to lower the 
penalty for a TLB miss. The operating system uses the exception Cause register 
to diagnose the cause of the exception. Because the exception is a page fault, the 
operating system knows that extensive processing will be required. Thus, unlike a 
TLB miss, it saves the entire state of the active process. This state includes all the 
general-purpose and floating-point registers, the page table address register, the 
EPC, and the exception Cause register. Since exception handlers do not usually use 
the floating-point registers, the general entry point does not save them, leaving that 
to the few handlers that need them. 

Figure 5.28 sketches the MIPS code of an exception handler. Note that we save 
and restore the state in MIPS code, taking care when we enable and disable excep
tions, but we invoke C code to handle the particular exception. 

The virtual address that caused the fau lt depends on whether the fault was an 
instruction or data fault. The address of the instruction that generated the fault is 
in the EPe. If it was an instruction page fault, the EPC contains the vi rtual address 
of the fau lting page; otherwise, the faulting virtual address can be computed by 
examining the instruction (whose address is in the EPC) to find the base register 
and offset field. 

Elaboration: This simplified version assumes that the stack pointer (sp) is valid . 
To avoid the problem of a page fault during this low-level exception code, MIPS sets 
aside a portion of its address space that cannot have page faults, called unmapped . 
The operating system places the exception entry point code and the exception stack 
in unmapped memory. MIPS hardware translates vi rtual addresses 8000 DOOOlle;>; to 
BFFF FFFFh" to physical addresses simply by ignoring the upper bits of the virtual 
address, thereby placing these addresses in the low part of physical memory. Thus , 
the operating system places exception entry points and exception stacks in unmapped 
memory. 

Elaboration: The code in Figure 5.28 shows the MIPS-32 exception return sequence. 
The older MIPS·I architecture uses rfe and j r instead of eret . 

Save GPR 

Save hi.lo 

Save exception 
registers 

Set sp 

Set S9P 

Call C code 

Restore most 
GPR . hi . 10 

Restore status 
regisler 

Restore Ssp 
and rest of 
GPR used as 
temporury 
registers 

Restore ERC 
and return 

addi 
5 1'/ 

5\'/ 

... 
5\'/ 

mfhi 
mno 
5\'1 
5\'/ 

mfeO 
s \'/ 

mfeO 
5\'/ 

move 

andi 
mtcO 

move 

move 
ja 1 

move 
111 

Iw 

h/ 
1i 
and 
mtcO 

hi 

1" 
hi 
11'1 

hi 

mtcO 
eret 
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Save state 

Sk l, $sp . -XCPSIZE /I save space on stllck fo r state 
Ssp . XCT _SPllkll II save Ssp on stack 
$vO . XCT_VOI Ikl I o save tvO on stack 

11 save $10'1. Sa i, ~ 5 i . Hi. ... onstack 
Sra XCT RAISkIl o save Sra on stack 
'vO II copy Hi 
'vI fI copy La 
$vO . XCT_Hlllkll fI save Hi villue all stack 
$10' 1. XCI lOI SkI I II save Lo val ue on stack 

SaO . SCI' o copy cause register 
SaO . XCT_CRISkll /I save !oc r val ue on stack 

1/ save $v 1. "" 
SaJ . Isr 1/ copy stat us reg i ste r 
'a3 , XCT SRI SkI I IJ save 'sr on st(1ek 

ss p. Ik l II sp - sp XCPSIZE 

Enable nested exceptions 

~vO . Sa3 . HASKI 
$10'0 . Ssr 

fI SvO - $sr & '·IASKI . enable exceptions 
II $sr ~ value that enilbles except i ons 

Call C exception handler 

Sgp . GPINIT II set Sgp to poi nt to heap area 

saD. Ssp II argI .. pointer to exception stack 
xcpt de 1 iio'e r II Cil 11 C code to hand I e except i on 

Restoring state 

Sa t . Is p fI lemporary value of sse 
Sra . XCT - RA($at) II restore Sra from StilC 

II resto re StD , ..... Sal 
SaO . XCT AOISkl1 n restore SaO from stack 

SvO . XCT_ SRISati /I loa d old $sr from stack 
$vI. 1·IASK2 o mask to disable exceptiollS 
$vO . $10'0. $10'1 (I $10'0" Ss r & l'IA SK2 , disable exceptions 
hO . 's r n set status reg i ster 

Exception return 

Ssp . XCT_SPIS,tl n resto re Ssp from stack 
SVO . XCT_VOI lat I fI restore '10'0 from stack 
$v1 . XCT_V l llatl II restore hI from stack 
I k I , XCT_ EPCISatl /I copy old Sepc from stack 
Sa t. XCT AT! Satl /J restore Sat from stack 

'kl. Sepc /I res to re Sepc 
Ira n ret urn to i nte rrupted instr uction 

FIGURES.2B MIPS code to save and restore state on an exception. 

Elaboration: For processors witll more complex instructions tilat can touci1 many 
memory locations and write many data items, mal~ing instructions restartable is much 
harder. Proc~ssing one instruction may generate a number of page faults in the middle 
of the instruction. For example, x86 processors have blocl~ move instructions that touch 
thousands of data words. In such processors, instructions often cannot be restarted 
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from the beginning, as we do for MIPS instructions. Instead. the instruction must be 
interrupted and later continued midstream in its execution. Resuming an instruction in 
the middle of its execution usually requires saving some special state, processing the 
exception, and restoring that special state. Mal<ing this work properly requires careful 
and detai led coordination between the exception-handling code in the operating system 
and the hardware. 

Summary 

Virtual memory is the name for the level of memory hierarchy that manages cach
ing between the main memory and disk. Virtual memory allows a single program 
to expand its address space beyond the limits of main memory. More importantly, 
virtual memory supports sharing of the main memory among multiple, simulta
neously active processes, in a protected manner. 

Managing the memory hierarchy between main memory and disk is challenging 
because of the high cost of page faults. Several techn iques are used to reduce the 
miss rate: 

I. Pages are made large to take advantage of spatial locality and to reduce the 
miss rate. 

2. The mapping between virtual addresses and physical addresses, which is 
implemented with a page table, is made fully associative so that a virtual 
page can be placed anywhere in main memory. 

3. The operating system uses techniques, such as LRU and a reference bit, to 
choose which pages to replace. 

\rVrites to disk are expensive, so virtual memory uses a write-back scheme and also 
tracks whether a page is unchanged (using a dirty bit) to avoid writing unchanged 
pages back to disk. 

The virtual memory mechanism provides address translation from a virtual 
address used by the program to the physical address space used for accessing 
memory. This address translation allows protected sharing of the main memory 
and provides several additional benefits, such as simplify ing memory allocation. 
Ensuring that processes are protected from each other requires that only the 
operating system can change the address translations, which is implemented by 
preventing user programs from changing the page tables. Co ntrolled sharing of 
pages among processes can be implemented with the help of the operating system 
and access bits in the page table that indicate whether the user program has read or 
write access to a page. 

If a processor had to access a page table resident in memory to translate every 
access, virtual memory would be too expensive, as caches would be pointless! 
Instead, a TLB acts as a cache for translations from the page table. Addresses are 
then translated from virtual to physical using the translations in the TLB. 

Caches, vi rtual memory, and TLBs all rely on a common set of principles and 
policies. The next section discusses this common framework. 

5.4 Virtual Memory 

Although virtual memory was invented to enable a small memory to act as a large 
one, the performance difference between disk and memory means that if a program 
routinely accesses more virtual memory than it has physical memory, it will run 
very slowly. Such a program would be continuously swapping pages between 
memory and disk, called tltmsltillg. Thrashing is a disaster if it occurs, but it is rare. 
If your program thrashes, the easiest solution is to run it on a computer with more 
memory or buy more memory for your computer. A more complex choice is to 
re-examine your algorithm and data structures to see if you can change the locality 
and thereby reduce the number of pages that your program uses simultaneously. 
This set of popular pages is informally called the lVorkillg set. 

A more common performance problem is TLB misses. Since a TLB might handle 
only 32-64 page entries at a time, a program could easi ly see a high TLB miss rate, 
as the processo r may access less than a quarter megabyte directly: 64 x 4 KB = 
0.25 ME. For example, TLB misses are often a challenge for Radix Sort. To try 
to alleviate this problem, most computer architectures now support variable page 
sizes. For example, in addition to the standard 4 KB page, MIPS hardware supports 
16 KB, 64 KB, 256 KB, 1 MB, 4 MB, 16 MB, 64 MB, and 256 MB pages. Hence, if 
a program uses large page sizes, it can access more memory directly without TLB 
misses. 

The practical challenge is getting the operating system to allow programs to 
select these larger page sizes. Once again, the more complex solution to reducing 
TLB misses is to re-examine the algorithm and data struclures to reduce the work
ing set of pages; given the importance of memory accesses to performance and 
the frequency of TLB misses, some programs with large working sels have been 
redesigned with that goal. 

Match the memory hierarchy element on the left with the closest phrase on the 
right: 

I. LI cache a. A cache for a cache 

2. L2 cache b. A cache for disks 

3. Main memory c. A cache for a main memory 

4. TLB d. A cache for page table entries 
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Feature 

Total size in blocks 

Tota l size in kilobytes 

Blocl( size in bytes 

Miss penal ty in clocl<s 

Miss rates (global for L2) 

Chapter 5 Large and Fast: Exploiting Memory Hierarchy 

II A Common Framework for Memory 
Hierarchies 

By now, you've recognized that the different types of memory hierarchies share a 
great deal in common. Although many of the aspects of memory hierarchies differ 
quantitatively, many of the policies and features that determine how a hierarchy 
functions are similar qualitatively. Figure 5.29 shows how some of the quantitative 
characteristics of memory hierarchies ca n differ. In the rest of this section, we will 
discuss the common operational alternatives for memory hierarchies, and how 
these determine their behavior. We will examine these policies as a series of four 
questions tha t apply between any two levels of a memory hierarchy, although for 
simplicity we will primarily use terminology for caches. 

Typical values Typical values Typical values for Typical values 
for Ucaches for L2 caches paged memory fOfa TLB 

250 2000 I 15,000 50,000 16,000-250,000 40-1024 

16-64 I 500-4000 1,000,000 1 ,000,000,000 0.25 16 

16-64 I 64-128 4000- 64.000 4- 32 

10-25 I 100-1000 10.000.000-100.000.000 10-1000 

2%-5% I 0.1%-2% 0.00001%-0.0001% 0.01%-2% 

FIGURE 5.29 The key quantitative design parameters that characterize the major elements of memory hierarchy in a 
computer. These arc trpica l values for these levels as of 2008. Alt hough th e range of values is wide, this is partially because many of the values 
that have shifted over tim e arc related; for example, <IS caches become larger to overcome larger miss penalties, block sizes also grow. 

Question 1: Where Can a Block Be Placed? 

We have seen tha t block placement in the upper level of the hierarchy can use a 
range of schemes, from direct mapped to set associative to fully associa tive. As 
mentioned above. this entire range of schemes can be thought of as variations on 
a set-associative scheme where the number of sets and the number of blocks per 
set varies: 

Scheme name Number of sels Blocks per set 

Direct mapped Number of blocks in cache 1 

Set associative Number of blocks in the cache Associativity (typica lly 2- 16) 
Associativily 

Fully associative 1 Number of blocks in tile cache 

The advantage of increasing the degree of associativity is that it usually decreases 
the miss rate. The improvement in miss rate comes from red ucing misses that com
pete for the same location. We will examine these in more detail shortly. First, let's 

5.5 A Common Framework for Memory Hierarchies 

look at how much improvement is ga ined. Figure 5.30 shows the miss rates for 
severa l cnche sizes as associativity var ies from direct mapped to eight-way set asso
ciative. The liHgest gains are ob tained in go ing from direct mapped to two-way 
set associative, which )l ields between a 20% and 30% reduct ion in the miss rate. 
As GlChe sizes grow, the relative improvement from associativi ty increases only 
slightly; since the overall miss rate of a larger cache is lower, the opportun ity for 
improving the miss rate decreases and the absolute improvement in the miss rate 
frol11 associativity shrinks significantly. The potential disadvantages of associa tiv
ity, as we mentioned earlier, are increased cost and slower access time. 

1 5~o ------------------------------------

12% 

J!l 9% 
~ 
~ 
~ 

~ 6% 

3% 

2 KB 

4 KB 
--------- - -=--- -~~5 

8,1<B 

-----~:.-,----------~--------

1 ___ ~=~:::-:---::::~ .. ===6=4=K=B::~~/::1 :2B==K=B~ 04 
One-way Two-way Four-way Eight-way 

Associativity 

FIGURE 5.30 The data cache miss rates for each of eight cache sizes improve as the 
associativity Increases. Wh ile the benefi t uf going from one·way (d irect mapped ) to twu-way set 
associative is signific<llll , the benefits o f further associil livil)' arc smaller (e.g., 1%- 10% improvement going 
from two-way to four-way versus 20%-30% improvement going from one-way to two-way). There is even 
less improvement in going from four-way to eight -way set <lssocintivc, which, in turn , comes very close 
to th e miss r<ltes of a flllly associative cacbe. Sma ller caches nbtain a significan tly l<lrger abso lut e benefi t 
from associativity because the base miss rate of a small (<lchc is larger. Figure 5. 15 explains how thi s da ta 
W<lS coll ected. 

Question 2: How Is a Block Found? 

The choice of how we locate a block depends on the block placement scheme, since 
that dictates the nllmber of possible locations. We can summarize the schemes as 
follows: 
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Location method Comparisons required 

Direct mapped Index 1 

Set associative Index the set, search among elements Oegree or associativity 

Full Search all cache entries Size of the cache 

Separate lookup table 1 o 

The choice among direct-mapped, set-associative, or fully associative mapping 
in any memory hierarchy will depend on the cost of a miss versus the cost of 
implementing associativity, both in time and in extra hardware. lI~cll~dll1g the L2 
cache on the chip enables much higher associativity, because the hIt tlIn~s are not 
as critical and the designer does not have to rely on standard SRAM chips as the 
building blocks. Fully associa tive caches are prohibitive except for small SizeS'. where 
the cost of the comparators is not overwhelm ing and where the absolute IllISS rate 
improvements are greatest. . 

In virtual memory systems, a separate mapping table-the page tabl e-~s kept 
to index the memory. In addition to the storage reqUired for the table, usmg an 
index table requires an extra memory access. The choice of full aSSOCiatIVIty for 
page placement and the extra table is motiva ted by these facts: 

1. Full associativity is beneficial, since misses are very expensive. 

2. Full associativity allows software to use sophisticated replacement schemes 
that are designed to reduce the miss rate. 

3. The full map can be easily indexed with no extra hardware and no search in g 

required. 

Therefore, virtual memory systems almost always use fully associative placement. 
Set-associative placement is often used for caches and TLBs, where the access 

combines indexing and the search of a small set. A few systems have used drrect
mapped caches because of their advantage in access time and SlmphClty. The 
advantage in access time occurs because finding the requested block does not 
depend on a comparison. Such design choices depend on many detarls of the 
implementation, such as whether the cache is on-chip, the techn? logy used for 
implementing the cache, and the cri tical role of cache access time 111 determmmg 
the processor cycle time. 

Question 3: Which Block Should Be Replaced 
on a Cache Miss? 

When a miss occurs in an associative cache, ,ve must decide which block to replace. 
In a fully associative cache, all blocks are candidates for replacement. If the cache is 
set associative, we must choose among the blocks in the set. Of course, replacement 
is easy in a direct-mapped cache because there is only one candidate. 

5.5 A Common Framework for Memory Hierarchies 

There arc the two primary strategies for replacement in set-associative or full y 
associative caches: 

• Rnllllolll: Candidate blocks are randomly selected, possibly using some 
hardware assistance. For example, MIPS supports random replacement for 
TLB misses. 

• Lenst recelltl), fl serf (LRU): The block replaced is the one that has been unused 
for the longest ti me. 

In practice, LRU is too costly to implement for hierarchies with more 
than ·a small degree of associativity (two to four, typ ically), sin ce tracking the 
usage information is costly. Even for four-way set associat ivity, LRU is often 
approximated-for example, by keeping track of which of a pair of blocks is LRU 
(which requires I bit ), and then tracking which block in each pair is LRU (which 
requires I bit per pair). 

For larger associativity, either LRU is approximated or random replacement is 
used. In caches, the replacement algorithm is in hardware, which means that the 
scheme should be easy to implement. Random replacement is simple to build in 
hardware, and for a two-way set-associative cache, random replacement has a miss 
rate about 1.1 times higher than LRU replacement. As the caches become larger, the 
miss rate for both replacement strategies fa lls, and the absolute difference becomes 
small. In fact, random replacement can sometimes be better than the simple LRU 
approximations that are easi ly implemented in hardware. 

In virtuaimcmory, some form of LRU is ahvays app roximated, si nce even a tiny 
reduction in the miss rate ca n be important when the cost of a miss is enormous. 
Reference bits or equ ivalent functionality are often provided to make it easier for 
the operating system to track a set of less recently used pages. Because misses are 
so expensive and relatively infrequent, approximating this in formation primarily 
in software is acceptable. 

Question 4: What Happens on a Write? 

A key characteristic of any memory hierarchy is how it deals with writes. We have 
already seen the two basic options: 

• Write-throllgh: The information is wri tten to both the block in the cache and 
the block in the lower level of the memory hierarchy (main memory for a 
cache) . The caches in Section 5.2 used this scheme. 

• W,.ite-bock: The information is written only to the block in the cache. The 
modified block is written to the lower level of the hierarchy only when it 
is replaced. Virtual memory systems always use write-back, for the reasons 
discussed in Section 5.4. 
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Both write-back and write-through have their advantages. The key advantages 

of write-back are the followi ng: 

• Individual words can be written by the processor at the rate that the cache, 
rather than the memory, can accept them. 

• Multiple writes within a block require only one write to the lower level in the 

hierarchy. 

• V\~,en blocks are written back, the system can make effective use of a high
bandwidth transfer, since the entire block is written. 

Write-through has these advantages: 

• Misses are simpler and cheaper because they never require a block to be 

wri tten back to the lower level. 

• Write-through is easier to implement than write-back, although to be prac
tical , a write-through cache will still need to use a write buffer. 

In virtual memory systems, only a write-back policy is practical because of the 
long latency of a write to the lower level of the hierarchy (disk). The rate at wlllch 
writes are generated by a processor generally exceed the rate at whIch the memory 
system can process them, even allowing for physically and logically WIder memones 
and burst modes for DRAM. Consequently, today lowest-level caches typically use 

write-back. 

Caches, TLBs, and virtual memory mal' in itially look very differenl , bUI 
they rely on the same two principles of localily, and they can be under
slood by thei r an wers to four questions: 

Que&tlon 1: Where ca n a block be placed? 
Answer: One place (direct mapped), a few places (SCI associative) , 

or any place (fully associa tive). 

Question 2: 
Answer: 

Question 3 : 
Answer: 

Question 4: 
Answer: 

How is a block found? 
There are fo ur melhods: indexing (as in a direcl-mapped 
cache), Iimiled search (as in a sel-associali ve cache), full 
search (as in a fully associa tive cache), ancl a separale 
lookup table (as in a page lable). 

What block is replaced on a miss? 
Typically, either Ihe least recently used or a random block. 

How are wriles handled? 
Each level in Ihe hierarchy c.1n usc ei ther write-th rough or 

wrile-back. 

5.5 A Common Framework for Memory Hierarchies 

The Three Cs: An Intuitive Model for Understanding the 
Behavior of Memory Hierarchies 

In this section, we look at a model that provides insight into the sources of misses 
in a memory hierarchy and how the misses will be affected by changes in the hier
archy. We will explain the ideas in terms of caches, although the ideas carryover 
directly to any other level in the hierarchy. In this model, all misses are classified 
into one of three categories (the three Cs): 

• Compulsory misses: These are cache misses caused by the first access 10 

'a block that has never been in the cache. These are also called cold-start 
misses. 

• Capacity misses: These are cache misses caused when the cache cannot con
tain all the blocks needed during execution of a program. Capacity misses 
occur when blocks are replaced and then later retrieved. 

• Conflict misses: These are cache misses that occur in set-associative or 
direct-mapped caches when multiple blocks compete for the same set. Con
flict misses are those misses in a direct-mapped or set-associative cache that 
are eliminated in a fully associative cache of the same size. These cache misses 
are also called collision misses. 

Figure 5.31 shows how the miss rate divides into the three sources. These sources 
of misses can be directly attacked by changing some aspect of the cache design. Since 
conflict misses arise directly from contention for the same cache block, increasing 
associativity reduces conflict misses. Associativity, however, may slow access time, 
leading to lower overall performance. 

Capacity misses can easily be reduced by enlarging the cache; indeed, second
level caches have been growing steadily larger for many years. Of course, when we 
make the cache larger, we must also be careful about increasing the access time, 
which could lead to lower overall performance. Thus, first-level caches have been 
growing slowly, if at all . 

Because compulsory misses are generated by the first reference to a block, the 
primary way for the cache system to reduce the number of compulsory misses is to 
increase the block size. This will reduce the number of references requi red to touch 
each block of the program once, because the program will consist of fewer cache 
blocks. As mentioned above, increasing the block size too much can have a negative 
effect on performance because of the increase in the miss penalty. 

The decomposition of misses into the three Cs is a useful qualitative model. In 
real cache designs, many of the design choices interact, and changing one cache 
characteristic will often affect several components of the miss rate. Despite such 
shortcomings, this model is a useful way to gain insight into the performance of 
cache designs. 
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three Cs model A cache 
model in which all cache 
misses are classified into 
one of three categories: 
compulsory misses, 
capacity misses, and 
conflict misses. 

compulsory miss Also 
called cold-start miss. 
A cache miss caused by 
the first access to II block 
that has never been in the 
cache. 

capacity miss A cache 
miss that occurs because 
the cache, even with 
full associativity, cannot 
contain all the blocks 
needed 10 satisfy the 
request. 

conflict miss Also called 
collision miss. A cache 
miss that occurs in a 
set-Jssociative or direct
mapped cache when 
multiple blocks compete 
for the same set and that 
are eliminated in a fu ll y 
associative cache of the 
same size. 
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FIGURE 5.31 The miss rate can be broken Into three sources of misses. This g~aph ShO\\'5 

(he Iota I miss ratc and it s components for <l range of c"che sizes. This datil is for the SPEC200D mtC!:~cr a~d 
floating-point benchmarks and is from the same sourcc as the data in Figu.rc 5.30. Th~ co":,pulsofY ~ISS 
component is 0.006% and cannol be seen in this graph. The nc.'I:{ (ompon~n~ I~ the cap:!cll)' mls~ ral,c, wh Ich 
depends on Glehe size. The conflict portion, which depends both on :lSSOC I;!II V]I}, and on ~achc Size, IS shown 
for a range of associ;l\ivilics from one-way to eight -way. In each case, the labeled sectIOn ~orresponds to 
the increase in the miss rale that occurs when th e :]ssociativity is changed froll11hc next hlg!l~r degr~e to 
the labeled degree of associat ivity. ror eXilmple, the section labeled tIV0-1I'''), indic;\ !.cs the a(,ldltlon~l nmscs 
arising when the cache has associativity of two rather than four. Thus, t~1e ~iff~rence III the iniSS rate l1lcu~red 
by a direct-mapped "Iche versus a fully assoc iative cache of,the same SIze IS gtv~n by the sum of the ~ec l .. ons 
marked cigllt- lI'fl)" four-WilY, 111'O- I1'(ljj and ol/c'II'(I)'. The difference betwt.'en elghl- way and four-\\ay IS 50 
5ma\l lhat it is difficult to set.' on this graph, 

The challenge in designing memory hierarchies is that ever)' change that 
potentially improves the miss rate can also negatively affect ?~'erall perfor
mance, as Figure 5.32 summarizes. This comblnatlo~ of poslt.lve and.nega 
tive effects is what makes the design or a memory hierarchy onterestlllg. 

5.6 Virtual Machines 

Possible negative 
Design change Effect on miss rate performance effect 

Increase cache size Decreases capacity misses May increase access time 

Increase associativity Decreases miss rate due to conflict May increase access time 
misses 

Increase bloclt size Decreases miss rate for a wide range of Increases miss penally. Very large 
block sizes due to spatial locality block CQuid increase miss rate 

FIGURE 5.32 Memory hierarchy design challenges. 

Which of the following statements (if any) are generally true? 

I. There is no way to reduce compulsory misses. 

2. Fully associative caches have no conflict misses. 

3. In reducing misses, associativity is more important than capacity. 

Virtual Machines 

An idea related to virtual memory that is almost as old is Virtual Machines (VM) . 
They were first developed in the mid -1960s, and they have remained an important 
part of mainframe computing over the years. Although largely ignored in the 
domain of si ngle-user computers in the 1980s and 19905, they have recently gained 
popularity due to 

• The increasing importance of isolation and security in modern systems 

• The ra ilures in security and reliability of sta ndard operating systems 

• The sha ring of a single computer among many unrelated users 

• The dramatic increases in raw speed of processors over the decades, which 
makes the overhead of VMs more acceptable 

The broadest definition of VMs includes basically all emulation methods that 
provide a standard software in terface, such as the Java VM. In this section, we are 
interested in VMs that provide a complete system-level environment at the binary 
instruction set architecture (ISA) level. Although some VMs run different ISAs in 
the VM from the native hardware, we assume they always match the hardware. 
Such VMs are called (Operating) Systelll Virtllal Machilles. IBM VM/370, VMware 
ESX Server, and Xen are examples. 

Check 
Yourself 
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System virtual machines present the illusion that the users have an entire 
computer to themselves, including a copy of the operating system. A single com
puter runs multiple VMs and can support a number of different operating systems 
(OSes). On a conventional platform, a single OS "owns" all the hardware resources, 
but with a VM, multiple OSes all share the hardware resources. 

The software that supports VMs is called a I'irtlia/lllacizil/e lIIol/ilor (VM M) or 
Izypen.isor; the VMM is the heart of virtual machine technology. The underlying 
hardware platform is called the host, and its resources are shared among the gllest 
VMs. The VMM determines how to map virtual resources to physical resources: 
a physical resource may be time-shared, partitioned, or even emulated in software. 
The VMM is much smaller than a traditional OS; the isolation portion of a VMM 

is perhaps only 10,000 lines of code. 
Although our interest here is in VMs for improving protection, VMs provide 

two other benefits that are commercially significant: 

1. Mal/agil/g software. VMs provide an abstraction that can run the complete 
software stack, even including old operating systems like DOS. A typical 
deployment might be some VMs running legacy OSes, many running the 
current stable OS release, and a few testing the next OS release. 

2. MlIIlIIgil/g Izardware. One reason for multiple servers is to have each appli
cation running with the compatible version of the operating system on sep
arate computers, as this separation can improve dependability. VMs allow 
these separate software stacks to run independently yet share hardware, 
thereby consolidating the number of servers. Another example is that some 
VMMs support migration of a running VM to a different computer, either 
to balance load or to evacuate from failing hardware. 

In general. the cost of processor virtualization depends on the workload. User
level processor-bound programs have zero virtualization overhead, because the 
OS is rarely invoked, so everything runs at native speeds. I/O-intensive workloads 
are generally also OS-intensive, executing many system calls and privileged 
instructions that can result in high virtualization overhead. On the other hand, if 
the 1I0-intensive workload is also JIO-bolllld, the cost of processor virtualization 
can be completely hidden, since the processor is often idle waiting for 1/0. 

The overhead is determined by both the number of instructions that must be 
emulated by the VMM and by how much time each takes to emulate. Hence, when 
the guest VMs run the same ISA as the host, as we assume here, the goal of the 
architecture and the VMM is to run almost all instructions directly on the native 

hardware. 

5,6 Virtual Machines 

Requirements of a Virtual Machine Monitor 

~hat m,llst a VM monitor do? It presents a so ftware interface lo guest software, 
It must Isolate the sta te of guests from each other, and it must protect itself from 
guest software (ll1c1udll1g guest OSes). The qualitative requirements are: 

• Guest software should behave on a VM exactly as if it were running on the 
native hardware, except for performance-related behavior or limitations of 
fixed resources shared by multiple VMs. 

• puest software should not be able to change allocation of real system reso urces 
directly. 

To "~irtualize" the processor, the VMM must control just about everything-access 
to pnvlleged sta te, address translation: 1/0, exceptions, and interrupts-even though 
the guest VM and OS currently runnIng are temporarily using them. 

For example, rn the case of a timer interrupt, the VMM would suspend the cur
rently runnll1g guest VM, save its state, handle the interrupt, determine which guest 
VM to run next, and then load Its sta te. Guest VMs that rely on a timer interrupt 
ale proVided With a virtual timer and an emulated timer interrupt by the VMM. 

To be III charge, the VMM must be at a higher privilege level than the guest 
VM, whreh generally runs III user mode; tillS also ensures that the execution of 
any privileged instruction will be handled by the VMM. The basic requirements 
~f system vrrtualmachll1es are almost identical to those fo r paged virtual memory 
lrsted above: 

• At least two processor modes. system and LI seI' 

• A privileged subset of instructions that is available only in system mode, 
resultmg 111 a trap If executed in user modej all system resources must be 
controllable only via these instructions 

(Lack of) Instruction Set Architecture Support for 
Virtual Machines 

If VMs are planned for during the design of the ISA, it's relatively easy to reduce 
both the number of lI1structlons that must be executed by a VMM and their 
emulatIOn speed. An architecture that allows the VM to execute directly on the 
hardware earns the title ""'I"a/lzab/e, and the IBM 370 architecture proudly bears 
that label. 
. Alas, si nce VMs have been considered for desktop and PC-based server applica
~lOns. only fairly recently. most II1strllctlOn sets were created without virtuali zation 
rn mInd. These culprits include x86 and most RISC architectures, including ARM 
and MIPS. 
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Because the VMM must ensure that the guest system only interacts with vi rtual 
resources, a conventional guest as runs as a user mode program on top of the 
VMM. Then, if a guest OS attempts to access or modify information related to 
hardware resources via a privileged instruction-for example, reading or writing 
the page table pointer-it will trap to the VMM. The VMM ca n then effect the 
appropriate changes to corresponding real resources. 

Hence, if any instruction that tries to read or write such sensitive information 
traps when executed in user mode, the VMM can intercept it and support a virtual 
version of the sensitive informf.1tion, as the guest as expects. 

In the absence of such support, other measures must be taken . A VMM must 
take special precautions to locate all problematic instructions and ensure that they 
behave correctly when executed by a guest OS, thereby increasing the complexity 
of the VMM and reducing the performance of running the VM. 

Protection and Instruction Set Architecture 

Protection is a joint effort of architecture and operating systems, but architects 
had to modify some awkward details of existing instruction set architectures when 
virtual memory became popular. For example, to support virtual memory in the 
IBM 370, architects had to change the successfullBM 360 instruction set architec
ture that had been announced just six years before. Similar adjustments are being 
made today to accommodate virtual machines. 

For example, the x86 instruction POPF loads the flag registers from the top of 
the stack in memory. One of the flags is the Interrupt Enable (IE) flag. If you run 
the POPF instruction in user mode, rather than trap it, it simply changes all the 
flags except IE. In system mode, it does change the IE. Since a guest OS runs in user 
mode inside a VM, this is a problem, as it expects to see a changed IE. 

Historically, IBM mainframe hardware and VMM took three steps to improve 
performance of vi rtual machines: 

1. Reduce the cost of processor virtualization 

2. Reduce interrupt overhead cost due to the virtualization 

3. Reduce interrupt cost by steering interrupts to the proper VM wi thout 
invoking VMM 

In 2006, new proposals by AMD and Intel try to address the first point, reducing 
the cost of processor virtualization. It will be interesting to see how many gene ra
tions of architecture and VMM modifications it will take to address all three points, 
and how long before virtual machines of the 21st century will be as efficient as the 
IBM mainframes and VMMs of the I 970s. 

5.7 Using a Finile-Slale Machine to Control a Simple Cache 

Elaboration: In addition to virtualizing the instruction set, another challenge is 
virtualization of virtual memory, as each guest as in every VM manages its own set of 
page tables. To make this work , the VMM separates the notions of real and physical 
memory (which are often treated synonymously). and makes real memory a separate, 
intermediate level between virtual memory and physical memory. (Some use the terms 
virtual memory, physical memory, and machine memory to name the same tllree levels.) 
The guest as maps virtual memory to real memory via its page tables, and the VMM 
page tables map tile guest's real memory to pllysical memory. The virtual memory 
architecture is specified either via page tables, as in IBM VM/370 and tile x86, or via 
the TLB structure, as in MIPS. 

Rather than pay an extra level of indirection on every memory access, tile VMM 
maintains a shadow page lable that maps directly from the guest virtual address space 
to tile pllysical address space of the Ilardware. By detecting all modifications to the 
guest's page table, tile VMM can ensure the shadow page table entries being used by 
the hardware for translations correspond to those of the guest as environment, WiUl 
the exception of the correct physical pages substituted for the real pages in the guest 
tables. Hence, tile VMM must trap any attempt by tile guest OS to change its page table 
or to access the page table pointer. This is commonly done by write protecting the guest 
page tables and trapping any access to the page table pointer by a guest OS. As noted 
above, the latter happens naturally if accessing the page table pointer is a privileged 
operation. 

The final portion of the architecture to virtualize is I/O. Tilis is by far tile most difficult 
part of system virtualization because of tile increasing number of I/O devices attached 
to tile computer and the increasing diversity of I/O device types. Anotller difficulty is the 
sharing of a real device among multiple VMs, and yet another comes from supporting 
the myriad of device drivers that are required, especially if different guest OSes are 
supported on tile same VM system. The VM illusion can be maintained by giving each 
VM generic versions of each type of I/O device driver, and tllen leaving it to the VMM to 
handle real I/O. 

II Using a Finite-State Machine to Control 
a Simple Cache 

We can now implement control for a cache, just as we implemented control for 
the single-cycle and pipelined datapaths in Chapter 4. This section starts with a 
definition of a si mple cache and then a description of finite-state machines (FSM) . 
It fin ishes with the FSM of a controller for this simple cache. ~ Section 5.9 on the 
CD goes into more depth, showing the cache and controller in a new hardware 
description language. 

A Simple Cache 

We're going to design a controller for a simple cache. Here are the key charateristics 
of the cache: 

529 



530 Chapter 5 Large and Fast: Exploiting Memory Hierarchy 

• Direct-mapped cache 

• \!\Trite-back using write allocate 

• Block size is 4 words (16 bytes or 128 bits) 

• Cache size is 16 KB, so it holds 1024 blocks 

• 32-bit byte addresses 

• The cache includes a valid bit and dirty bit per block 

From Section 5.2, we can now calculate the fields of an address for the cache: 

• Cache index is 10 bits 

• Block offset is 4 bits 

• Tag size is 32 - (lO + 4) or 18 bits 

The signals between the processor to the cache are 

• I-bit Read or Write signal 

• I-bit Valid signal, saying whether there is a cache operation or not 

• 32-bit address 

• 32-bit data from processor to cache 

• 32-bit data from cache to processor 

• I-bit Ready signal, saying the cache operation is complete 

Note that this is a blocking cache, in that the processor must wait until the cache 
has finished the request. 

The interface between the memory and the cache has the same fields as between 
the processor and the cache, except that the data fields arc now 128 bits wide. The 
extra memory width in generally found microprocessors today, which deal with 
either 32-bit or 64-bit words in the processor while the DRAM controller is often 
128 bits. Making the cache block match the width of the DRAM simplified the 
design. Here are the signals: 

• I-bit Read or Write signal 

• I-bit Valid signal, saying whether there is a memory operation or not 

• 32-bit address 

• 128-bit data from cache to memory 

• 128-bit data from memory to cache 

• I-bit Ready signal, saying the memory operation is complete 

5.7 Using a Finite-State Machine to Control a Simple Cache 

Note that the interface to memory is not a fixed number of cycles. We assume a 
memory controller that will notify the cache via the Ready signal when the mem
ory read or write is finished. 

Before describing the cache controller, we need to review tinite-state machines, 
which allow us to control an operntion that can take multiple clock cycles. 

Finite-State Machines 

To design the control unit for the single-cycle data path, we used a set of truth tables 
that specified the setting of the control signals based on the instruction class. For a 
cache: the control is more complex because the operation can be a series of steps. 
The control for a cache must specify both the signals to be set in any step and the 
next step in the sequence. 

The most common multistep control method is based on finite-state machines, 
which are usually represented graphically. A finite-state machine consists of a set 
of states and directions on how to change states. The directions are defined by a 
next-state function , which maps the current state and the inputs to a new state. 
When we use a fi nite-state machine for control, each state also specifies a set of 
outputs that are asserted when the machine is in that state. The implementation 
of a finite-state machine usually assumes that all outputs that are not explicitly 
asserted are deasserted. Similarly, the correct operation of the datapath depends on 
the fact that a signal that is not explicitly asserted is deasserted, rather than acting 
as a don't care. 

Multiplexor controls are slightly different, since they select one of the inputs 
whether they are 0 or l. Thus, in the finite-state machine, we always specify the 
setting of all the multiplexor controls that we care about. When we implement 
the finite-state machine with logic. setting a control to 0 may be the default and 
thus may not require any gates. A simple example of a finite-state machine appears 
in til Appendix C, and if you are unfamiliar with the concept of a finite-state 
machine, you may want to examine til Appendix C before proceeding. 

A finite-state machine can be implemented with a temporary register that holds 
the current state and a block of combinational logic that determines both the data
path signals to be asserted and the next state. Figure 5.33 shows how such an imple
mentation might look. til Appendix D describes in detail how the finite-state 
machine is implemented using this structure. In til Section C.3 , the combinational 
control logic for a finite-state machine is implemented both with a ROM (read
only memory) and a PLA (programmable logic array). (Also see til Appendix C 
for a description of these logic elements.) 
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r -
r--

Combinational I---
control logic r-- Oalapa th control ou tputs 

I---
I---

Outputs r--

Inputs 
I--A , , 

1 1 1 1 1 1 r r 
Inputs from cache 

I State register I 
datapatll I t 

Next state 

FIGURE 5.33 Finit&state machine controllers are typically implemented using a block 
of combinational logic and a register to hold the current state. The Ollipu ts of the combin;l 

liollallogic <1re the ncx\· swtc number and the control signals 10 be asserted for Ill: curren! slalt.'. The inpu~ ~ 
to the combinational Jogic are the current s tille and an)' inputs L1sed to dt.'lcrTlUIlC the nC~1 5tJ!C. I,n Ih~s 
case, the inputs arc th e instruction register opcodc bils. Notice that in th e finite-state Jl1:ldlltlC u ~cd lIlyl,lS 

chapter, the outputs depend only on the current slate, not on the inputs. Th e Eiaimm lw/I exp[ams tillS In 

mo re detail. 

Elaboration: The style of finite-state machine in this book is ca lled a Moore machines, 
after Edward Moore. Its identifying characteristic is that the output depends only on the 
current state. For a Moore machine, tIle box labeled combinational control logic can be 
spli t into two pieces. One piece Ilas the control output and only the state input, wllile the 

other has only the next·state output. 
An alternative style of machine is a Mealy machine, named after George Mealy. TIle 

Mealy machine allows both the input and the current state to be used to determine 

the output. Moore machines have potential implementation advantages in speed and 

size of the control unit. The speed advantages arise because the control outputs, which 
are needed early in the clock cycle, do not depend on the inputs, but only on the current 

state. In Ii Appendix C, when the implementation of this finite·state machine is taken 
down to logic gates, the size advantage can be clearly seen . The potential disadvantage 
of a Moore machine is that it may require additional states. For example, in situations 

where there is a one·state difference between two sequences of states, the Mealy 

machine may unify the states by making the outputs depend on the inputs. 

5.7 Using a Finite-State Machine to Control a Simple Cache 

FSM for a Simple Cache Controller 

Figure 5.34 shows the four states of our simple cache controller: 

Idle 
Cache Hit 

Compare Tag 

If Valid && Hil , 
a--- --:--------\ Sel Valid, SelTag, 

Valid CPU request if Write Set Dirty 

Mark Cache Ready 

Cache Cache 
Miss Miss 
and and 
Old Block Old Block 
is Clean is Dirty 

Memory Ready 
Write-Back 

Write Old 
Block to 
Memory 

FIGURE 5.34 Four states of the simple controller. 

• Idle: This state waits for a valid read or write request from the processor, 
which moves the FSM to the Compa re Tag state. 

• COlllpnre Tng: As the name suggests, this state tests to see if the requested read 
or write is a hit or a miss. The index portion of the address selects the tag to 
be compared. If its valid and the tag portion of the address matches the tag, 
it is a hit. Either the data is read from the selected word or the written to the 
selected word, and then the Cache Ready signal is set. If it is a write, the dirty 
bit is set to I. Note that a write hit also sets the valid bit and the tag field; wh il e 
it seems unnecessary, it is included because the tag is a single memorYl so to 
change the dirty bit we also need to change the val id and tag fields. If it is a hit 
and the block is valid, the FSM returns to the idle state. A miss first updates 
the cache tag and then goes either to the Write-Back state, if the block at this 
location has dirty bit value of I, or to the Allocate slate if it is O. 
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• Write-Bnck: This state writes the I 28-bit block to memory using the address 
composed from the tag and cache index. We remain in this state waiting for 
the Ready signal from memory. When the memory write is complete, the 
FSM goes to the Allocate state. 

• Allomte: The new block is fetched from memory. We remain in this state 
waiting for the Ready signal from memory. When the memory read is com
plete, the FSM goes to the Compare Tag state. Although we could have gone 
to a new state to complete the operation instead of reusing the Compare Tag 
state, there is a good deal of overlap, including the update of the appropriate 
word in the block if the access was a write. 

This simple model could easily be extended with more states to try to improve 
performance. For example, the Compare Tag state does both the compare and the 
read or write of the cache data in a single clock cycle. Often the compare and cache 
access are done in separate states to try to improve the clock cycle time. Another 
optimization would be to add a write buffer so that we could save the dirty block 
and then read the new block first so that the processor doesn't have to wait for two 
memory accesses on a dirty miss. The cache would then write the dirty block from 
the write buffer while the processor is operating on the requested data. 
~ Section 5.9, on the CD, goes into more detail about the FSM, showing the 

full controller in a hardware description language and a block diagram of this 
simple cache. 

II Parallelism and Memory Hierarchies: 
Cache Coherence 

Given that a multicore multiprocessor means multiple processors on a single 
chip, these processors very likely share a common physical address space. Caching 
shared data introduces a new problem, because the view of memory held by 
two different processors is through their individual caches, which, without any 
additional precautions, could end up seeing two different values. Figure 5.35 
illustrates the problem and shows how two different processors can have two 
different values for the same location. This difficulty is generally referred to as the 
mche coherel/ce problem. 

Informally, we could say that a memory system is coherent if any read of a data 
item returns the most recently written value of that data item. This definition, 
although intuitively appealing, is vague and simplistic; the reality is much more 
complex. This simple definition contains two different aspects of memory system 
behavior, both of which are critical to writing correct shared memory programs. 
The first aspect, called coherel/ce, defines whnt vnll/es can be retu rned by a read. 

Event 

a 
1 CPU A reads X 

2 CPU B reads X 

3 CPU A stores 1 into X 

5.8 Parallelism and Memory Hierarchies: Cache Coherence 

Cache contents for 
CPUA 

o 
o 
1 

Cache contents 
for CPU B 

o 
o 

•" 

, . , 
, . , 

o 
o 
o 
1 

FI~URE 5.35 The cache coherence problem for a single memory location (X) read and 
wfltt~n by two processors (A and B). Vlc initially assume that neither GlChc contains Iht.' ~'ar i able and 
I~la t. X has Ihe, \'01 1,11(' O. We also assullle a wri l('4through cache; a wrile-back cache adds some additinnal but 
sl~ndi:r com phca;,lOl1S, After thc value O,r X has been writtcn by A, A's cache and the memorr bnth co ntain the 
I1fCW \ahlc, but B s cachc doc,~ 1101, and Ir 13 rfCads the value orx, il will receivc O! 

The seco nd aspect, called cOl/sistellcy, determines lVilel/ a written value will be 
returned by a read. 

let's look at coherence first. A memory system is coherent if 

I. A read by a processor P to a loca tion X that follows a write by P to X, with no 
writes of X by another processor occurring between the write and the read 
by P, always returns the value written by P. Thus, in Figure 5.35 above, if CPU 
A were to read X after time step 3, it should see the value I. 

2. A read by a processor to locati?n X that follows a write by another processor 
to X returns the wntten ~alue If the read and write are sufficiently sepa rated 
II~ tIme and no other Writes to X occlIr between the two accesses. Thlls, in 
Figure 5.35, we need a mechanism so that the value 0 in the cache of CPU B 
15 replaced by the value I after CPU A stores I into memory at address X in 
tIllle step 3. 

3_ Writes to the same location are serialized; that is, two writes to the same 
location by any two processo rs are seen in the same order by all processors. 
For example, If CPU B stores 2 into memory at address X after time step 3, 
~rocessors can never read the value at location X as 2 and then later read 
It as 1. 

The first property si mply preserves program order-we certainly expect this 
property to be true .in uniprocessors, for example. The second property defines 
the notIOn of what It means to have a coherent view of memory: jf a processor 
could continuously read an old data value, we would clearly say that memory was 
incoherent. 

The need fo~ IVrite serinliznt iol/ is more subtle, but equally important. Suppose 
we did not sen ahze w.ntes, and processor P I writes location X followed by P2 
writing loca tIOn X. Senallzlng th e \vntes enslIres that every processor will see the 
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write done by P2 at some point. If we did not serialize the writes, it might be the 
case that some processor could see the write of P2 first and then see the \vrite of 
PI, maintaining the value written by P I indefinitely. The simplest way to avoid 
such difficulties is to ensure that all writes to the same location are seen in the sa me 
order; this property is called IVrite serializntioll. 

Basic Schemes for Enforcing Coherence 

In a cache coherent multiprocessor, the caches provide both lIIigratioll and replica
tioll of shared data items: 

• Migratioll: A data item can be moved to a local cache and used there in a 
transparent fashion. Migration reduces both the latency to access a shared 
data item that is allocated remotely and the bandwidth demand on the shared 

memory . 

• Replicatioll: When shared data are being simultaneously read, the caches 
make a copy of the data item in the local cache. Replication reduces both 
latency of access and contention for a read shared data item. 

Supporting this migration and replication is critical to performance in accessing 
shared data, so many multiprocessors introduce a hardware protocol to maintain 
coherent caches. The protocols to maintain coherence for multiple processors are 
called caelIe colIerellee protocols. Key to implementing a cache coherence protocol is 
tracking the state of any sharing of a data block. 

The most popular cache coherence protocol is SlIOOpillg. Every cache that has a 
copy of the data from a block of physical memory also has a copy of the sharing 
status of the block, but no centralized state is kept. The caches are all accessible via 
some broadcast medium (a bus or network), and all cache controllers monitor or 
5/lOOp on the medium to determine whether or not they have a copy of a block that 

is requested on a bus or switch aCcess. 
In the following section we explain snooping-based cache coherence as imple

mented with a shared bus, but any communication medium that broadcasts cache 
misses to all processors can be used to implement a snooping-based coherence 
scheme. This broadcasting to all caches makes snooping protocols simple to 
implement but also limits their scalability. 

Snooping Protocols 
One method of enforcing coherence is to ensure that a processor has exclusive 
access to a data item before it writes that item. This style of protocol is called a IVrite 
iI/validate protocol because it invalidates copies in other caches on a write. Exclusive 
access ensures that no other readable or writable copics of an item exist when the 
write occurs: all other cached copies of the item are invalidated. 

5.8 Parallelism and Memory Hierarchies: Cache Coherence 

Figure 5.36 shows an ~xample of an invalidation protocol for a snooping bus with 
\Vnt~-back caches In actIOn. To sec how this protocol ensures coherence, consider 
a wnte followed by a read by another processor: since the write requires exclu
sive access, any copy held by the reading processor must be invalidated (hence the 
protocol name). Thus, when the read occurs, it misses in the cache, and the cache 
is forced to fetch a new copy of the data. For a write, we require that the writing 
pr~ces~or have exclusive access, preventing any other processor frol11 being able to 
wnte sllnultaneously. If two processors do attempt to write the same data simulta
neously, one of them wins the race, causing the other processor's copy to be invali
dated .. For the other processor to complete its write, it must obtain a new copy of 
the data, whICh must now contam the updated value. Therefore, this protocol also 
enforces '\lrite serialization. 

Processor activity Bus activity 

0 

CPU A reads X Cache miss for X 0 0 

CPU e reads X Cache miss for X 0 0 0 

CPU A writes a 1 to X Invalidation for X 1 0 

CPU e reads X Cache miss for X 1 1 1 

FIGURE 5 .36 An example of an invalidation protocol working on a snooping bus for a 
single cache block (X) with write-back caches. We assume that neither cache init ially holds X and 
that th~ ~aluc of X in memory is o. The CPU and memory contents sho\\l the value after the processor and 
bus activity have both completed. A blank indicates no activily or no copy cached. When the second miss 
by D occurs, ~PU A responds with the value cancding the response from memory. In addition, both the 
contents of 13 s cache and the memory contents of X nre updated. This update of memory, which occurs 
wh.en a block becomes shared, simplifies the protocol. bUi it is possible to track the ownership and force the 
wflle-back anI)' if the block is replaced. This requires the introduction of an additional state called "owner" 
which indk;l tes that a block m:l)' be shared, but the owning processor is responsible for updating :Iny othe'r 
processors and memorr when It changes the block or replaces it. 

One insight is that block size plays an important role in cache coherency. For 
example, take the case of .snooping on a cache with a block size of eight words, 
With a sll1gle word alternatively written and read by two processors. Most protocols 
exchange full blocks between processors, thereby increasing coherency bandwidth 
demands. 

Large blocks can also cause what is called false sharing: when two unrelated 
shared variables are located in the same cache block, the full block is exchanged 
between processors even though the processors are accessing different variables. 
Programmers and compilers should layout data carefully to avoid false 
sharing. 

Hardware/ 
Software 
Interface 
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Elaboration: Although the three properties on page 535 are sufficient to ensure 
coherence. the question of when a written value will be seen is also important. To see 
why, observe that we cannot require that a read of X in Figure 5.35 instantaneously 
sees the value written for X by some other processor. If, for example, a write of X on 
one processor precedes a read of X on another processor very shortly beforehand, it 
may be impossible to ensure tl1at the read returns the value of the data written. since 
the written data may not even have left the processor at that point. The issue of exactly 
when a written value must be seen by a reader is defined by a memory consistency 

model. 
We mal~e tile following two assumptions. First, a write does not complete (and allow 

the next write to occur) until all processors have seen tile effect of that write. Second, 
the processor does not cllange the order of any write with respect to any otller memory 
access. These two conditions mean that if a processor writes location X followed by 
location Y, any processor that sees the new value of Y must also see tile new value 
of X. Tilese restrictions allow the processor to reorder reads, but forces the processor 

to finish a write in program order. 

Elaboration: The cache coherence problem for multiprocessors and I/O (see 
Chapter 6). although similar in origin. has different characteristics that affect the 
appropriate solution. Unlike I/O, where multiple data copies are a rare event-one to 
be avoided whenever possible-a program running on multiple processors will normally 
have copies of tile same data in several caches. 

Elaboration: In addition to the snooping cache collerence protocol wllere the status 
of sl1ared blocl~s is distributed, a directory-based cache coherence protocol I~eeps the 
sharing status of a blocl~ of physical memory in just one location, called tile directory. 
Directory.based coherence 11as sliglltly higller implementation overllead than snooping, 
but it can reduce traffic between caches and thus scale to larger processor counts. 

Advanced Material: Implementing 
Cache Controllers 

This section on the CD shows how to implement control for 0 cache, just as we 
implemented control for the single-cycle and pipelined datopoths in Chapter4. This 
section starts with a description of finite-state machines and the impJ ementi on of 
o cache controller for a simple data coche, including a description of the cache 
controller in a hardware description langauge. It then goes into details of on 
exomple coche coherence protocol and the difficulties in implementing such a 

protocol. 

5.10 Real Stuff 

Real Stuff: the AMD Opteron X4 
(Barcelona) and Intel Nehalem Memory 
Hierarchies 

In this section, wewililookatthe memory hierarchy in two modern microprocessors: 
the AMD Opteron X4 (Barcelona) processor and the Intel Nehalem. Figure 5.37 
shows the Intel Nehalem d,e photo. and Figure 1.9 in Chopter I shows the AMD 
Opteron X4 die photo. Both have secondory ond tertiary caches on the main 
processor die. Such integration reduces access time to the lower-level caches and 
also reduces the number of pins on the chip, since there is no need for a bus to an 
external secondary cache. Both have on-chip memory controllers, which reduces 
the latency to main memory. 

RGURE 5.37 An Intel Nehalem die processor photo with the components labeled. This 
.13.5 by .19.6 mm die ~la~ 73 1 lll~lIion transistors. It contains four processo rs that c;lch IHl\'C private 32·KB 
~nstructlO[~ all~ 32-LKU instructIOn caches and a 512-KB L2 Glche. The four cures share an 8-t\'1D L3 cachc. 
f he two I_B-blt memory channels arc to DDR3 DRAM. Each core also ha s a two-level "1"1 B The memory 
controller is now on the die, so th ere is no separate north bridge chip as ill Inl l.' l Clovcrtow[~ .. 

539 
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The Memory Hierarchies of the Nehalem and Opteron 

Figure 5.38 summarizes the address sizes and TLBs of the two processors. Note that 
the AMD Opteron X4 (Barcelona ) has four TLBs and that the virtual and physical 
addresses do not have to match the word size. The X4 implements only 48 of the 
potential 64 bits of its virtual space and 48 of the potential 64 bits of its physical 
address space. Nehalem has three TLBs, and the virtual address is 48 bits and the 
physical address is 44 bits. 

Intel Nehalem 

TLB organization 1 TLB for instructions and 1 TLB for 
data per core 

Both Ll TLB s are four-way set 
associative, LRU replacement 

The L2 TLB is four-way set 
associative. LRU replacement 

11 I-IlS has 128 entries for small 
pages, 7 per thread for large pages 

Ll D-lLS has 64 entries for small 
pages, 32 for large pages 

The l2 TlB has 512 entries 
TLB misses handled in hardware 

AMD Opteron X4 (Barcelona) 

1 II TlB for instructions and 1 Ll TlB for 
data per core 

Both U TLBs fully associative, lRU 
replacement 

1 L2 TLB for instructions and ll2 TLB for 
data per core 

Both L2 TLBs are four-way set associative, 
round-robin 

Both L1 TLBs have 48 entries 

Both L2 TLBs have 512 entries 

TLB misses handled in hardware 

FIGURE 5.38 Address translation and TLB hardWare for the Intel Nehalem and AMD 
Opteron X4. The word size sets the maximum size of the virtua l address, but a processor need not use all 
bits. Both processors provide support for large pages, which are used for things like the operating system 
or mapping a frame buffer. The large-page scheme avoids using a large number of entries to map a single 
object that is alwi\Ys present. Nehalem supports two hardware-supported threads per core (sec Section 7,5 
in Chapter 7). 

Figure 5.39 shows their caches. Each processor in the X4 has its own Ll 64-KB 
instruction and data caches and its own 512-KB L2 cache. The four processors 
share a single 2-MB L3 cache. Nehalem has a similar structure, with each processor 
having its own LI 32-KB instruction and data caches and its own 512- KB L2 cache, 
and the four processors share a single 8-MB L3 cache. 

Figure 5.40 shows the CPI, miss rates per thousand instructions for the LI and 
L2 caches, and DRAM accesses per thousand instructions for Opteron X4 runn ing 
the SPECint 2006 benchmarks. Note that the CPI and cache miss rates are highly 
correlated. The correlation coefficient of the set of CPls and the set of LI misses 
per 1000 instructions is 0.97. Although we don't have the actual L3 misses, we can 
infer the effectiveness of L3 by the reduction in DRAM accesses versus L2 misses. 
While a few programs benefit significantly from the 2-MB L3 cache-h264avc, 
hmmer, and bzip2- most do not. 

5.10 Real Stuff 

Characteristic Intel Nehalem AMD Opteron X4 (Barcelona) 

Ll cache organization Split instruction and data caches Split instruction and data caches 
L1 cache size 32 I{B each for instructions/ data per 64 I{B each for instructions/data 

core per core 
L1 cache associativity r 4-way (I), 8-way (0) set associative 2-way set associative 
Ll replacement i Approximated LRU replacement LRU replacement 
L1 block size 164 bytes 164 byles 
L1 write policy I Write-baclt, Write-allocate I Write-back, Write-allocate 
L1 hit time (load-use) ! Not Available 3 cloci( cycles 
L2 cache organization Unified (instruction and data) per core Unified (instruction and data) per core 
L2 cache size j 256 I{B (0 .25 MB) 512 lIB (0.5 MBI 
L2 cache associativity i B-way set associative 16-way set associa tive 
L2 replacement J Approximated LRU replacement Approximated LRU replacement 
L2 bloclt size 64 bytes 64 bytes 
L2 write policy Write-baclt, Write-allocate Write·back, Write-allocate 
L2 hit time Not Available 9 cloclt CYCles 
L3 cache organization Unilied (instruction and data) Unified (instruction and data) 
l3 cache size 8192 i{B (8 MB), shared 2048 KB (2 MB), shared 
L3 cache associativity i6-way set associative 32-way set associative 
L3 replacement Not Available Evict block shared by fewest cores 
L3 block size 64 bytes 64 bytes 
L3 write policy Write-back, Write-allocate Write-bacll, Write·allocate 
L3 hit time I Not Available 38 (?)cloclt cycles 

FIGURE 5.39 Flrst-level, second-level, and third-level caches in the Intel Nehalem and 
AMD Opteron X4 2356 (Barcelona)_ 

Techniques to Reduce Miss Penalties 

Both the Nehalem and the Opteron X4 have additional optimizations that allow 
them to reduce the miss penalty. The first of these is the return of the requested 
word first on a miss, as described in the Elabornlioll on page 473. Both allow the 
processor .to con.t'inue to. execute instructions that access the data cache during 
a cache miss. TIllS techntque, called a nonblocking cache, is commonly used by 
deSigners who are attempting to hide the cache miss latency by using ou t-of-order 
processors. They implement two Aavors of non blocking. Hilllllder lIIissallows addi
tional ca~he hits du~ing a miss, while miss IIllner lIliss allows multiple outstanding 
cache nllSses. The atlll of the first of these two is hiding some miss latency with 
other work, while the aim of the second is overlapping the latency of two different 
misses. 

O:,erlapping a large. fraction of miss times for multiple outstanding misses 
requires a hi gh-bandwidth memory system capable of handling multiple misses 
111 parallel. In desktop systems, the memory may only be able to take limited advan
tage of this capability, but large servers and multiprocessors often have memory 
systems capable of handling more than one outstanding miss in parallel. 

541 

nonblocking cache 
A GlChc thilt allows 
the processor to make 
references to the cache 
while the cache is 
handling an earl ier miss. 



542 Chapter 5 Large and Fast: Exploiting Memory Hierarchy 

U D cache L2 Dcache DRAM 
Name misses/1000 instr misses/10DO instr accesses/1000 instr II 

perl 0.75 3.5 1.1 1.3 

bzip2 0 .85 11.0 5.8 2.5 

gee 1.72 24.3 13.4 14.8 

mer 10.00 106.8 88.0 88.5 

go 1.09 4.5 1.4 1.7 

hmmer 0.80 4.4 2.5 0.6 

sjeng 0.96 1.9 0.6 0.8 

libquantum 1.61 33.0 33.1 47.7 

h264avc 0 .80 8.8 1.6 0.2 

omnetpp 2 .94 30.9 27.7 29.8 

aslar 1.79 16.3 9.2 8.2 

xalancbmk 2.70 38.0 15.8 11.4 

Median 1.35 13.6 7.5 5.4 

FIGURE 5.40 CPI, miss rates, and DRAM accesses for the Opteron model X4 2356 
(Barcelona) memory hierarchy running SPECint2006. Alas. tbe L3 miss counters did not work on 
this chip. so we only have DRAM accesses to infer the effectiveness of the L3 cache. Nute tha t this figure is for 
the sa llle systems and benchmarks as Figure 1.20 in Chapler I. 

Both microprocessors prefetch instructions and have a built-in hardware prefetch 
mechanism for data accesses. They look at a pattern of data misses and use this 
information to try to predict the next address to start fetching the data before the 
miss occurs. Such techniques generally work best when accessing arrays in loops. 

A significant challenge facing cache designers is to support processors like the 
Nehalem and Opteron X4, which can execute more than one memory instruction 
per clock cycle. Multiple requests can be supported in the first-level cache by two 
different techniques. The cache can be multiported, allowing more than one SImul
taneous access to the same cache block. Multiported caches, however, are often 
too expensive, since the RAM cells in n multiported memory must be much larger 
than single-ported cells. The alternative scheme is to break the cache into banks 
and allow mul tiple, independent accesses, provided the accesses are to different 
banks. The technique is similar to interleaved main memory (see Figure 5.11).The 
Opteron X4 Ll data cache supports two 12B-bit reads per clock cycle and has eight 
banks. 

Nehalem and most other processors follow the policy of illcillsioll in their mem
ory hierarchy. This means that a copy of all data in the higher level caches can also 
be found in the lower-level caches. In contrast, the AMD processors fo llow the 
policy of excillsioll in their first- and second-level cache, meaning that a cache block 
can only be found in the first- or second -level caches, but not both. Hence, on an 
Ll miss when a block is fetched from L2 to Ll, the block replaced is sent back to 
the L2 cache. 

5.11 Fallacies and Pitfalls 

The sophisticated memory hierarchies of these chips and the large fraction of 
the dies dedicated to caches and TLBs show the significant design effort expended 
to try to close the gap between processor cycle times and memory latency. 

Elaboration: The shared L3 cache of Opteron X4 does not always follow exclus ion. 
Since the data blocks can be shared between several processors in the L3 cache, it 
only removes the cache blocl< from L3 if no other processors are sharing it. Hence, the 
L3 cache protocol recognizes whether or not the cache block is being shared or only 
used by a Single processor. 

Elaboration: Just as Opteron X4 does not follow the conventional inclusion property, 
it a lso has a novel relationship between the levels of the memory hierarchy. Instead of 
the memory feeding the L2 cache that in turn feeds the Ll cache, the L2 cache only 
holds data that has been evicted from the Ll cache. Thus, the L2 cache can be called a 
victim cache, since it only holds blocl,s displaced from Ll ("victims"). Similarly, L3 cache 
is a victim caclle for the L2 cache, only conta ining blocl{s tilat spill over from L2. If an 
L1 miss is not found in the L2 caclle but found in the L3 cache, the L3 cache supplies 
the data directly to Ll cache. Hence, an Ll miss can be serviced by an L2 hit or an L3 
hit or memory. 

II Fallac'es and Pitfalls 

As one of the most naturally quantitative aspects of computer architecture, the 
memory hierarchy would seem to be less vulnerable to fallacies and pitfalls. Not 
only have there been many fallacies propagated and pitfalls encountered, but some 
have led to major negative outcomes. We start with a pitfall that often traps students 
in exercises and exams. 

Pitfnll: Forgettillg to necollllt for byte nddressillg or the mehe block size ill silllll
lmillg n mehe. 

When simulating a cache (by hand or by computer), we need to make sure we 
account for the effect of byte address ing and multiword blocks in determining 
into which cache block a given address maps. For example, if we have a 32-byte 
direct-mapped cache with a block size of 4 bytes, the byte address 36 maps into 
block 1 of the cache, since byte address 36 is block address 9 and (9 modulo S) = l. 
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On the other hand, if address 36 is a word address, then it maps into block 
(36 mod 8) ~ 4. Make sure the problem clearly states the base of the address. 

In like fashion, we must account for the block size. Suppose we have a cache 
with 256 bytes and a block size of 32 bytes. Into which block does the byte address 
300 fall? If we break the address 300 into fields , we can see the answer: 

31 30 29 11 10 9 8 7 6 5 4 3 2 1 0 

0 0 a a 0 0 1 I 0 0 1 0 1 1 0 0 

Cache block Block offset 

number 

Block address 

Byte address 300 is block address 

l 330~ j~9 

The number of blocks in the cache is 

l2;2
6 

j ~ 8 

Block number 9 falls into cache block number (9 modulo 8) ~ 1. 
This mistake catches many people, including the authors (in ea rlier drafts ) and 

instructors who forget whether they intended the addresses to be i~ words, bytes, 
or block numbers. Remember this pitfall when you taclde the exemses. 

Pitfall: IgHorillg memo,.}' 5ystelll behavior wilell writi/lg progrt1ms or wlle/J gel/et
(H ing code ill (I compiler. 

This could easily be written as a fallacy: "Programmers canignore memory hierar
chies in writing code." We illustrate with an example US1l1g matrix mul tiply, to 

complement the sort comparison in Figure 5.18.. . 
Here is the inner loop of the version of matrix mulliply from Chapter 3. 

fo r (i ~O ; i ! - 500; i~ i +j) 
fO I- ( j~O ; j !~5 00 ; j~j +j) 

fO I- ( k~ O ; k! ~ 5 00; k~k+l ) 
x[ i][ j ] ~ x[ i][ j ] + y[i] [ k] * z[k ] [ j ] ; 

When run with inputs that are 500 x 500 double precision matrices, the CPU 
runtime of the above loop on a MIPS CPU with a I-MB secondary cache was 
about half the speed compared to when the loop order is changed to k. J .1 (so 1 

is innermost )! The only difference is how the program .accesses memory and the 
ensuing effect on the memory hierilrchy. Further cOI11~ller opttI111zatlo~ls, llsmg a 
technique called blocki/lg, can result in a runtime that IS another four times faster 

for this code! 

5.11 Fallacies and Pitfalls 

Pitfall: Havi/lg less sct associativity for a shared cache tlln/l the /ll/l/lber of cores or 
threads shari/lg that cache. 

vVithout extra care, a parallel program running on 211 processors or threads can 
easily allocate data structures to addresses that would map to the same set of a 
shared L2 cache. If the cache is at least 211-way associative, then these accidental 
conflicts are hidden by the hardware from the program . If not, programmers 
could face apparently mysterious performance bugs-actually due to L2 co nflict 
misses- when migrating from, say, a 16-core design to 32-core design if both use 
16-way associative L2 caches. 

Pitfall: Usillg nl1erage memory access rime to el/alHate the lIlemory hierarchy of all 
ollt-of-order pmcessor. 

If a processor stalls during a cache miss, then you can separately calculate the 
memory-sta ll time and the processor execution time, and hence evaluate the mem
ory hierarchy independen tly using average memory access time (see page 478). 

If the processor continues to execute instructions, and may even sustain morc 
cache misses during a cache miss, then the only accurate assess ment of the mem
ory hierarchy is to simulate the out-of-order processor along with the memory 
hierarchy. 

Pitfall: Extelldillg all address space by addillg segll/ell ts all top of all IIlIsegmellted 
address space. 

During the 1970s, many programs grew so large that not all the code and data 
could be addressed with just a 16-bit address. Computers were then revised to 
offer 32-bit addresses, either through an unsegmented 32-bit address space (also 
called a flat address space) or by adding 16 bits of segment to the existing 16-bit 
address. From a marketing point of view, adding segments that were programmer
visible and that forced the programmer and compiler to decompose programs into 
segments could solve the addressing problem. Unfortunately, there is trouble any 
time a programming language wants an address that is larger than one segment, 
such as indices for large arrays, unrestricted pointers, or reference parameters. 
Moreover, adding segments can turn every address into tvvo words-one for the 
segment number and one for the segment offset-causing problems in the use of 
addresses in registers. 

Pi tfa If: I IIlplell/CIl ti IIg a vi rt lIa 1 lIIach i li e IIIOIl i tor 011 a II i list rllctio1l set arch i teetll re 
that wasll't desiglled to be l'irltwJizable. 

Many architects in the 1970s and 1980s weren't careful to make sure that all instruc
tions reading or writing information related to hardware resource inforrnation 
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were privileged. This lnissez-fnire attitude causes problems for VMMs for all of 
these architectures, including the x86, which we use here as an example. 

Figure 5.4 J describes the 18 instructions that cause problems for virtualization 
[Robin and lrvine, 2000]. The two broad classes are instructions that 

• Read control registers in user mode that reveals that the guest operating sys
tem is running in a virtual machine (such as POPF, mentioned earlier ) 

• Check protection as required by the segmented architecture but assume that 
the operating system is running at the highest privilege level 

Problem category Problem x86 instructions 

Access sensitive registers without Store global descriptor table register (SGDT) 
trapping when running in user mode Store local descriptor table registe r (SLOT) 

Store interrupt descriptor table register (SIDT) 
Store machine status word (SMSW) 
Push flags (pUSHF, PUSHFD) 
Pop flags (POPF, POPFD) 

When accessing virtual memory Load access rights from segment descriptor (LAR) 
mechanisms in user mode, instructions Load segment limit from segment descriptor (lSl ) 
fall the x86 protection checks Verify if segment descriptor is readable (VERR) 

Verify if segment descriptor is writable (VERW) 
Pop to segment register (POP C5, POP 5S, ... J 
Push segment register (PUSH CS, PUSH SS, ... ) 
Far call to different privilege level (CAll) 
Far return to different privilege level (RET) 
Far Jump to different privilege level (JMP) 
Software interrupt (lNT) 
Store segment selector register (STR) 
Move to/from segment regi ste rs (MOVE) 

FIGURE 5.41 Summary of 18 x86 instructions that cause problems for ylrtual1zatlon 
[Robin and Irvine, 2000]. The rust fiw instructions in the top group ,lilow ,\ program in user mode to 
read a control register, such as a descriptor table registers. witho ut causing ,\ trap. The pop flags instruction 
modifies a con trol register with sensitive info rmation but fails silemly when in user mode. The protection 
checking of th e segmented architecture of the x86 is the downfall of the bott om group, as each of these 
in structio ns checks the privilege level implicitly as pa rt of inst ruction execution when reading a control 
register. The checking assumes that the as must be at the highest privi lege level. which is not the case for 
guest VMs. Only the Move to segment register tries to modi fy control Stale, and protection checking foils it 
as \\'ell. 

To simplify implementations ofVMMs on the x86, both AMD and Intel have 
proposed extensions to the architecture via a new mode. Intel's VT-x provides 
a new execution mode for running VMs, an architected definition of the VM 
state, instructions to swap VMs rapidly, and a large set of parameters to select 
the circumstances where a VMM must be invoked. Altogether, VT-x adds J I new 
instructions for the x86. AMD's Pacifica makes similar proposals. 

An alternative to modifying the hardware is to make small modifications to the 
operating system to avoid using the troublesome pieces of the architecture. This 

5.12 Concluding Remarks 

technique is c<l llcd pnnlllirtllnlizatioll, and the open source Xen VMM is a good 
exa mple. The Xen VMM provides a guest OS with a virtual machine abstraction 
that uses only the easy- to-vir tualize pa rts of the physical x86 hardware on which 
the VMM runs . 

II Conclud;ng Rem •• ks 

The difficulty of building a memory system to keep pace with fa ster processors is 
~nderscored by the fact that the raw material for main memory, DRAMs, is essen
tIally the sa me III the fastest computers as it is in the slowest and cheapest. 

It IS the prinCIple of locality that gives us a chance to overcome the long 
latency of memory access-and the so undness of this strategy is demonstrated at 
all .Ievels of th~ memory hierarchy. Although these levels of the hierarchy look 
qUIte d,fferentlll quantitatIve terms, they follow simi lar stnltegies in their opera
tIon and explOIt the same properties of locality. 

Multilevel caches make it possible to use more cache optimizations more easily 
for two reaso ns. First, the deSIgn parameters of a lower-level cache are different 
from a first-level cache. For exa mple, because a lower-level cache will be much 
larger, it is possible to use larger block sizes. Second, a lower-level cache is not 
constan tly being used by the processor, as a first- level cache is. This allows us to 
consid~r having .the lower-level cache do something when it is idle that may be 
llsefuill1 preventll1g future misses. 

Another trend is to seek software help. Efficiently managing the memory hier
archy uslllg a v.arlety of program transformations and hardware facilities is a major 
focus of complier enhan cements. Two different ideas are being explored. One idea 
IS to reorgamze the program to enhance its spatial and temporal locality. This 
approach focuses on. loop-oriented programs that use large arrays as the major 
data structure; large linear algebra problems are a typical example. By restructuring 
the loops that access the arrays, substan tially improved locality- and, therefore, 
cache performan ce-can be obtained. The discussion on page 544 showed how 
effective even a si mple change of loop structure could be. 
. Another approach i ~ prefetching. In prefetching, a block of data is brought 
IIltO the cache before It IS actually referenced. Many microprocessors use hardware 
prefetching to try to predict accesses that may be difficult for softwa re to notice. 

A third approach is special cache-aware instructions that optimize memory 
tra~s f~r. ~or example. the microprocessors in Section 7.10 in Chapter 7 lise an 
optfl11lZatlon that does not fetch the contents of a block from memory on a write 
mISs because the program is going to write the full block. This optimization 
significantly reduces memory traffic for one kernel. 
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As we will see in Chapter 7, memory systems are a central design issue for parallel 
processors. The growing importance of the memory hierarchy in determining 
system performance means that this important area will continue to be a focus of 
both designers and researchers for some years to come. 

Historical Perspective and Further 
Reading 

This history section . gives an overview of memory technologies, from mercury 
delay lines to DRAM, the invention of the memory hierarchy, protection mech
anisms, and virtual machines, and concludes with a brief history of operating 
systems, including CTSS, MULTICS, UNIX, BSD UNIX, MS-DOS, Windows, and 
Linux. 

II Exercises 
Con trihuted hy Jichuan Chang, Jacob l everich, }\('\'in Lim, and Il;uthas.mlthr Hanga nathan 
(01 11 of Hcwlcn-Pack;ml ) 

Exercise 5.1 
In this exercise we consider memory hierarchies for various application, listed in 
the following table. 

la. I Web browsing 

~. I Online banldng 

5.1.1 [IO[ <5.1 > Assuming both client and server are involved in the process, first 
name the client and server systems. Where can caches be placed to speed-up the 
process? 

5.1.2 [10] <5.1> Design a memory hierarchy for the system. Show the typical size 
and latency at various levels of the hierarchy. What's the relationship between cache 
size and its access latency? 

5.1.3 ]15] <5.1 > What are the units of data transfers between hierarchies? What's 
the relationship between the data location, data size, and transfer latency. 

5.14 Exercises 

5.1.4 [10] <5.1 , 5.2> Communication bandwidth and server processing band
width are two important factors to consider when designing a memory hierarchy. 
Which bandwidths can be the limiting factor here? I-low to improve and what's the 
cost? 

5.1.5 [5] <5.1 , 5.8> Now consider multiple clients simultaneously access the 
server, will such scenarios improve the spatial and temporal locality? 

5.1.6 [10] <5.1,5.8 > Give an example where the cache can provide out-of-date 
data. How to mitigate or avoid such issues? 

Exercise 5.2 
In this exercise we look at memory locality properties of matrix computation. The 
following code is written in C, where elements within the same row are stored 
contiguously. 

•. fo r (l-O: 1(8000 : J++ ) 
r 0 r t J - O: J(8 : J++) 

A[I][ J ]-B[ J ] [O]+A[J ] [I ] : 

b. fo r tJ-O: J (8 : J++) 
fo r t 1-0: 1<8000 : 1++ ) 

A[ I ] [ J ]-B [J ] [O] +A[J][I ]: 

5.2.1 [5] <5.1> How many 32-bit integers can be stored in a IG-byte cache line' 

5.2.2 [5] <5.1 > References to which variables exhibit temporal locality? 

5.2.3 [5] <5.1 > References to which variables exhibit spatial locality? 

Locality is affected by both the reference order and data layout. The same computa
tion can also be written below in Matlab, which differs from C by contiguously 
storing matrix elements within the same column. 

.. fo r 1- 1: 8000 
fo r J .. l: 8 

At I . JI-BtJ .OI+AtJ . I I : 
end 

end 

b. fo r J"' l :B 
f or 1- 1:BOOO 

At I . J I - BIJ .O) + At J . I) : 
end 

end 

549 



550 Chapter 5 Large and Fast: Exploiting Memory Hierarchy 

5.2.4 [101 <5. 1> How many 16-byte cache lines arc needed to store all 32-bit 

matrix elements being referenced? 

5.2.5 [5 1 <5.1 > References to which variables exhibit temporal locality? 

5.2.6 [51 <5.1 > References to which variables exhibit spatial locali ty? 

Exercise 5.3 
Caches are important to providing a high performance memory hierarchy to 
processors. Below is a list of 32-bit memory address references, given as word 

addresses. 

a. 1, 134 , 212, 1.135, 213, 162.161. 2,44, 41, 221 

b. 6.214.175.214.6.84.65.174.64.105.85.215 

5.3.1 [101 <5.2> For each of these references, identify the binary address, the tag, 
and the index given a direct-mapped cache with 16 one-word blocks. Also list if 
each reference is a hit or a miss, assuming the cache is initially empty. 

5.3.2 [101 <5.2> For each of these references, identify the binary address, the tag, 
and the index given a direct-mapped cache with two-word blocks and a total size 
of eight blocks. Also list if each reference is a hit or a miss, assuming the cache is 

initially empty. 

5.3.3 [20 1 <5.2, 5.3> You are asked to optimize a cache design for the given 
references. There are three direct-mapped cache designs possible, all with a total of 
eight words of data: C l has one-word blocks, C2 has two-word blocks, and C3 has 
four-word blocks. In terms of miss rate, which cache design is the best? If the miss 
stall time is 25 cycles, and CI has an access time of 2 cycles, C2 takes 3 cycles, and 

C3 takes 5 cycles, which is the best cache design? 

There are many different design parameters that are im portant to a cache's overall 
performance. The table below lists parameters for different direct-mapped cache 

designs. 

• Cacho data size Cache block size Cache access time 

a. I 641(8 1 word 1 cycle 

- I 
b. I 64 K8 2 word 2 cycle 

5.3.4 [l SI <5.2> Calculate the total number of bits required for the cache listed 
in the table, assuming a 32-bit address. Given that total size, find the total size 

5.14 Exercises 

of the closest direct-mapped cache with 16-word blocks of equal size or greater. 
Explal\1 why the second cache, despite its larger data size, might provide slower 
performance than the first cache. 

5.3.5 [201 <5.2,5.3> Generate a series of read requests that have a lower miss rate 
on a 2 KB two-way set associative cache than the cache listed in the table. Identify 
one pOSSible solu tIOn that would make the cache listed in the table have an equal 
or lower miss rate than the 2 KB cache. Discuss the adva ntages and disadvantages 
of such a solution. 

5.3.6 115 1 <5.2> The formu la shown on page 457 shows the typ ical method 
to index a direct-mapped cache, specifically (Block address) modulo (Number 
of blocks in the cache). Assuming a 32-bit address and 1024 blocks in the cache, 
consider a different indexing function, specifically (Block add ress [31:271 XOR 
Block addl'ess[26:22j). Is it possible to use this to index a direct-mapped cache? If 
so, explain why and discuss any changes that might need to be made to the cache. 
If it is not possible, explain why. 

Exercise 5.4 
For a direct-mapped cache design with 32-bit address, the following bits of the 
address are lIsed to access the cache. 

, 

Tag • Index Offset 

5.4.1 151 <5.2> What is the cache line size (in words)? 

5.4.2 [5J <5.2> How many entries does the cache have? 

5.4.3 151 <5.2> What is the ratio between total bits requ ired for such a cache 
implementation over the data slorage bits? 

Starting from power on, the following byte-addressed cache references are 
recorded . 

1 0 1 4 1 '6 1 132 1332] 160 1 '024 1 30 1 140 1 3100 1 180 I~ 

5.4.4 [101 <5.2> How many blocks are replaced? 

5.4.5 [101 <5.2> What is the hit ratio? 
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5.4.6 [20) <5.2> Listthe final state of the cache, with each valid entry represented 
as a record of < index, tag, data>. 

Exercise 5.5 
Recall that we have two write policies and write allocation policies, their combina
tions can be implemented at either in Ll or L2 cache. 

5.5.1 [5) <5.2,5.5> Buffers are employed between different levels of memory 
hierarchy to reduce access latency. For this given configuration, list the possible 
buffers needed between L1 and L2 caches, as well as L2 cache and memory. 

5.5.2 [20) <5 .2, 5.5> Describe the procedure of handling an Ll write miss, con
sidering the component involved and the possibility of replacing a dirty block. 

5.5.3 [20) <5.2,5.5> For a multilevel exclusive cache (a block can only reside in 
one of the Ll and L2 caches) configuration, describe the procedure of handhng an 
LI write miss, considering the component involved and the possibility of replacing 
a dirty block. 

Consider the following program and cache behaviors. 

Data reads per 
1000 instructions 

Data writes per 
1000 Instructions 

Instruction 
cache miss rate 

5.5.4 [5) <5.2,5.5> For a wri te-through, write-allocate cache, what's the mini
mum read and write bandwidths (measured by byte-per-cycle) needed to achIeve 
a CPI of2? 

5.5.5 [5) <5.2, 5.5> For a write-back, write-allocate cache, assuming 30% of 
replaced data cache blocks are dirty, what's the minimal read and write bandwidths 
needed for a CPI of 2? 

5.5.6 [5J <5.2,5.5> What are the minimal bandwidths needed to achieve the 
performance of CP I = 1.5? 

5.14 Exercises 

Exercise 5.6 

Media applications that play audio or video files are part of a class of workloads 
called "streaming" workloads; i.e., they bring in large amounts of data but do not 
reuse much of it. Consider a video streaming workload that accesses a 512 KB 
working set sequentially with the following address stream: 

I 0.4. B. 12. 16. 20, 24, 2B. 32, ... 

5.6.1 [5) <5.5,5.3> Assume a 64 KB direct-mapped cache with a 32-byte line. 
What is the miss rate for the address stream above. How is this miss rate sensitive 
to the size of the cache or the working set? How would you categorize the misses 
this workload is experiencing, based on the 3C model. 

5.6.2 [5) <5.5,5.1 > Recompute the miss rate when the cache line size is 16 bytes, 
64 bytes, and 128 bytes? What kind of locality is this workload exploiting? 

5.6.3 [10) <5.10> "Prefetching" is a technique that leverages predictable address 
patterns to speculatively bring in additional cache lines when a particular cache 
line is accessed. One example of prefetching is a stream buffer that prefetches 
sequentially adjacent cache lines into a separate buffer when a particular cache line 
is brought in. If the data is found in the prefetch buffer, it is considered as a hit and 
moved into the cache and the next cache line is prefetched. Assume a two-entry 
stream buffer and assume that the cache latency is such that a cache line can be 
loaded before the computation on the previous cache line is completed. What is the 
miss rate for the address stream above? 

Cache block size (B) can affect both miss rate and miss latency. Assuming the 
following miss rate table, assuming a J-CPI machine with an average of 1.35 
references (both instruction and data) per instruction, help find the optimal block 
size given the following miss rates for various block sizes. 

5.6.4 [IOJ <5.2> What's the optimal block size for a miss latency of 20 x B cycles? 

5.6.5 [10) <5.2> What's the optimal block size for a miss latency of 24 + B cycles? 

5.6.6 [10 ) <5.2> For constant miss latency, what's the optimal block size? 
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Exercise S.7 
In this exercise, we wiII look at the different ways capacity affects overaII perfor
mance. In general, cache access time is proportional to capacity. Assume that main 
memory accesses take 70 11S and that memory accesses are 36% of all instructions. 
The foIIowing table shows data for L 1 caches attached to each of two processors, 
PI and 1'2. 

•• Usize U miss rate Uhittime 

aJ~ 1 lIB 11.4% 0.62 ns 

P2 I 2 lIB 8.0% 0.66 ns 

'.-1 Pl I 8 lIB 4.3% 0.96 ns 

Jp2 I 161(8 3.4% 1.08 ns 

5.7.1 [5] <5.3> Assuming that the LI hit time determines the cycle times for PI 
and P2, what are their respective clock rates? 

5.7.2 [5 [ <5.3> What is the AMAT for each of PI and P2? 

5.7.3 [5 [ <5.3> Assuming a base CPI of 1.0, what is the IOtal CPI for each of PI 
and P2? Which processor is faster? 

For the next three problems, we will consider the addition of an L2 cache to PI to 
presumably make up for its limited L1 cache capacity. Use the L1 cache capacities 
and hit times from the previous table when solving these problems. The L2 miss 
rate indicated is its local miss rate . 

• L2 size L2 miss rate L2 hit time 

~: ________ 5_:_:_:_B ________ I _________ ~_:_: ________ -i ________ :_~_:_:_:_: ____ ---1 

5.7.4 [10 [ <5.3> What is the AMAT for P I with the addition of an L2 cache? Is 
the AMAT better or worse with the L2 cache? 

5.7.5 [5 J <5.3> Assuming a base CPI of 1.0, what is the total CPI for PI with the 
addition of an L2 cache? 

5.7.6 [10] <5.3> Which processor is faster, now that PI has an L2 cache? If PI is 
faster, what miss rate would P2 need in its Ll cache to match PI 's performance? 
If P2 is faster, what miss rate would PI need in its LI cache to match P2's 
performance? 

5.14 Exercises 

Exercise S.8 
This exercise examines the impact of different cache designs, specifically comparing 
associative caches to the direct-mapped caches from Section 5.2. For these exercises, 
refer to the table of address streams shown in Exercise 5.3. 

5.8.1 [10] <5.3> Using the references from Exercise 5.3, show the final cache 
contents for a three-way set-associative cache with two-word blocks and a total size 
of 24 words. Use LRU replacement. For each reference identify the index bits, the 
tag bits, the block offset bits, and if it is a hit or a miss. 

5.8.2 [10 J <5.3> Using the references from Exercise 5.3, show the final cache con
tents for a fully associative cache with one-word blocks and a total size of eight 
words. Use LRU replacement. For each reference identify the index bits, the tag bits, 
and if it is a hit or a miss. ... 

5.8.3 [15] <5.3> Using the references from Exercise 5.3, what is the miss rate 
for a fully associative cache with t\vo-word blocks and a total size of eight words, 
using LRU replacement? What is the miss rate using MRU (most recently used ) 
replacement? Finally what is the best possible miss rate for this cache, given any 
replacement policy? 

Multilevel caching is an important technique to overcome the limited amount of 
space that a first level cache can provide while still maintaining its speed. Consider 
a processor with the following parameters: 

5.8.4 [10 J <5.3> Calculate the CPI for the processor in the table using: I) only 
a first -level cache, 2) a second-level direct-mapped cache, and 3) a second-level 
eight-way set-associative cache. How do these numbers change if main memory 
access time is doubled? If it is cut in half? 
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5.S.5 [10J <5.3> It is possible to have an even greater cache hierarchy than two 
levels. Given the processor above with a second-level, direct-mapped cache, a 
designer wants to add a third-level cache that takes 50 cycles to access and will 
reduce the global miss rate to 1.3%. Would this provide better performance? In 
general, what are the advantages and disadvantages of adding a third-level cache? 

5.S.6 [20J <5.3> In older processors such as the Intel Pentium or Alpha 21264, 
the second level of cache was external (located on a different chip) from the main 
processor and the first-level cache. While this allowed for large second-level caches, 
the latency to access the cache was much higher, and the bandwidth was typically 
lower because the second-level cache ran at a lower frequency. Assume a 512 KB off
chip second-level cache has a global miss rate of 4%. If each additional 512 KB of 
cache lowered global miss rates by 0.7%, and the cache had a total access time of 
50 cycles, how big would the cache have to be to match the performance of the second
level direct-mapped cache listed in the table? Of the eight-way set-associative cache? 

Exercise 5.9 
For a high-performance system such as a B-tree index for database, the page size is 
determined mainly by the data size and disk performance. Assume that on average 
a B-tree index page is 70% full with fix-sized entries. The utility of a page is its 
B-tree depth, calculated as log2 (entries). The following table shows for 16-byte 
entries, and a 10-year old disk with a 10ms latency and 10 MB/s transfer rate, the 
optimal page size is 16K. 

Page size (KB) 

2 

4 

8 

16 

32 

64 

128 

256 

Page utility or B~tree depth 
(number of disk accesses saved) 

6.49 (or log,(2048/ 16xO.7)) 

7.49 

8.49 

9.49 

10.49 

11.49 

12.49 

13.49 

Index page Access 
Cost (ms) 

10.2 

10.4 

10.8 

11.6 

13.2 

16.4 

22.8 

35.6 

0.64 

0.72 

0.79 

0.82 

0.79 

0.70 

0.55 

0.38 

5 .9.1 [10J <5.4> What is the best page size if entries now become 128 bytes? 

5.9.2 [10J <5.4> Based on Exercise 5.9.1, what is the best page size if pages are 
halffull? 

5.9.3 [20J <5.4> Based on Exercise 5.9.2, what is the best page size if using a 
modern disk with 3ms latency and 100 MB/s transfer rate? Explain why future 
servers are likely to have larger pages? 

5.14 Exercises 

Keeping "frequently used" (or "hot") pages in DRAM ca n save disk accesses, but 
how do we determine the exact meaning of "frequently used" for a given system? 
Data engineers use the cost ratio between DRAM and d isk access to quantify the 
reuse time threshold for hot pages. The cost of a disk access is $Disk/accesses_per_ 
sec, while the cost of keep a page in DRAM is $DRAM_MB/page_size. The typical 
DRAM and disk costs, and typical database page sizes at several time points are 
listed below: 

1987 

1997 

2007 

DRAM cost 
($/MB) 

5000 

15 

0.05 

Page size (KB) 

1 

8 

64 

Disk cost 
($/disk) 

15000 

2000 

80 

Disk access rate 
(access/sec) 

15 

64 

83 

5.9.4 [1 OJ <5.1, 5.4> Whatare the reuse time thresholds for these three technology 
generations? 

5.9.5 110 1 <5.4> What arc the reuse time thresholds if we keep using the same 
4K page size? What's the trend here? 

5.9.6 120J <5.4> ''1hat other factors can be changed to keep using the sa me 
page size (thus avoiding softwnre rewrite)? DisclIss their likeliness with current 
technology and cost trends. 

Exercise 5.10 
As described in Section 5.4, virtual memory uses a page table to track the mapping 
of virtual addresses to physical addresses. This exercise shows how this table must 
be updated as addresses are accessed. The followin g table is a stream of virtual 
addresses as seen on a system. Assume 4 KB pages, a four-entry fully associative 
TLB, and true LRU replacement. If pages must be brought in from disk, increment 
the next largest page number. 

•. 4095.31272.15789.15000.7193.4096.8912 

b. 9452.30964. 19136.46502.38110.16653. 48480 

TLB 

Valid Physical Page Number 

1 11 12 

1 7 4 

1 3 6 

o 4 9 
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Page table 

Valid Physical page or in disk 

1 5 

0 

I 
Disk 

0 Disl\ 

1 6 

1 I 9 

1 11 

0 Dis\{ 

1 4 

I=H 
Disl< 

Disk 

3 

!. 1 I 12 

5.10.1 [10] <5.4> Given the address stream in the table, and the shown initial 
state of the TLB and page table, show the final state of the system. Also list for each 
reference if it is a hit in the TLB, a hit in the page table, or a page fault. 

5.10.2 ]15] <5.4> Repeat Exercise 5.10.1, but this time use 16 KB pages instead 
of 4 KB pages. What would be some of the advantages of having a larger page size? 
What are some of the disadvantages? 

5.10.3 [15] <5.3,5.4> Show the final contents of the TLB if it is two-way set
associative. Also show the contents of the TLB if it is direct-mapped? DISCUSS the 
importance of having a TLB to high performance. How would virtual memory 
accesses be handled if there were no TLB? 

There are several parameters that impact the overall size of the page table. Listed 
below are several key page table parameters. 

• Virtual address size Page size Page table entry size 

a. I 32 bits 41<.B I 4 bytes 

'b.-I 64 bits 16 K8 I 8 bytes 

5.10.4 [5] <5.4> Given the parameters in the table above, calculate the total page 
table size for a system running five applications that utilize half of the memory 

available. 

5.14 Exercises 

5.10.5 [10] <5.4> Given the parameters in the table above, calculate the total 
page table size for a system running five applications that utilize half of the memory 
available, given a two-level page table approach with 256 entries. Assume each entry 
of the main page table is 6 bytes. Calculate the minimum and maximum amount 
of memory required. 

5.10.6 [10] <5.4> A cache designer wants to increase the size of a 4 KB virtually 
indexed, physically tagged cache. Given the page size listed in the table above, is it 
possible to make a 16 KB direct-mapped cache, assuming two words per block? 
[-[ow would the designer increase the data size of the cache? 

Exercise 5.11 

[n this exercise, we will examine space/time optimizations for page tables. The 
following table shows parameters of a virtual memory system. 

• Virtual address (bits) Physical DRAM installed PTE size (byte) 

~tl------~:~:--------t--------:~6~:~:--------+-~:~::~:~-t------:~----1 
5.11.1 [10] <5.4> For a single-level page table, how many page table entries (PTE) 
are needed? How much physical memory is needed for storing the page table? 

5.11.2 [10] <5.4> Using a multilevel page table can reduce the physical memory 
consumption of page tables by only keeping active PTEs in physical memory. How 
many levels of page tables will be needed in this case? And how many memory 
references are needed for address translation if missing in TLB? 

5.11.3 [15J <5.4> An inverted page table can be used to further optimize space 
and time. How many PTEs are needed to store the page table? Assuming a hash 
table implementation, what are the common-case and worse-case numbers of 
memory references needed for servicing a TLB miss? 

The following table shows the contents of a four-entry TLB. 

2 0 40 0 RX 34 

3 1 200 1 RO 32 

4 1 280 0 RW 31 
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5.11.4 [5[ <5.4> Under wha t scenarios would entry 2's valid bit be set to O? 

5.11.5 [5 [ <5.4> What happens when an instruction writes to VA page 301 When 
would a software-managed TLB be fas ter than a hardware- managed T LB? 

5.11.6 [5 \ <5.4> What happens when an in struction wri tes to VA page xxx? 

Exercise 5.12 

in this exercise, we will examine how replacement policies impact miss ratc. 
Assume a two-way set-associative cache with four blocks. You may find it helpful 
to d raw a table like those fo und on page 483 to solve the problems In tIllS exerCISe, 
as demonstrated below' on the address sequence "0, 1,2.3 , 4': 

Address of memory 
block accessed 

0 

1 

2 

3 

4 

Miss 

Miss 

Miss 

Miss 0 

Contents of cache blocks after reference 

Mem[O[ Mem[ll 

Mem[OI Mem[2 ] Mem[ll 

Mem[OI Mem[21 Mem[l l Mem[31 

Mem[4] Mem[2 [ Mem[l l Mem[3[ 

The following table shows address sequences. 

• Address sequence 

I ·' 1 0.2.4. O. 2. 4. O. 2. 4 

b. 0.2.4. 2.0.2.4.0.2 

5.12.1 [5 \ <5.3,5.5> Assuming an LRU replacement policy, how many hits does 
this address sequence exhibit? 

5.12.2 [5\ <5.3,5.5> Assum ing an MRU (most recently used ) replacement policy, 
how many hits does this address sequence exhibi t? 

5.12.3 [5 [ <5.3, 5.5 > Simulate a random replacement policy by flippin g a 
coin. For example. "heads" mea ns to evict the first block in a set and "ta il s" m CilnS 

to evict the seco nd block in a set. How many hits does this address sequence 
exhibit? 

5.14 Exercises 

5.12.4 [ [ 0 \ <5.3, 5.5> Which address shou ld be evicted at each replacement tu 
maximize the number or hits? How many hits does this address sequence exhibit if 
yo u fo llow this "optimal " policy? 

5.12.5 [10 \ <5.3,5.5> Describe why it is difficult to implement a cache replace
ment policy that is optimal for all add ress seq uences. 

5.12.6 r lO \ <5.3, 5.5> Assume )'ou could make a decision upon each memory 
reference whether or not yo u want the requested address to be cached. What impa ct 
could. this have on miss rate? 

Exercise 5.13 

To support multiple virtual machines, two levels of memory virtuni ization are 
needed. Each virtual machine st ill controls the mapping of virtual address (VA) to 
physical address (PA), while the hyperviso r maps the physical address (PA) of each 
virtual machine to the actual machine address (MA) . To accelerate such mappings, 
a software approach called "shadow paging" duplicates each virtual machine's page 
tables in the hypervisor,and intercepts VA to PA mapping changes to keep both copies 
consistent. To remove the complexity of shadow page tables, a hardwa re approach 
called nested page table (or extended page table) explicitly support two classes of 
page tables (VA<:>PA and PA<:>MA) and can walk such tables purely in hardware. 

Cons ider the fo llowing sequence of operations: 

(1) Create process; (2) TlB miss; (3) page fau lt; (4 ) context switch; 

5.13.1 riO \ <5.4,5 .6> What would happen for the given operation seq uence, fo r 
shadow page table, and nested page table respectively? 

5.13.2 [lO\ <5.4,5 .6> Assuming an x86-based fo ur-level page table in both guest 
and nested page table, how many memo r), references are needed to service a TLB 
miss for native versus nested page table? 

5.13.3 [1 5\ <5.4, 5.6> Among TLB miss rate, TLB miss latency, page fault ra te, 
and page fault handler latency, which metrics are more important for shadow page 
table? Which arc importan t for nested page table? 

The follow ing table shows parameters for a shadow paging system. 

TLB misses per 1000 
instruction 

0.2 

NPTTLB miss 
latency 

200 cycles 

Page faulls per 
1000 instruction 

0.001 

Shadowing page 
fault overhead 

30000 cycles 
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5.13.4 [IOJ <5.6> For a benchmark with native execution CPI of I, what are the 
CPI numbers if using shadow page tables versus NPT (assuming only page table 

virtualization overhead)? 

5.13.5 [IOJ <5.6> \ '/hat techniques can be used to reduce page table shadowing 

induced overhead? 

5.13.6 [IOJ <5.6> What techniques can be used to reduce NPT induced overhead? 

Exercise 5.14 
One of the biggest impediments to widespread use of virtual machines is the 
performance overhead incurred by running a virtual machine. The table below 
lists various performance parameters and application behavior. 

a. 2 100 20 cycles 150 cycles 20 1000 cycles 

b. 1.5 110 25 cycles 160 cycles 10 1000 cycles 

5.14.1 [I OJ <5.6> Calculate the CPI for the system listed above assuming that 
there are no accesses to I/O. What is the CPI if the VMM performance impact 
doubles? If it is cut in half? If a virtual machine software company wishes to obtain 
a 10% performance degradation, what is the longest possible penalty to trap to the 

VMM? 

5.14.2 [101 <5.6> I/O accesses often have a large impact on overall system 
performance. Calculate the CPI of a machine using the performance characteristics 
above, assuming a nonvirtualized system. Calculate the CPI agam, tillS time 
using a virtualized system. How do these CPls change if the system has half the 
I/O accesses? Explain why I/O bound applications have a smaller impact fro m 

virtuaiization. 

5.14.3 130J <5.4,5.6> Compare and contrast the ideas of virtual memory and 
virtual machines. How do the goals of each compare? What are the pros and cons 
of each? List a few cases where virtual memory is des ired, and a few cases where 
virtual machines are desired. 

5.14 Exercises 

5.14.4 [20 1 <5.6> Section 5.6 discusses virtualization under the assumption that 
the virtualized system is rUIl n ing the sa me ISA as th e underlying hardware. However, 
one possible usc of virtualizatio n is to emulate non-native ISAs. An example of this 
is QEMU, which emulates a variety of lSAs such as M[PS, SPA RC, and PowerPC. 
What are some of the di fficu lties involved in this kind of virtualization? Is it possible 
for an emulated system to run fa ster than on its native lSA? 

Exercise 5.15 

[n this exercise, we will explore the control uni t for a cache controller for a pro
cessor with a write bu ffe r. Use the finite-state machine found in Figure 5.34 as a 
starting point for designing your own fin ite-state machines. Assume that the cache 
controller is for the simple direct-mapped cache described on page 530, but you 
will add a wri te buffer with a capacity of one block. 

Recall that the purpose of a write buffer is to serve as temporary storage so that 
the processor doesn't have to wait for two memory accesses on a dirty miss. Rather 
than writing back the dir ty block before readi ng the new block, it buffe rs the dirty 
block and im mediately begins read ing the new block. The dirty block can then be 
written to main memory while the processor is working. 

5.15.1 [IOJ <5.5,5.7> What should happen ifthe processor issues a req uest that 
hits in the cache while a block is being written back to main memory from the write 
bu ffer? 

5.15.2 [IOJ <5.5,5 .7> What should happen if the processor issues a request that 
lIlisses in the cache while a block is being written back to main memory from the 
write buffer? 

5.15.3 [301 <5.5,5.7> Design a finite-state machine to enable the usc of a write 
buffer. 

Exercise 5.16 

Cache coherence concerns the views of multiple processors on a given cache block. 
The following table shows two processors and their read/write operations on two 
different words of a cache block X (initially Xi ° I = Xi I J = 0). 

• • X[O] ++ ; X[ I] ~ 4; X[O] - 2 ; X[I] ++ ; 

b . X[O] ++. X[ I ] +- 3 ; X[O] - 5 ; X[I] -2 ; 
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5.16.1 115) <5.8> List the possible values of the given cache block for a correct 
cache coherence protocol implementation. List at least one more possible value of 
the block if the protocol doesn't ensure cache coherency. 

5.16.2 115) <5.8> For a snooping protocol, list a valid operation sequence on 
each processor/cache to finish the above read/write operations. 

5.16.3 110) <5.8> What are the best-case and worst-case numbers of cache misses 
needed to finish the listed read/write instructions. 

lvlemory consistency concerns the views of multiple data items. The following table 
shows two processors and their read/write operations on different cache blocks 
(A and B initially 0). 

A '" 1: B "" 2 : A++ : B++ ; c - B; 0 ~ A; 

A = 1: B +"" 2 : A++ ; B" 4 ; c - B; 0 - A; 

5.16.4 1151 <5 .8> List the possible values of C and D for an implementation that 
ensures the consistency assumptions on page 535. 

5.16.5 lIS) <5 .8> List at least one more possible pair of values for C and D if 
sllch assumptions are not maintained. 

5.16.6 r 151 <5.2,5.8> For various combinations of write policies and write allo
cation policies, which combinations make the protocol implementation simpler? 

Exercise 5.17 
Both Barcelona and Nehalem are chip multiprocessors (CMPs), having multiple 
cores and their caches on a si ngle chip. CMP on-chip L2 cache design has interest
ing tradeoffs. The following table shows the miss rates and hit latencies for two 
benchmarks with private versus shared L2 cache designs. Assume LI cache misses 
once every 32 instructions. 

Private Shared 

Benchmark A misses-per-instruction 0.30% 0 .12% 

Benchmark B misses-per-instruction 0.06% 0 .03% 

5.14 Exercises 

The next table shows hit latencies. 

• Private cache Shared cache Memory 

~-cl--------~:~-------i-------~~~~~-------~------~~~~~~-------
5.17.1 liS) <5 .10> Which cache design is better for each of these benchmarks? 
Use data to support your conclusion. 

5.17.2 115] <5 .10> Shared cache latency increases with the CMP size. Choose the 
best design if the shared cache latency doubles. Off-chip bandwidth becomes the 
bottleneck as the number of CMP cores increase, choose the best design if off-chip 
memory latency doubles. 

5.17.3 riO] <5.10> Discuss the pros and cons of shared versus private L2 caches 
for both single-threaded, multithreaded, and multiprogrammed workloads, and 
reconsider them if having on-chip L3 caches. 

5.17.4 l IS) <5.10> Assume both benchmarks have a base CPI of I (ideal L2 
cache). If having nonblocking cache improves the average number of concurrent 
L2 misses from I to 2, how much performance improvement does this provide over 
a shared L2 cache? How much improvement can be achieved over private L2? 

5.17.5 110] <5.10> Assuming new generations of processors double the number 
of cores every 18 months. To maintain the same level of per-core performance, how 
much more off-chip memory bandwidth is needed for a 2012 processor? 

5.17.6 liS] <5.10> Consider the entire memory hierarchy, what kinds of optimi
zations can improve the number of concurrent misses? 

Exercise 5.18 

In this exercise we show the definition of a web server log and examine code 
optimizations to improve log processing speed. The data structure for the log is 
defined as follows: 

struct entry I 
int srcIP; II remote IP address 
char URL[l28] ; II request URL (e . g .. "GET in dex .lltml " ) 
l ong long ref Time; II reference time 
int status ; II connection status 
char browser[64]; II client browser name 
l og [ NUM_E NTRIES]; 
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Some processing functions on a log are: 

a. I topK_sou r ce I P () ; 

b. 1 peak_ho ur ( i nt sttltus) ; /I peilk hOLil' s of a given sta tus 

5.18.1 [5[ <5. 11 > Which field s in a log entry wi ll be accessed for the given log 
processing fu nction? Assu ming 64-byte cache blocks and no prefetching, how 
many cache misses per entry does the given function incur on average? 

5.18.2 [I Oj <5.11 > How can you reorganize the data structure to improve cache 
utilization and access locality? Show your structure definition code. 

5.18.3 [IOj <5.11 > Give an example of another log processing function that 
would prefer a different data structure layout. If both function s are important, how 
would you rewrite the program to improve the overall performance? Supplement 
the discussi on with code snippet and da ta. 

For the problems below, use data from "Cache Performance for SPEC CPU2000 
Benchmarks" (www.cs.wisc.edu/ multifacet/misc/spec2000cache-datal) for the pairs 
of benchmarks shown in the foll owing table. 

I .. I apsi/facerec 

b. I perlbmk/ammp 

5.18.4 jlOj <5.11 > For 64 KB data caches with varying set associativities, what 
are the miss rates broken down by miss types (cold, capacity, and conflict misses) 
for each benchmark? 

5.18.5 [IOj <5.11 > Select the set associativity to be used by a 64 KB LI data cache 
shared by both benchmarks. If the LI cache has to be d irectly mapped, select the set 
associativity for the I MB L2 cache. 

5.18.6 [20j <5.11 > Give an example in the miss rate table where higher set
associativity actually increases miss rate. Construct a cache configuration and 
reference stream to demonstrate this. 

5 .14 Exercises 

§5.1 , page 457: I and 4. (3 is false because the cost of the memo ry hierarchy varies 
per computer, but m 2008 the I"ghest cost is usually the DRAM.) 
~5 . 2: page 475: I and 4: A lower miss penalty can enable smaller blocks, sin ce you 
don t have that much la tency to amort ize, yet higher memory ba ndwidth usually 
le:ds to larger blocks, smce the mISS penalty is only slightly larger. 
§~ . 3, page 491: I. 
§5,4 , page 517: I-a, 2-c, 3-b, 4-c1 . 

§5.5, page 525: 2. (Both large block sizes and prefetching may reduce compulsory 
mIsses, so I IS fal se.) 
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Chapter 6 Storage and Other I/ O Topics 

Introduction 

Although users can get frustrated if their computer hangs and must be
f 

rebooted, 
the become apoplect ic if their storage system ccashes and they lose lnOrmatlOn~ 
Th~S, the standard for dependability is much higher for storage than fO I computa 
tion. Networks also plan for fai lures in commUI1ICatlOl1, II1cludll1g sever~l l;ne~~l a
nisms to detect and reCOver from such fai lures. Hence, I/O systemsgenela y p <ICe 
much greater emphasis on dependability and cost, while processolS and memory 

foclIs 011 performance and cost. . . . ' , f d ,. - which 
I/O systems must also plan fo r expandablh ty and for diverSity 0 e\ ICes, I ' I 

is not a co ncern for processors. Expandability is rell1ted to stof<lge capa~lty, W l1C 1 

is another design parameter for I/O systems; systems may need a lowel bound of 

storage capacity to fulfill their role. , . , ' . , lex For 
Although performance plays a smaller role for I/O, It IS mOle comp .. I '1 

example, with some devices we may care primarily about access latency, W 11 C 

Interrupts 

Memory- IIO InterconneCI 

Disk Disk 

• I II ction of 1/0 devices. The cnnnl!ctions b~I\\'l'l'n the. 1/0 devices, 
RGURE 6.1 A typlca ~o ~ - !l.d Il/lSes 'llthou .h the h.'on 1ll1.';111 5 shared parallel wm:s and most 
processor, and memory ar!! historically C.-I cd ' . .'1' 1' , "Co ,n 'llUlliC'ltion amom' the devices and th e prn-

. J. . . do~cr to (kdlCat e sen,1 1IlC.~ . • " 
1/0 co nneCl1 ons .to iI} ,m: d' I th' interconnect ilS we will SCI.' in thi s chapter. Fit;IHe 6.9 slHlws 
cessor uses both lIlterrupts an protoco s on c; , 

the organil .lIiun ror il <k skl Op I'c. 

6.1 Introduction 

with others throughput is crucial. Furthermore, performance depends on many 
aspects of the system: the device characteristics, the connection between the device 
and the rest of the system, the memory hierarchy, and the operating system. All of 
the components, from the individual I/O devices to the processor to the system 
software, will affect the dependability, expandability, and performance of tasks that 
include I/O. Figure 6. 1 shows the structure of a si mple system with its I/O. 

I/O devices are incredibly diverse. Three characteristics are useful in organizing 
this wide variety: 

• Behnvior: Input (read once), output (write only, cannot be read), or storage 
(c'an be reread and usually rewritten ). 

• PortlIer: Either a human or a machine is at the other end of the I/O device, 
either feed ing data on input or reading da ta on output. 

• Dntn mle: The peak rate at which data can be transferred between the I/O 
device and the main memory or processor. It is useful to know the maximum 
demand the device may generate when designing an I/O system. 

For example, a keyboard is an illpllt device used by a hlllllnll with a penk dntn mle 
of about [0 bytes per second. Figure 6.2 shows some of the I/O devices connected 
to computers. 

Device Behavior Data rate (Mbit/sec) 

RGURE 6.2 The diversity of I/O devices. I/O devices ca n be distinguished by whether they serve as 
input , output , or storage dC\'icesi their commun ication partner (people or other computers ); and their peak 
communication rales. The data rates span eight orders or magnitude. Note tha t a network can be an input or 
an output device. but cannot be used for storage. Transrer mlcS for devices arc always quoted in base 10, so 
Ihat \0 Mbit/sec = 10,000.000 bits/sec. 
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I/O requests Reads or 
writes to 1/0 dC\'ices. 

Chapter 6 Storage and Other I/O Topics 

In Chapter I, we briefly discussed four important 1/0 devices: mice, graphics 
displays, disks, and networks. In this chapter we go mto much n~ore depth on 
storage and related items. On the CD, there IS an advanced tOpICS section on 

networks, which are well covered in other books. . . 
How we should assess 1/0 performance often depends on the applicatIOn. In 

some environments. we may care primarily about system throughput. In these 
cases, 1/0 bandwidth will be most important. Even 1/0 bandwidth can be mea

sured in two different ways: 
. .' 7 

I. How much data can we move through the system III a certall1 time. 

2. How many I/O operations can we do per unit of time? 

\¥hich performance measurement is best may depend on the environment. 
For example, in many multimedia applications, most I/O requests are for long 
streams of data, and transfer bandwidth is the important charactenstiC.ln another 
environment, we may wish to process a large number of small, unrelated acces.ses 
to an I/O device. An example of such an environment might be a tax-processmg 
office of the u.s. National Income Tax Serv ice (N ITS ). NITS mostly cares about 
processing a large number of forms in a given time; each tax fOfm is stored sep,a
rately and is fairly small. A system oriented toward large file transfer may be satiS
factory, but an I/O system that can support the sim.ultaneous transfer of many 
small files may be cheaper and faster for processll1g mllhons of tax fo rms. . 

In other applications, we care primarily about response time, WhICh yo u will 
recall is the total elapsed time to accomplish a particular task. If the I/O ~equests 
are extremely large, response time will depend heavily on bandWidth, but 111 many 
environments, most accesses will be small, and the 1/0 system WIth the lo,:est 
latency per access wi ll deliver the best response time. On single- user machll1es 
such as desktop computers and laptops, response time IS the key performance 

characteristic. 
A large number of applications, especially in the vast commercial market for 

co mputing, require both high throughput and short response tllnes. Examples 
include automatic teller machines (ATMs), order entry and IIwentory trackll1g 
systems file servers, and Web servers. In such environments, lve ca re about both 
how lo~g each task takes alld how many tasks we can process in a second. The 
number of ATM requests you can process per hour doesn t matter If each one takes 
15 minutes-you won't have any customers left! Similarly, if )'ou can process each 
ATM request quickly but can only handle a small number of requests at once: )'ou 
won't be able to suppo rt many ATMs, or the cost of the computer per ATM Will be 

very high. . 
In summary, the three classes of desktop, server, and embedded computers al e 

sensitive to I/O dependability and cost. Desktop and embedded systems are more 
focused on response time and diversity of I/O devices, while server systems are 
more focused on throughput and expandability of 1/0 devices. 

6 .2 Dependability, Reliability, and Availability 

II Dependability, Re';abm.y, and Ava;'abmty 

Users crave dependable storage, but how do you define it? In the computer indus
try, it is harder than looking it up in the dictionary. After considerable debate, the 
fo llowing is considered the standard definition [Laprie, 1985]: 

COlllpllter s),stelll depellriabilit)' is tire qllality oj deliJ'ereri selTice SIlCIr tlrat 
reliallce cnl l jllst ifinbly be pincer! al l this service. The service delivered by n 
systelll is its observed act IInl behavior (/5 perceived by other system (s) illteract illg 
witli/his system's IIsers. Each modlile also has (//1 ideal specified belwvior, where 
a service specificntioll is (// 1 ngreed descriptioll of the expected behal'ior. A system 
fai/lire OCCIlI'S whell the aetllal behnl'ior del' intes fr01l1 the specified be/zal'ior. 

Thus, you need a reference specification of expected behavior to be able to 
determine dependability. Users ca n then see a system alternating between two 
states of delivered service with respect to the service specification: 

l. Service accomplishmellt. where the service is delivered as specified 

2. Serl'icc il1terruptioll, where the delivered service is different from the speci-
fied service 

Transitions from state I to state 2 arc caused by fnilures, and transitions from stllte 2 
to statc 1 arc ca lled restomtiolls. Failures can be permanent or intermittent. The 
latter is the more difficult case; it is harder to diagnose the problem when a system 
oscillates between the two states. Permanent failures are far easier to diagnose. This 
definition leads to two related terms: reliabi li ty and availability. 

Reliability is a measure of the continuous service accomplishment-or, equiva
lently, of the time to failure-from a reference point. Hence, the lIIent! tillle to 
Jailll re (MTTF) of disks in Figure 6.5 below is a reliability measure. A related term 
is allllllal Jailllre mte (AFR), which is just the percentage of devices that would be 
expected to fail in 1I year for a given MTTF. Service interruption is mcasured as 
lIIeall tillle to repair (MTTR). Meall tillle betweCII Jailllres (MTBF) is simply the 
sum of MTTF + MTTR. Although MTBF is widely used, MTTF is often the more 
appropriate term. 

AI/ai/ability is i.l measure of service accomplishment with respect to the alter
nation between the two states of accomplishment and interruption. Ava ilabi li ty is 
statistically quantified as 

MTTF Availability 
(MTTF + MTTR) 
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Note that reliability and avai labil ity are actually quantifiable measures, rather than 
just synonyms for dependability. . 

What is the cause of failures? Figure 6.3 summanzes many papers that have col
lected data on reasons for computer systems and telecommunications systems to 
fail. Clearly, human operators are a significant source of failures. 

System Year data collected 

Datacenter (Tandem) 1985 

15% 55% Datacenter (Tandem) 1989 

18% 44% 39% Datacenter (DEC VAA) 1985 

50% 20% 30% Datacenter (DEC VAX) 1993 

50% 14% 19% U.S. public telepllone network 1996 

54% 7% 30% U.S. public telephone networl( 2000 

60% 25% 15% Internet services 2002 

FIGURE 6.3 Summary of studies of reasons for failures. Although it is difficult 10 colice,' diua 
to determine whether operators arc the cause of errors, since opcrat~rs often record ~hc reasons for failures, 
these studies did capture that data . There were often other categories. s~ch as cnvl~onmcnlal reasons :or 
outages, but they were gcner<llly small. The top two rows come from a classLc paper by JLm Gray [19901, which 
is still widely quot ed almost 20 years after the data was collected. The next two rows arc from a paper by 
Murphy and Gent, who studied causes of outages in VAX systems over time !"Meas.urin? systcm an~ softwa~e 
reliability using an automated data coll ection process," Qualit)' (lml Rc~i(l/JillI)' ElIgJII.Ccrlllg IlItcmfltlOl1lllll :,. 
September-October 1995, 341-531. The fifth and sixth rows arc studies of FCC failure data about the U.~: 

public switched telephone network by Kuhn ["Sources of failure in the public switched telephon~ nc~vork, 
IEEe Complltcr30:4, I\pril 1997,31-36] and by Patty Enriquez. The study of three Internet servICes IS from 
Oppenheimer, G,mapath, and Pauerson [20031. 

To increase MTTF, you can improve the quality of the components or design 
systems to continue operation in the presence of components. that have faIled. 
Hence, failure needs to be defined with respect to a context. A faIlure 1Il a compo
nent may not lead to a failure of the system. To make this distinction clear, the 
term fa lilt is used to mean fai lure of a component. Here are three ways to Improve 
MTTF: 

I. Fault avoidallce: Preventing fault occurrence by construction. 

2. Falllt tolemllce: Using redundancy to allow the service to comply with the 
service specification despite faults occurring, which applies pdmarily to 
hardware faults. Section 6.9 describes the RAID approaches to maklllg storage 
dependable via fault tolerance. 

3. Fault forecasting: Predicting the presence and creation of faults, which 
applies to hardware and software faults, allowing the component to be 
replaced before it fails. 

Shrinking MTTR can help availability as much as increasing MTTF. For 
example, tools for fault detection, diagnosis, and repair can help reduce the tIme 
to repair faults by people, software, and hardware. 

6.3 Disk Storage 575 

Which of the following are true about dependability? Check 

I. If a system is up, then all its components are accomplishing their expected Yourself 
service. 

2. Availability is a quantitative measure of the percentage of time a system is 
accomplishing its expected service. 

3. Reliability is a quantitative measure of continuous service accomplishment 
by a system. 

4 . . The major source of outages today is software. 

Disk Storage 

As mentioned in Chapter I, magnetic disks rely 011 a rotating platter coated with a 
magnetic surf.1ce and use a moveable read/write head to access the disk. Disk stor
age is nonvolatile-the data remains even when power is removed. A magnetic 
disk consists of a collection of platters ( 1-4), each of wh ich has two recordable disk 
surfaces. The stack of platters is rotated at 5400 to 15,000 RPM and has a diameter 
from I- inch to just over 3.5 inches. Each disk surface is divided into concentric 
circles, called tracks . There are typically 10,000 to 50,000 tracks per surface. Each 
track is in turn divided into sectors that contain the information; each track may 
have 100 to 500 sectors. Sectors are typically 512 bytes in size, although there is an 
initiative to increase the sector size to 4096 bytes. The sequence recorded on the 
magnetic media is a sector number. a gap. the information for that sector including 
error correction code (see [IJ Appendix C, page C-66), a gap, the sector number of 
the next sector, and so on. 

.Originally, all tracks had the same lIumber of sectors and hence the same lIum
ber of bits. With the introduction of zone bit recording (ZBR) in the early 1990s, 
disk drives changed to a varyi ng number of secto rs (a nd hence bits) per track, 
instead keeping the spacing between bits constant. ZBR increases the number of 
bits on the outer tracks and thus increases the drive capacity. 

As we saw in Chapter I, to read and write information the read/write heads 
must be moved so that they are over the correct location. The disk heads for each 
surface are connected together and move in conjunction, so that every head is over 
the same track of every surface. The term cylillder is used to refer to all the tracks 
under the heads at a given point on all surfaces. 

To access data, the operating system must direct the disk through a three-stage 
process. The first step is to position the head over the proper track. This operation 
is called a seek, and the time to move the head to the desired track is called the 
seek time. 

nonvolatile Storage 
device where dill a retains 
its va lue evcn when power 
is removed. 

trnck One of thousands 
of concentric circles that 
makes up the surfnce of a 
magnetic disk. 

sector One of the 
segments that make up ,\ 
track on a magnetic disk; 
a sector is the smallesl 
amoll nt of information 
that is read or wr itten on 
a disk. 

seek The process of 
positioning a read/wrile 
head over the proper track 
o n a disk. 
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rotntionallatcncy Also 
called rotational delay. 
The time: requ ired ror 
the desired sector of a 
disk tu rotale under the 
read/write he<lel; usua ll y 
assumed (0 be hal f the 
rotatiun lime. 

Chapter 6 Storage and Other I/O Topics 

Disk manufacturers report 11111lIT1lUm seek time, maximum seek time, and 
average seek time in their manuals. The first two ;uc easy to measure, but the aver
age is open to wide interpretation because it depends on the seck distance. The 
industry has decided to calculate average seek time as the sum of the time for all 
possible seeks divided by the number of possible seeks. Average seek times nre 
usually advertised as 3 ms to 13 ms, but, depending on the application and sched
uling of disk requests, the actual average seek time may be only 25% to 33% of the 
advertised number because of locality of disk references. This locality arises both 
because of successive accesses to the same file and because the operating system 
tries to schedule slich accesses together. 

Once the head has reached the cor rect track, we must wait for the desired sec
tor to rotate under the read/write head. This time is called the rotational latency 
or rotational delay. The average latency to the desired information is halfway 
around the disk. Because the disks rotate at 5400 RPM to 15,000 RPM, the average 

rotational latency is between 

and 

. II 0.5 rotation 
Average rotatlona atency = 5400 RPM 

0.5 rotation 

5400 RPM /(60 seconds) 
minute 

= 0.0056 seconds = 5.6 ms 

. II . 0.5 rotation 
Average rotatIOna atency = 15,000 RPM 

0.5 rotation 

15,000 RPM/(60 seconds) 
111111U te 

= 0.0020 seconds = 2.0 ms 

The last component of a disk access, tra1lsfer tillie, is the time to transfer a 
block of bits. The transfer time is a function of the sector size, the rotation speed, 
and the recording density of a track. Transfer rates in 2008 were between 70 and 
125 MB/sec. The one complication is that most disk controllers have a built-in 
cache that stores sectors as they are passed over; transfer rates from the cache are 
typically higher and may be up to 375 MB/sec (3 Gbit/sec) in 2008. Today, most 
disk transfers are multiple sectors in length. 

A disk cOlllrollel' usually handles the detailed control of the disk and the transfer 
between the disk and the memory. The controller adds the final component of 
disk access time, COil troller tilllc, which is the overhead the controller imposes in 
performing an 110 access. The average time to perform an 1/0 operation will con
sist of these four times plus any wait time incurred because other processes arc 
using the disk. 

6.3 Disk Storage 

Disk Read Time 

What is the average time to read or write a 512-byte sector for a typical disk 
rotatmg at 15 ,000 RPM? The advertised average seek time is" ms, the transfer 
rate IS 100 MB/sec, and the controller overhead is 0.2 ms. Assume that the disk 
IS Idle so th(1t there is no waiting time. 

Average disk acc~ss time is equal to average seek time + average rotational 
delay + transfer time + controller overhead. Using the advertised average seek 
time, the answer is 

4 a ms + 0.5 rotation 0.5 KB 
. 15,000 RPM + 100 MB/sec + 0.2 ms = 4.0 + 2.0 + 0.005 + 0.2 = 6.2 ms 

I f the measured average seek time is 25% of the advertised average time, the 
answer IS 

1.0 ms + 2.0 ms + 0.005 ms + 0.2 ms = 3.2 ms 

Notice. that when we consider measured average seek time, as opposed to 
advertised average :eek time, the rotational latency can be the largest compo
nent of the access tune. 

Disk densities have continued to increase for more than 50 years. The impact 
of tillS compounded Improvement in density and the reduction in physical size 
of a disk dnve has been amazmg, as Figure 6.4 shows. The aims of different disk 
deSigners have led to a wide variety of drives being ava ilable at any particular 
tlIlle. Figure 6.5 shows the characteristics of four magnetic disks. In 2008, these 
disks from a single manufacturer cost between $0.30 and $5.00 per gigabyte. In 
the broader market, pnces generally range between $0.20 and $2.00 per gigabyte, 
dependmg on Size, mterface, and performance. 

. While disks will remain viable for the foreseeable future, the conventional 
Wisdom about where block numbers are found has not. The assumptions of the 
sector-trock-cylInder model are that nearby blocks are on the same track, blocks 
In the same cylinder take less time to access since there is no seek time, and some 
tracks are cl oser than others. The reason for the breakdown was the raising of the 
level of the mterfaces .. Higher-level intelligent interfaces like ATA and SCSI required 
a mICroprocessor 1I1slde n dIsk, which lead to performance optim izations. 

To speed-up sequential transfers, these higher-level interfaces organize disks 
mOl e lIke tapes than like random access devices. The logical blocks are ordered 
In serpellt1l1e fashion across a single surface, trying to capture all the secto rs that 
are recorded at the same bit density. Hence, sequential blocks may be on different 
tracks. We Will see an example in Figure 6.19 of the pitfall of assllming the 
conventional sector-track-cylinder model. 

577 

EXAMPLE 

ANSWER 

Advanced Technology 
Attachment (ATA) 
A command sci used as a 
standard for [/0 devices 
that is popular in Ihe Pc. 

Small Computer 
Systems Interface (SCSI) 
A command se l used as a 
standard for I/O dev ices. 
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FIGURE 6.4 Six magnetic disks, varying in diameter from 14 inches ,down to 1.B inches. 
The pictured disks were introduced over more than 15,years ;lgo ~n~ hence aTC not Inlended :0 be rcpr~sc:l' 
talive of the best capacity of modern disks of these diameters. 11115 photograph docs, I~O\ ... cv~r, accurately 
portray their relative physical sizes. The widest disk is the DEC RBI , conlajn~ng four 14-IOCh, d.I,amclcr pla~ . 
lers and sloring 456 MI3.it was manufactured in 1985. The 8-inch diamc~cr .dl,sk comes from hlJIISll, an.d ',1m 
1984 disk stores 130 MB o n six platters. The Micropolis RD53 has fi ve J.h-mch,platters ?nd stores 8:> t-.m. 
The mt-.., 036 1 also hils nvc platters, but these arc just 3.5 inches in diameler. Tim 1988 ~lsk.holds ~20 MB. 
In 2008, the most dense 3.5-inch disk had 2 plalters and held I TB in the S<1 me SPilCC.' )~ lc1dmg all I1lCrea5e 
in density or about 3000 times! The Conner CP 2045 has two l.5-inch plattc:s cOnl;111~11lg'lO Mil and \:'015 

made in 1990. The smallest disk in this pholOgmph is the Integral 1820. This smgle 1.8-1nch platter co nl 'llllS 

20 MB and was made in 1992. 

Elaboration: Tilese high·level interfaces let disk controllers add caclles, which allow 
for fast access to data that was recently read between transfers requested by the 
processor. Tiley use write·through and do not update on a write miss, and often also 
include prefetch algorithms to try to antiCipate demand. Controllers also use a com· 
mand queue that allow the disl< to decide in what order to perform the commands. to 
maximize pertormance while maintaining correct behavior .. Of course, su~h capabilitIes 
complicate the measurement of disl( pertormance and Increase tile Importance of 

workload choice when comparing disks. 
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Seagate Seagate Seagate Seagate 
Characteristics 5T3300065555 5T31000340N5 5T97345155 5T9160B21A5 

Disk diamete r (inches) 3.50 I 3.50 2.50 2 .50 

Formatted data 
147 1000 73 160 capacity (GB) 

Number of disk 
2 I 4 2 I 2 surfaces (heads) 

Rotation speed (RPM) 15,000 7200 15,000 I 5400 

Internal dislt cache 
16 32 16 8 size (MB) 

Extern'al interface, 5AS,375 SATA,375 SAS, 375 I SATA,150 bandwidth (MB/sec) 

Sustained transfer 73- 125 105 79-112 44 rate (MB/sec) 

Minimum seek 
0.2/ 0.4 0.8/ 1.0 0.2/ 0A I 1.5/2.0 (read/write) (ms) 

Average seell 
3.5/4.0 8.5/9.5 2.9/ 3 .3 12.5/ 13.0 read/write (ms) 

Mean time to failure 1,400,000 @ 25' C 1.200,000 @ 25'C 1,600,000 @ 25'C I (MTIF) (hours ) -

Annual failure rate 
0.62% 0.73% 0.55% (AFR) (percent) -

Contact start·stop cycles - 50,000 - >600,000 

Warranty (years) 5 5 5 5 

Nonrecoverable read 
<1 sector per 1016 <1 sector per lOiS I <1 sector per 101(; <1 sector per 1014 

e rrors per bits read 

Temperature, shoclt 
5'-55'C, 60 G 5'-55'C, 63 G 5'- 55'C, GO G O'-GO'C, 350 G (operatfng) 

Size: dimensions (in .). 
1.0" x 4.0" x 5.S", 1.51bs 1 .0" x 4.0" x 5.S", 1.4 Ibs 0.6" x 2.S" x 3.9",0.5 Ibs 0.4" x 2.8" x 3.9",0.2 Ibs weight (pounds) 

Power: operating/idle/ 
15/ 11/- 11/ 8/1 8/5.8/- 1.9/0.6/ 0.2 standby (watts) 

GB/cu. in., GB/watt 6 GB/cu.in .. 10 GB/ W 43 GB/ cu.in., 91 GB/ W 11 GB/ cu.in., 9 GB/ W 37 GB/ cu.in. , 84 GB/W 

Price in 2008, S/ GB - $250, - $1.70/G8 - $275, - $0.30/GB - $350, - $5.00/GB - $100, - $O.GO/GB 

FIGURE 6.5 Characteristics of four magnetic disks by a single manufacturer in 2008. The th ree Icrtmost drives are ror scrvers 
.md desktops while the rightm ost drive is for laptops. Notc that the third drive is only 2.5 inches in diameter. but it is a high performance drive 
with the highest rcliOlbilily and fastest seek time. The disks shown here arc either serial versions of the interrace to SCSI (SAS), a st.mdard 110 
bus for man)' systems, or serial version or ATA (SAT'\) , a standard 110 bus for PCs. The transrer rates rrom the caches is 3-5 times fas ter than 
the transrer ratc rrom the disk SUrrOlCC. The much lower cost per gigabyte or the SATA 3.5·inch drive is primarily due \0 the hyper-competitivc 
PC markct. although there a rc differences in performance in liDs pCT second due to raster rotati on and faster seck times for SAS. The service 
lire for these disks is live years. Note that the quoted tltrITF assumes nominal power and temperature. Disk lifetim cs can be much shorler if 
temperature and vibration arc not controlled. See the link to Seagate at lI'wll'.sctlgnrc.colII rOT mo rc inro rmation o n these drives. 

Which of the following are true about disk drives? 

J. 3.5-inch disks perform more lOs per second than 2.5-inch disks. 

2. 2.5-inch disks offer the highest gigabytes per watt. 

3. It takes hours to read the contents of a high capacity disk sequentially. 

4. It takes months to read the contents of a high capacity disk using random 
512-byte sectors. 

Check 
Yourself 
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II Fl .... Sto .. ge 

Many have tried to invent a technology to reploce disks, and many have fai led: CCD 
memory, bubble memory, and holographic memory were all found wanting. By 
the time a new technology would ship, disks made advances as predicted earlier, 
costs dropped accordingly, and the challenging product would be unattractive in 
the marketplace. 

The first credible challenger is flash memory. This semiconductor memory is 
nonvolatile like disks, but latency is \ 00- \ 000 times fasterthan disk, and it is smaller, 
more power efficient, and more shock resistant. Equally important, because of the 
popularity of flash memo ry in cell phones, d igital cameras, and MP3 players, there 
is a large market to pay for the investment in improving flash memory technology. 
Recently, flash memory cost per gigabyte has been falling 50% per year. In 2008, 
the price per gigabyte of flash was $4 to $\ 0 per gigabyte, or about 2 to 40 times 
higher than disk and 5 to \ 0 times lower than DRAM. Figure 6.6 co mpares three 
fla sh-based products. 

Kingston 
SecureDigital Transend Type I RiDATA 

(SD) CompactFlash Solid State Disk 
Characteristics SD4/8GB TS16GCF133 2 .5 inch SATA 

Formatted data capac ity (GB) 8 16 32 

Bytes per sector 512 512 512 

Data transfer rate (read/ write MB/ sec) 4 20/ 18 68/ 50 
Power operating/standby (W) 0.66/0 .15 I 0.66/ 0.15 2.1/ -

Size: height x width x deptll (Inches) 0.94 x 1.26 x 0.08 11.43 x 1.68 x 0.13 0.35 x 2.75 x 4.00 

Weight in grams (454 grams/ pound) 2.5 11.4 52 

Mean time between failures (hours) > 1.000,000 :> 1.000,000 I > 4.000,000 

GB/ cu. in" GB/watt 84 GB/cu.in., 51 GB/cu.in., 8 GB/cu.in., 
12 GB/W 24 GB/W 16 GB/W 

Best price (2008) - $30 - $70 - $300 

RGURE 6.6 Characteristics of three flash storage products. The Comp:H:tFlash standard 
package was proposed by Sandisk Corporation in 1994 for the PCMCIA· ATA ca rds of por table PCs. Because 
il fo ll ows the Alt\ interface, il simulates a disk int erface, indur.ling seck commanr.ls, logical tracks, and so on. 
The HiOt\TA pror.luet imitates an SATA 2.5·inch disk interface. 

Although its cost per gigabyte is higher than disks, flash memory is popu lar in 
mobile devices in part because it comes in smaller capacities, As a result, the l-inch 

6.4 Flash Storage 

d iameter hard disks are disappearing from some embedded markets. For example, 
in 2008 the Apple iPod Shuffle MP3 player sold fo r $50 and held 1 GB, while the 
smallest dIsk holds 4 GB and sells f~r more than the whole MP3 player. 

Flash memory IS a type of electncally erasable programmable read-only mem 
ory (EEPROM). The first flash memory, called NORj1ash because of the similarity 
of the storage cell to a standard NOR gate, was a direct competitor with other 
EEPROMs and IS randomly addressable li ke any memory. A few years later, NAND 
j1ash memory offered greater storage density, but memory co uld only be read and 
~v ntten in blocks as wiring needed for random accesses was removed. NAND flash 
IS much less expensive per gigabyte and much more popular than NOR flash; 
all of the p~oducts in Figure 6.6 use NAND flash. Figure 6.7 compares the key 
charactensllcs of NOR versus NAND flash memory. 

NOR Flash NAND Flash 
Characteristics Memory Memory 

Typical use BIOS memory USB key 
Minimum access size (bytes) 512 bytes 2048 bytes 
Read time (microseconds) 0 .08 25 
Write time (microseconds) 10.00 1500 to erase + 

250 
Read bandwidth (MBytes/second) 10 40 
Write bandwidth (MBytes/ second) 0.4 8 
Wearout (writes per cell) 100,000 10,000 to 100,000 
Best price/GB (2008) $65 $4 

FIGURE 6, 7 Ch~racteristics of NOR versus NAND flash memory in 2008. These devices call 
read hytes and 16· bJl words despilt.'lheir large access sizes. 

. Unlike disks and DRAM, but like other EEPROM technologies, fla sh memory 
blls wea r out (see FIgure 6.7). To cope with such limits, most NAND flash products 
mcludea controller to spread thewntes by remapping blocks that have been written 
many times to less trodden blocks. This technique is ca lled wear le"elill~. With 
wear leveling, consumer products like cell phones, digital cameras, MP3 players, 
or memory keys are very unlrkely to exceed the write limits in the flash. Such 
controllers lower the potential performance of flash, but they are needed unless 
h.lgher-level sO.ftwa re monitors block wea r. However, controllers can also improve 
YIeld by mappmg out memory cells that were manufactured incorrectly. 

Wri te limits are on~ reason fla sh memory is not popular in desktop and server 
computers. Howe.ver, m 2008 the first laptops are being sold with flash memory 
mstead of hard dIsks at a conSIderable price premi um to offer faster boot times 
smaller size, and longer battery life. There are also fla sh memories available il; 
standard disk form factors, as Figure 6.6 shows. Combining both ideas, hybrid hard 
dIsks mclude, say, a gigabyte of flash memory so that laptops ca n boot more quickly 
and save energy by allowmg the dIsks to remain idle more frequently . 

. In the commg years, It appears that fla sh will com pete successfully with hard 
dIsks for many battery-operated devices. As capacity increases and the cost per 
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gigabyte continues to decline. it will be interesting to see whether the higher 
performance and energy efficiency of flash memory wi ll yield opportunities in the 
desktop and server markets as well. 

Check Which of the following are true about flash memory? 

Yourself 1. Like DRAM. fla sh is a semicond ucto r memory. 

processor-memory bus 
A bus that connects 
processor and memory 
and that is short, generally 
high speed, lind matched 
10 the memory system so 
as to maximize mcmory
processor bandwidth. 

backplane bus A bus 
that is designed to allow 
processors, memory, and 
liD devices 10 coexis t on a 
single bus. 

2. Like disks. flash does not lose information if it loses power. 

3. The read access time of NOR flash is similar to DRAM. 

4. The read bandwidth of NAND fla sh is sim ilar to disk. 

II Connecting Processors, Memory, and 
I/O Devices 

In a computer system, the various subsystems must have interfaces to one another. 
For example. the memory and processor need to communicate. as do the proces
sor and the I/O devices. For many years. this has been done with a VIIS. A bus is a 
shared communication link, which uses one set of wires to connect multiple sub
systems. The two majo r advantages of the bus organization are versatility and low 
cost. By defi ning a single connection scheme. new devices can easily be added. and 
peripherals can even be moved between computer systems that use the sa me kind 
of bus. Furthermore. buses are cost-effective. because a single set of wires is shared 
in multiple ways. 

The major disadvantage of a bus is that it creates a commun ication bottleneck. 
possibly limitin g the maximum I/O throughput. When I/O must pass through 
a single bus. the bandwidth of that bus limits the maximum 110 throughput. 
Designing a bus system capable of meeting the demands of the processo r as well 
as connecting large numbers of I/O devices to the machine presents a major 
challenge. 

Buses are traditionally classified as processor-memory buses or 110 vllses. 
Processor-memory buses are short. generally high speed. and matched to the 
memory system so as to maximize memory-processor bandwidth. I/O buses. by 
contrast. ca n be lengthy. can have many types of devices connected to them. and 
often have a wide range in the data bandwidth of the devices connected to them. I/O 
buses do not typically interface directly to the memory but use either a processor
memory or a backplane bus to connect to memory. Other buses with different 
characteristics have emerged fo r special functions. such as graphics buses. 

One reason bus design is so difficu lt is that the maximum bus speed is largely 
limited by physical factors: the length of the bus and the number of devices. These 
physical limits prevent us from running the bus arbitrarily fast. In addition. the 
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need to support a range of devices with widely varying latencies and data transfer 
rates also makes bus design challenging. 

As it became difficult to run many parall el wires at high speed due to cl ock skew 
and refl ection (sed g l Appendix C). the industry transitioned from parallel shared 
buses to high-speed sena l POll1t-to-po int interconnections with switches. Thus, 
such I/O networks have generally replaced I/O buses in our systems. 

As a result of this transition, this section has been revised in this ed itio n to 
emphasize the general problem of connecting I/O devices, processors, and mem
ory. rather tha n focusing exclusively on buses. 

Connection Basics 

Let's consider a typical I/O transaction. A transaction includes two parts: sending 
the address and recflvlng or sendll1g th e data. Bus transactions are typ ically 
defined by what they do to memory. A rend transaction transfers data from mem
ory (to either the processor or an I/O device), and a write transaction writes data 
/0 the memory. Clea rly. this terminology is confusing. To avoid this. we' ll try to 
use the terms IIIPllt and o II /P II t. wh ich are always defi ned from the perspective of 
the processor: an input opera ~ion is inputting data from the device to memory, 
wi1~re the processor can read It. and an output operation is outputting data to a 
deVice from memory where the processor wrote it. 

The I/O interconnect serves as a way of expand ing the machine and co nnecting 
new pel'lpherals. To make tillS easier. the computer industry has developed several 
standards. The standards serve as a speci fi cation for the computer manu fac turer 
and for the peripheral ma~lUfacturer. A standard assures the computer designer 
tha t pen pherals IVlII be available for a new machine. and it ensures the peripheral 
bUilder that users will be able to hook up their new equipmen t. Figure 6.S sum
ma rizes the key cha rac teristics of the fi ve popu lar 110 standards: Fi rewire. USB. PCI 
Express (PCIe). Serial ATA (SATA ). and Serial Attached SCS I (SAS ). They co nnect a 
vanety of deVICes to the desktop computer. fi'om ke)'boards to cameras to disks. 

Traditional buses are synchronous. That means the bus includes a clock in 
the control lines and a fixed protocol for communicating that is relative to the 
clock. Fo r example. fo r performing a read from memory. we might have a protocol 
that trans mIts the address and read command on the first clock cycle. using the 
control hnes to lIldlcate the type of request. The memory might then be required 
to respond With the data word on the fifth clock. This type of pro tocol can be 
Im plemented eas ily ina small finite- state machine. Because the protocol is predeter
mined and I11 volves httle logiC. the bus can run fast. and the interface logic will 
be s.mall . Synchronous buses have two major disadvantages, however. First, every 
deV ICe on the bus must run at the same clock rate. Second, because of clock skew 
problems. synchronous buses ca nnot be long if they are fa st (see DJ Appendix C). 

These problems led to asynchronous interconnects. which are not clocked. 
Because they are not clocked, asynch ronous interconnects can accommodate a 
wide variety of devices. and the bus can be lengthened without worrying about 

I/O transaction 
A sequence of operations 
ovcr the interconnect that 
incl udes a request and may 
include a response, either 
of which may carry data. 
A transaction is in itiated 
by a single request and 
may I.lke many ind i\' idual 
bus operations. 

synchronous bus A bus 
that includes a clock in 
the control lines and 
a fixed protocol for 
communiGlIillg thai is 
relative to the clock. 

ilsynchronous 
intcrconnect Uses a 
handshaking protocol 
for coordinating usage 
ra th er than a clock; can 
accomillodate a wide 
v,lrict)' of devices of 
differing speeds. 
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I 
Characteristic Flrewire (1394) USB 2.0 PCI Express 

Serial 
Attached SCSI 

63 127 1 1 4 

4 2 2 per lane 4 " 
50 MB/sec (Firewire 400) 

0.2 MB/sec (low speed), 
250 MB/sec per lane (ix); 

1.5 MB/sec (full speed). 300 MB/ 
or 100 MB/sec (Fl rewire PCle cards come as 300 MB/sec or 60 MB/sec (high sec 

BOO) lx, 2x, 4x, 8x, l6x, or 32x 

4.5 meters 5 meters 0.5 meters 1 meier 8 meters 

Standard name IEEE 1394. 1394b 
USB Implemenlors 

PCI·SIG SATA·IO no committee Forum 

FIGURE 6 .8 Key characteristics of five dominant I/ O standards. The intended use column indica tes whether il is dt.'sigm.·J tn be 
lIsed with cables cxlcrnal lo the compuler or just inside the computer \"ilh short cables or wi re on prin ted circuil bllards. PCll' can support 
simultaneous rcads and writes, so some publiGlIions double Ihe bandwidlh per lane assuming a SOl50 splil of read versus wri le bandwidth. 

handshaking protocol 
A series of steps lIsed to 
coordinate asynchronous 
bus transfers in which 
the sender and receiver 
proceed to the next step 
an i)' when both parties 
ngrce that the current step 
has been completed. 

clock skew or synchronization problems. All the examples in Figure 6.8 are 
asynchronous. 

To coordinate the transmission of data between sender and receiver! an asyn
chronous bus uses a handshaking protocol. A handshaking protocol consists of a 
series of steps in wh ich the sender and receiver proceed to the next step only when 
both parties agree. The protocol is implemented with an additional set of control 
lines. 

The I/ O Interconnects of the x86 Processors 

Figure 6.9 shows the I/O system of a traditional Pc. The processor connects to 
peripherals via two main chips. The chip next to the processor is the memory 
contro ller hub. commonly called the lIorlll bridge. and the one connected to it is 
the I/O controller hub. called the sOlllll bridge. 

The north bridge is basically a DMA controller. connecti ng the processor to 
memory. possibly a graphics card. and the south bridge chip. The south bridge 
connects the north bridge to a cornucopia of 1/0 buses. Intel. AMD. NVIDIA. and 
others offer a wide variety of these chip sets to connect the processor to the outside 
world. 

Figure 6.10 shows three examples of the chip sets. Note that AMD swa llowed 
the north bridge chip in the Opteron and later prod ucts. thereby red ucing the chip 
count and the latency to memory and graphics cards by skipping a chip crossing. 

As Moore!s law continues, an increasing number of I/O controllers that were 
formerly available as optional cards that connected to I/O buses have been co-opted 
into these chip sets. For example. the AMD Opteron X4 and the Intel Nehalem 
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f ------- - --- -. 

Inlel Xeon 5300 l I Inlel Xeon 5300 I 
I I 

processor I processor I 

I- ----r---- -J 
I Fronl Side-Sus (1333 MHz. 10.S GB /sec) 

FB DDR2 667 
Memory (S.3 GB/sec) PC)e x16 (or 2 PCle xB) 

Main controller (4 GB/sec) 
memory hub 

DIMMs (north bridge) 
5000P 

-------
1, ES) .,1" PC Ie x8 

Serial ATA 2 GB/sec' 2 GB/sec) . 1'----
(300 MB/sec) 

Disk 

'---- PCle x4 
11 GB/secl 

PCle x4 

1/0 
(1 GB / sec) 

Disk 
controller PCI·X bus 

LPC hub (1 GB/ sec) 

Keyboard, 
(1 MB/ sec) (soulh bridge) PCI·X bus 

mouse, ... 
Entreprise South (1 GB / sec) 

Bridge 2 
USB 2.0 Paralle) ATA 

(60 MB/sec) (100 MB / sec) 
( CD / DVD 

FIGURE 6.9 Organization of the I/O system on an Intel server using the Intel 5000P chip 
set. If you assume reads and writes nrc each half the traffic, you can double th e bandwidth per link for 
rCIe. 

include the north bridge inside the microprocessor. and the south bridge chip of 
the Intel 975 includes a RAID controller (see Section 6.9). 

These 1/0 interconnects provide electrical connectivity among 1/0 devices, 
processors. and memory. and also define the lowest-level protocol for commu
nication. Above this basic level. we must define hardware and software protocols 
for controlling data transfers between l/O devices and memory. and for the pro
cessor to specify commands to the l/O devices. These topics are covered in the next 
section . 

Both networks and buses connect components together. Which of the following Check 
are true abo ut them? Yourself 

1. l/O networks and 1/0 buses are almost always standardized. 

2. l/O netwo rks and 1/0 buses are almost always synchronous. 
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Intel SOOOP chip set Intel 975X chip set AMD 580X CrossFiret 

Memory controller hub ("north bridge") 

Product name Blackbird SOOOP MCH 975X MCH 

Pins 1432 1202 
Memory type. speed DDR2 FBDIMM 667/ 533 DDR2 800/ 667/ 533 I 
Memory buses, widths 4 x 72 1 x 72 

Number of DIMMs, DRAM/DIMM 16,1 GB/2 GB/4 GB 4,1 GB/2 GB 

Maximum memory capacity 64 GB 8GB 

Memory error correction ava ilable? Ves No 

pete/External Graphics Interface 1 pete xi6 or 2 pete x 1 Pete x16 or 2 PCle x8 I 
South bridge interface pete xB, ESt PCle ,8 I 

C 0 I/O onl. lie. hub ( south bridge ) 

I~~~----~---~~--i----~---I---~~~-I Product name I 6321 ESB I ICH7 580X CrossFire 
Package size, pins I 1284 652 549 

PC1·bus: width, speed I Two 64-bit, 133 MHz 32-bit, 33 MHz, 6 masters 

PCI Express ports Three pete x4 Two pete x16, Four PCI xl 

Ethernet MAC controller, interface 1000/ 100/ 10 Mbit 

USB 2.0 ports, controllers 6 8 10 

ATA ports, speed I One 100 Two 100 One 133 

Serial AlA port~ 6 2 4 

AC·97 audio controller, interface Ves Ves 
I/O management 5Mbus 2.0, GPIO 5Mbus 2.0, GPIO ASF 2.0, GPIO 

FIGURE 6.10 Two I/ O chip sets from Intel and one from AMD. Nole tha t th~ north bridge (unctIon s ,Ire Included on tile AMD 
microprocessor, as Iher ,lrC un the morc recen! Intel Nehalem. 

Interfacing I/ O Devices to the Processor, 
Memory, and Operating System 

A bus or network protocol defines how a word or block of data should be commu
nicated on a set of wires. This st ill leaves several other tasks that must be performed 
to actually cause data to be tra nsferred from a device and into the memory address 
space of some user program. This section focuses on these tasks and wlil answer 
such questions as the fo llowing: 

• How is a user I/O request transformed into a device command and commu
nicated to the device? 

• How is data actually transferred to or from a memory location? 

• What is the role of the operating system? 

6.6 Interfacing I/O Devices to the Processor, Memory, and Operating System 

As we will see in answering these questions. the operating system plays a major role 
in handling I/O, acting as the interface between the hardware and the program that 
requests I/O. 

The responsibi lities of the operating system arise from three characteristics of 
I/O systems: 

I. Multiple programs using the processor share th e I/O system. 

2. I/O systems often use interrupts (externally generated exceptio ns) to com
municate information .,bout I/O operations. Because interrupts cause a 
transfer to kernel or supervisor mode, they must be hand led by the operat
ing system (OS) . 

3. The low-level control of an I/O device is complex, because it req uires man
aging a set of concurrent events and beca use the requirements for correct 
device control are often very detailed. 

The three characteristics of I/O systems above lead to several different functions 
the as must provide: 

• The as guarantees that a user's program accesses only the portions of an 
I/O device to which the user has rights. For example, the as must not allow a 
program to read or write a file on disk if the owner of the fil e has not gra nted 
access to this program. In a system with shared I/O devices, protection co uld 
not be provided if user programs could perform I/O directly. 

• The as provides abst ractions for accessing devices by supplying routines that 
handle low-level device operat ions, 

• The as handles the interrupts generated by I/O devices, just as it hand les the 
exceptions generated by a program, 

• The as tries to provide equitable access to the shared I/O reso urces, as well as 
schedule accesses to en hance system throughput. 

To perform these functions on behalf of user programs, the operating system 
must be able to commun icate with the I/O devices and to prevent the user progra m 
from communicating with the I/O devices directly. Three types of communication 
are requ ired 

I. The as must be able to give commands to the I/O devices. These comma nds 
include not only operations like read and write. but also other operations to 
be done on the device, Stich as a disk seek. 

Hardware/ 
Software 
Interface 
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memory-mapped I/O 
An I/O scheme in which 
portions of address space 
are assigned to 1/0 devices, 
and rcads and writes to 
those addresses arc 
interpreted as commands 
10 the 1/0 device. 
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2. The device must be able to notify the OS when the I/O device has completed 
an operation or has encountered an error. For example. when a disk completes 
a seek, it will notify the OS. 

3. Data must be transferred between memory and an liD device. For example, 
the block being read on a disk read must be moved from disk to memory. 

In the next few subsections, we will see how these communications are performed. 

Giving Commands to I/O Devices 

To give a command to an liD device, the processor must be able to address the 
device and to supply one or more command words. Two methods are used to 
address the device: memory-mapped I/O and special I/O instructions. In memory
mapped I/O , portions of the address space are assigned to liD devices. Reads and 
writes to those addresses are interpreted as commands to the I/O deVIce. 

For example, a write operation can be used to send data to an 110 device where 
the data will be interpreted as a command. When the processor places the address 
and data on the memory bus, the memory system ignores the operation because 
the address indicates a portion of the memory space used for I/O. The device 
con troller, however, sees the operation, records the data, and transmits it to the 
device as a command. User programs are prevented from issuing 110 operations 
directly, because the OS does not provide access to the address space assigned to 
the liD devices, and thus the addresses are protected by the address translatIon. 
Memory-mapped liD can also be used to transmit data by writing or reading to 
select addresses. The device uses the address to determine the type of command, 
and the data may be provided by a write or obtained by a read. In any event, the 
address encodes both the device identity and the type of transmission between 
processor and device. 

Actually performing a read or write of data to fulfill a program request usually 
requires several separate I/O operations. Furthermore) the processor may have. to 
interrogate the status of the device between individual comma~ds to determII1e 
whether the command completed successfully. For example, a SImple pnnter has 
two liD device registers-one for status information and one for data to be printed. 
The Status register contains a dOlle bit, set by the printer when it has printed a 
character, and an errol' bit, indicating that the printer is jammed or out of paper. 
Each byte of data to be printed is put into the Data register. The processor mu.st 
then wait until the printer sets the done bit before it can place another character II1 
the buffer. The processor must also check the error bit to determine if a problem 
has occurred. Each of these operations requires a separate liD device access. 

6.6 Interfacing I/ O Devices to the Processor, Memory, and Operating System 

Elaboration: Thealternativetomemory-mapped I/O is to use dedicated I/O instructions 
in the processor. These I/O instructions can specify both tile device number and the 
command word (or the location of the command word in memory). Tile processor 
communicates the device address via a set of wires normally included as part of the I/O 
bus. The actual command can be transmitted over the data lines in the bus. Examples 
of computers with I/O instructions are the Intel x86 and the IBM 370 computers. By 
making the I/O instructions illegal to execute when not in kernel or supervisor mode, 
user programs can be prevented from accessing the devices directly. 

Cominunicating with the Processor 

The process of periodically checking status bits to see if it is time for the next 
liD operation, as in the previous example, is called polling. Polling is the simplest 
way for an liD device to communicate wi th the processor. The I/O device simply 
puts the information in a Status register) and the processor Illust come and get the 
information. The processor is tota lly in control and does all the work. 

Polling ca n be used in severa l different ways. Real-time embedded applications 
poll the liD devices, since the liD rates are predetermined and it makes ilO over
head more predictable, which is helpful for real time. As we will see, this allows 
polling to be used even when the I/O rate is somewhat higher. 

The disadvantage of polling is that it can waste a lot of processor time, because 
processors are so much faster than liD devices. The processor may read the Status 
register many times, only to find that the device has not yet completed a compara
tively slow liD operation, or that the mouse has not budged since the last time it 
was polled. When the device completes an operation, we must still read the status 
to determine whether it was successful. 

The overhead in a polling interface was recognized long ago, leading to the 
invention of interrupts to noti fy the processor when an I/O device requires atten
tion from the processor. Interrupt-driven 110, which is used by almost all systems 
for. at least some devices, employs I/O interrupts to indicate to the processor that 
an I/O device needs attention. When a device wants to notify the processor that 
it has completed some operation or needs attention, it C<l uses the processor to be 
interrupted. 

An liD interrupt is just like the exceptions we saw in Chapters 4 and 5, with two 
important distinctions: 

1. An 110 interrupt is asynchronous with respect to the instruction execution. 
That is, the interrupt is not associated with any instruction and does not 
prevent the instruction completion. This is very different from either page 
fault exceptions or exceptions such as arithmetic overflow. Our control 
unit need only check for a pending 110 interrupt at the time it starts a new 
instTllction. 
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I/O instruction 
A dedicated instruction 
that is used to give a 
comma nd to an 1/0 
device and that specifics 
both the device number 
and the colllmand word 
(or the location of the 
command word in 
memory). 

polling The process of 
periodically checking the 
status of an 110 device 
to determine the need tl.1 
service the device. 

interrupt-driven I/O An 
1/0 scheme th<1l employs 
interrupts to indicate to 
the processor thilt an 110 
device nced.~ illlcntion. 
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2. In addition to the fact that an I/O interrupt has occurred, we would like to 
convey further information, such as the identity of the device generating the 
interrupt. Furthermore, the interrupts represent devices that may have dif
ferent priorities and whose interrupt requests have different urgencies asso
ciated with them. 

To communicate information to the processor, sllch as the identity of the device 
raising the interrupt, a system can use either vectored interrupts or an exception 
Cause register. When the processor recognizes the interrupt, the device can send 
either the vector address or a status field to place in the Cause register. As a result, 
when the OS gets control, it knows the identity of the device that caused the 
interrupt and can immediately interrogate the device. An interrupt mechanism 
eliminates the need for the processor to poll the device and instead allows the 
processor to focus on executing programs. 

Interrupt Priority Levels 

To deal with the different priorities of the I/O devices, most interrupt mechanisms 
have several levels of priority; UNIX operating systems use four to six levels. These 
priorities indicate the order in which the processor shou ld process in terrupts. 
Both internally generated exceptions and external I/O interrupts have priorities; 
typically, I/O interrupts have lower priority than internal exceptions. There mal' 
be multiple I/O interrupt priorities, with high-speed devices associated with the 
higher priorities. 

To support priority levels for interrupts, MIPS provides the primitives that let 
the operating system implement the policy, similar to the way that MIPS handles 
TLB misses. Figure 6.11 shows the key registers, and Section B.7 in Appendix B 
gives more details. 

The Status register determines who can interrupt the computer. If the interrupt 
enable bit is 0, then none can interrupt. A more refined blocking of interrupts is 
avai lable in the interrupt mask field. There is a bit in the mask corresponding to 
each bit in the pending interrupt field of the Cause register. To enable the corre
sponding interrupt, there must be a 1 in the mask field at that bit position. Once 
an interrupt occurs, the operating system can find the reason in the exception code 
field of the Status register: ° means an interrupt occurred, with other values for the 
exceptions mentioned in Chapter 5. 

Here are the steps that must occur in handling an interrupt: 

1. Logically AND the pend ing interrupt field and the interrupt mask field to 
see which enabled interrupts could be the culprit. Copies are made of these 
two registers using the mfcO instruction. 

2. Select the higher priority of these interrupts. The software convention is that 
the leftmost is the highest priority. 
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Interrupt 
mask 

31 15 8 6 2 

~1I11111_ 1I11 . 
Branch 
delay 

Pending 
interrupts 

Exceplion 
code 

FIGURE 6.11 The Cause and Status registers. This version of tbe Caus(' register corres ands \0 

the ~lIP~'32 architecture. Th~ earlier MIPS J architecture had three nested SCIS of kcrnclfuscr and j~lcrruPI 
ena e bit s to support nested Interrupts. SCClion 8.7 in J\ppcndix n has more details about Ihcsc registers. 

3. Save the interrupt mask field of the Status register. 

4. Change the interrupt mask field to disable all interrupts of equal or lower 
pnonty. 

5. Save the processor state needed to handle the interrupt. 

6. To allow higher-priority interrupts, set the interrupt enable bit of the Cause 
regISter to 1. 

7. Call the appropriate interrupt routine. 

8. Before restoring state, set the interrupt enable bit of the Cause register to 0. 
TIllS allows you to restore the interrupt mask field. 

~:J7endix B shows an exception handler for a simple I/O task on pages B-36 to 

How do the illWTlIpt priority lel'els (IPLs) correspond to these mechanisms? 
The IPL IS an operatmg system invention. It is stored in the memory of the process, 
and every process IS gIven an IPL. At the lowest IPL, all interrupts are permitted. 
Con~ersely, at the hIghest IPL, all interrupts are blocked. Raising and lowering the 
IPL mvolves changes to the interrupt mask field of the Status register. 
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(DMA) A mechanism 
Ihal provides a device 
controller with the ability 
10 transfcr data directly 
to or frOl11lhc memory 
without involving the 
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Elaboration: The two least significant bits of the pending interrupt and interrupt masll 
fields are for software interrupts, which are lower priority. These are typically used by 
higher-priority interrupts to leave worl~ for lower-priority interrupts to do once the immedi
ate reason for the interrupt is handled. Once the higher-priority interrupt is finished, the 
lower-priority taslls will be noticed and handled. 

Transferring the Data between a Device and Memory 

We have seen two different methods that enable a device to communicate with 
the processor. These two techniques-polling and I/O interrupts-form the basis 
for two methods of implementing the transfer of data between the 1/0 device and 
memory. Both these techniques work best with lower-bandwidth devices, where 
we are more interested in reducing the cost of the device controller and interface 
than in providing a high-bandwidth transfer. Both polling and interrupt -driven 
transfers put the burden of moving data and managing the transfer on the proces
sor. After looking at these two schemes, we will examine a scheme more sui table for 
higher-performance devices or collections of devices. 

We can use the processor to transfer data between a device and memory based 
on polling. In real-time applications, the processor loads data from 1/0 device 
registers and stores them into memory. 

An alternative mechanism is to make the transfer of data interrupt' driven. 
In this case, the OS would st ill transfer data in small numbers of bytes fro m or 
to the device. But because the 1/0 operation is interrupt driven, the OS simply 
works on other tasks while data is being read from or written to the device. When 
the OS recognizes an interrupt from the device, it reads the status to check for 
errors. If there are none, the OS can supply the next piece of data, for example, by 
a sequence of memory-mapped writes. When the last byte of an 1/0 request has 
been transmitted and the 1/0 operation is completed, the OS can inform the pro
gram. The processor and as do all the work in this process, accessing the device 
and memory for each data item transferred. 

Interrupt-driven 1/0 relieves the processor from having to wait for every 1/0 
event, although if we used this method for transferring data from or to a hard disk, 
the overhead cou ld still be intolerable, since it could consume a large fraction of 
the processor when the disk was transferring. For high-bandwidth devices like hard 
disks, the transfers consist primarily of relatively large blocks of data (hu ndreds 
to thousands of bytes). Thus, computer designers invented a mechanism for 
ofAoading the processo r and having the device controller transfer data directly to 
or from the memory without involving the processor. This mechanism is called 
direct memory access (DMA). The interrupt mechanism is still used by the device 
to communicate with the processor, but only on completion of the 1/0 transfer or 
when an error occurs. 

DMA is implemented with a speciali zed controller that transfers data between 
an 1/0 device and memory independent of the processor. The DMA controll er 
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becomes the master and directs the reads or writes between itself and memory. 
There are three steps in a DMA transfer: 

I. The processor sets up the DlvlA by supplying the identity of the device, the 
operation to perform on the device, the memory address that is the source 
or destination of the data to be transferred, and the number of bytes to 
transfer. 

2. The DMA starrs the operation on the device and arbitrates for the 
interconnect. When the data is available (from th e device or memory), it 

·transfers the data. The DMA device supplies the memory address for the 
read or the write. If the request requires more than one transfer, the DMA 
unit generates the next memory address and initiates the next transfer. Using 
this mechanism, a DMA unit can complete an entire transfer. which may 
be thousands of bytes in length, without bothering the processor. Many 
DMA controllers contain some memory to allow them to dea l flexibly ei ther 
with delays in transfer or with those incurred whi le waiting to become the 
master. 

3. Once the DMA transfer is complete, the controller interrupts the processor, 
which can then determine by interrogating the DMA device or examining 
memory whether the entire operation completed successfully. 

There may be multiple DMA devices in a computer system. For example, in a 
system with a single processo r-memory bus and multiple 1/0 buses, each 1/0 bus 
controller will often contain a DMA processor that handles any transfers between 
a device on the 1/0 bus and the memory. 

Unlike either polling or interrupt-driven 1/0, DMA can be used to interface a 
hard disk without consuming all the processor cycles for a si ngle I/O. Of course, if 
the processor is also contending for memory, it will be delayed when the memory 
is busy doing a DMA transfer. By using caches, the processor can avoid having to 
access memory most of the time, thereby leaving most of the memory bandwidth 
free for use by 1/0 devices. 

Elaboration: To further reduce the need to interrupt the processor and occupy it in 
handling an I/O request that may involve doing several actual operations, the I/O con
troller can be made more intelligent. Intelligent controllers are often called I/ O proces
sors (as well as I/ O controf/ers or channel controffers). These specialized processors 
basically execute a series of I/O operations, called an I/O program. The program may 
be stored in the I/O processor, or it may be stored in memory and fetched by tile I/O 
processor. When using an I/O processor, the operating system typically sets up an I/O 
program that indicates the I/O operations to be done as well as the size and transfer 
address for any reads or writes. The I/O processor then tal<es tIle operations from tIle 
I/O program and interrupts tile processor only when the entire program is completed . 
DMA processors are essentially special-purpose processors (usually single-chip and 
nonprogrammable), while I/O processors are often implemented with general-purpose 
microprocessors, which run a specialized I/O program. 
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Direct Memory Access and the Memory System 

When DMA is incorporated into an I/O system, the relationship between the 
memory system and processor changes. Without DMA, all accesses to the memory 
system come from the processor and thus proceed through address translation and 
cache access as if the processor generated the references. With DMA, there is another 
path to the memory system-one that does not go through the address translation 
mechanism or the cache hierarchy. This difference generates some problems in 
both virtual memory systems and systems with caches. These problems are usually 
solved with a combination of hardware techniques and software support. 

The difficulties in having DMA in a virtual memory system arise because pages 
have both a physical and a virtual address. DMA also creates problems for systems 
with caches, because there can be two copies of a data item: one in the cache and 
one in memory. Because the DMA processor issues memory requests directly to the 
memory rather than through the processor cache, the value of a memory location 
seen by the DMA unit and the processor may differ. Consider a read from disk that 
the DMA unit places directly into memory. If some of the locations into which the 
DMA writes are in the cache, the processor will receive the old value when it does a 
read. Similarly, if the cache is write-back, the DMA may read a value directly from 
memory when a newer value is in the cache, and the value has not been written 
back. This is called the stnle dntn problell/ or coilerellce problell/ (see Chapter 5) . 

We have looked at three different methods for transferring data between an 1/0 
device and memory. In moving from polling to an interrupt-driven to a DMA 
interface, we shift the burden for managing an I/O operation from the processor to 
a progressively more intelligent 1/0 controller. These methods have the advantage 
of freeing up processor cycles. Their disadvantage is that they increase the cost of 
the I/O system. Because of this, a given computer system can choose which point 
along this spectrum is appropriate for the 1/0 devices connected to it. 

Before discussing the design of I/O systems, let's look briefly at performance 
measures of them in the next section. 

In ranking the three ways of doing 1/0, which statements are true? 

I. If we want the lowest latency for an I/O operation to a single 1/0 device, the 
order is polling, DMA, and interrupt driven. 

2. In terms of lowest impact on processor utilization from a single I/O device, 
the order is DMA, interrupt driven, and polling. 

6.6 Interfacing I/ O Devices to the Processor, Memory, and Operating System 

In a system with virtual memory, should DMA work with virtual addresses or 
physical add resses? The obvious problem with virtual add resses is that the DMA 
unit wi ll need to translate the virtual addresses to physical addresses. The major 
problem WIth the use of a physical address in a DMA transfer is that the transfer 
cannot easily cross a page boundary. If an I/O request crossed a page boundary, 
then th~ memo.ry l oca t~ons to which it was being transferred would not necessarily 
be contIguous I~ the virtual memory. Consequently, if we use physical addresses, 
we must co nstra lll all DMA transfers to stay within one page. 

One method to allow the system to initiate DMA transfers that cross page 
bounda ... es IS to make the DMA work on virtual addresses. In such a system, the 
DMA umt has a small number of map entries that provide virtual-to-physical 
mapplllg for a transfer. The operatmg system provides the mapping when the 1/0 
is initiated. By using this mapping, the DMA unit need not worry about the loca
tion of the virtual pages involved in the transfer. 

Another techn ique is for the operating system to break the DMA transfer into 
a series of transfers, each confined within a single physical page. The transfers are 
then ciwllled together and handed to an I/O processor or intelligent DMA unit that 
executes the entire sequence of transfers; alternatively, the operating system can 
individually request the transfers. 

Whichever method is used, the operating system must still cooperate by not 
remappmg pages wh lie a DMA transfer involving that page is in progress. 

The coherency problem for JlO data is avoided by usi ng one of three major tech
mques. One approach IS to route the 1/0 activity through the cache. This ensures 
that reads see the latest value while writes update any data in the cache. Routing 
all 1/.0 through the cache is expensive and potentially has a large negative perfor
mance impact on the processor, since the I/O data is rarely used immediately and 
may dISplace useful data that a running program needs. A seco nd choice is to have 
the OS selectively invalidate the cache for an I/O read or force write-backs to occur 
for an I/O write (often called cache j7l1silillg). This approach requires some small 
amoun t of hardware support and is probably more efficient if the software can 
perform the functio n easily and efficiently. Because th is flushin g of large parts of 
the cache need only happen on DMA block accesses, it wi ll be relatively infrequent. 
The th ird approach is to provide a hardware mechanism for selectively flushing 
(o r Invahdatll1g) cache entnes. Hardware invalidation to ensure cache coherence 
is typical in multiprocessor systems, and the same technique can be used for I/O; 
Chapter 5 discusses this topic in detail. 

Hardware/ 
Software 
Interface 

Hardware/ 
Software 
Interface 
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11 1/0 Performance Measures: Examples 
. from Disk and File Systems 

How should we compare I/O systems? This is a complex question, because I/O 
performance depends on many aspects of the system, and different applications 
stress different aspects of the I/O system. Furthermore, a deSIgn can mak~ com
plex tradeoffs between response time and throughput, makll1g It Impossible to 
measure just one aspect in isolation. For example, handhng a request as early as 
possible generally minimizes response time, although greater throughput can be 
achieved if we try to handle related requests together. Accordll1gly, we may II1crease 
throughput on a disk by grouping requests that access locatIOns that are close 
together. Such a policy will increase the response time for some requests, probably 
leading to a larger variation in response time. Although throughput Will be lugher, 
some benchmarks constrain the maXImum response time to any request, makmg 

such optimizations potentially problematic. 
In this section, we give some examples of measurements proposed for deter

mining the performance of storage systems. These benchmarks are affected by a 
variety of system features, including the disk technology, the way disks are con
nected, the memory system, the processor, and the file system prOVided by the 

operating system. . . 
Before we discuss these benchmarks, we need to address a confusmg pOInt 

about terminology and units. The performance of I/O systems depends on the 
rate at which the system transfers data. The transfer rate depends on the clock 
rate, which is typically given in GHz = 10' cycles per second. The transfer rate IS 
usually quoted in GB/sec. In I/O systems, GBs are measured USll1g base 10 (I.e., 
1GB = 10' = 1,000,000,000 bytes), unlike main memory where base 2 IS used (I.e., 
I GB = 23ll = 1,073,741,824 bytes ). In addition to adding confusion, this difference 
introduces the need to convert between base 10 (lK = 1000) and base 2 ( I K = 
1024), because many I/O accesses are for data blocks that have a size that is a power 
of 2. Rather than complicate all our examples by accurately converting one of the 
two measurements, we make note here of this distinction and the fact that trc:ltLng 
the two measures as if the units were identical introduces a small error. We illus

trate this error in Section 6.12. 

Transaction Processing I/O Benchmarks 
Transaction processing (TP) applications involve both a response time require
ment and a performance measurement based on throughput. Furt!lermore, most 
of the I/O accesses are small. Because of this , TP applications are ch iefly concerned 
with I/O rate, measured as the number of accesses per second, as opposed to data 
rate, measured as bytes of data per second. TP applications generally ll1volve changes 
to a large database, with the system meeting some response time reqUIrements 

6.7 I/O Performance Measures: Examples from Disk and File Systems 

as well as gracefully handling certain types of failures. These applications are 
extremely critical and cost-sensitive. For example, banks normally use TP systems 
because they are concerned about a range of characteristics. These include making 
sure transactions aren't lost, handling transactions quickly, and minimizing the 
cost of processing each transaction. Although dependability in the face of failure is 
an absolute requirement in such systems, both response time and throughput are 
critical to building cost-effective systems. 

A number of transaction processing benchmarks have been developed. The 
best-known set of benchmarks is a series developed by the Transaction Processing 
Council (TPC). 

TPC-C, initially created in 1992, simulates a complex query environment. TPC-H 
models ad hoc decision support-the queries are unrelated, and knowledge of past 
queries cannot be used to optim ize future queries; the result is that query execution 
times can be very long. TPC-W is a Web-based transaction benchmark that 
simulates the activities of a business-oriented transactional Web server. It exercises 
the database system as well as the underlying Web server software. TPC-App is 
an application server and Web services benchmark. The most recent is TPC-E, 
which simulates the transaction processing workload of a brokerage firm. The TPC 
benchmarks are described at II'IVII'. tpc.org. 

All the TPC benchmarks measure performance in transactions per second. In 
addition, they include a response time requirement, so that throughput perfor
mance is measured only when the response time limit is met. To model real-world 
systems, higher transaction rates are also associated with larger systems, both in 
terms of users and the size of the database to which the transactions are applied. 
Hence, storage capacity must scale with performance. Finally, the system cost for a 
benchmark system must also be included, allowing accurate comparisons of cost/ 
performance. 

File System and Web I/O Benchmarks 

In addition to processor benchmarks, SPEC offers both a file server benchmark 
(SPECSFS) and a Web server benchmark (SPECWeb). SPECSFS is a benchmark 
for measuring NFS (Network File System) performance using a script of file server 
requests; it tests the performance of the I/O system, including both disk and net
work I/O, as well as the processor. SPECSFS is a throughput-oriented benchmark 
but with important response time requirements. SPECWeb is a Web server bench
mark that simulates multiple clients requesting both static and dynamic pages from 
a server, as well as clients posting data to the server (see Chapter I ). 

The most recent SPEC effort is to measure power. SPECPower measures power 
and performance characteristics of small servers. 

Sun recently announced jilebe/lcll, a file system benchmark framework. Instead 
of a standard workload, it provides a language that lets you describe the workload 
you'd like to run on your file systems. However, there are examples of file workloads 
that are supposed to emulate common applications of file systems. 
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Are the following true or false? Unlike processor benchmarks, I/O benchmarks 

I. concentrate on throughput rather than latency 

2. can require that the data set scale in size or number of lIsers to achieve per· 
fOfmance milestones 

3. often report cost performance 

II Design;ng an I/ O System 

There are two primary types of specifications that designers encounter in 1/0 sys
tems: latency constraints and bandwidth constrain ts. In both cases, knowledge of 
the traffic pattern affects the design and analysis. 

Latency constraints involve ensuring that the latency to complete an I/O opera
tion is bounded bra certain amount. In the simple case, the system may be unloaded, 
and the designer must ensure th<1t some latency bound is mel either because it is 
critical to the application or because the device must receive certain guaranteed 
service to prevent errors. Likewise, determining the latency on an unloaded system 
is relatively easy, since it involves tracing the path of the I/O opera tion and summing 
the individual latencies. 

Finding the average latency (or distribution of latency) under a load is much 
harder. Such problems are tackled either by queuing theory (when the behavior 
of the workload requests and 1/0 service times can be approximated by simple 
distributions) o r by simulation (when the behavior of I/O events is complex). Both 
topics are beyond the limits of this text. 

Designing an 1/0 system to meet a set of bandwidth constraints given a work
load is the other typical problem designers face. Alternatively, the designer may be 
given a partially configured I/O system and be asked to balance the system to main 
tain the maximum bandwidth achievable, as dictated by the preconfigured portion 
of the system. This latter design problem is a simpli fied version of the first. 

The general approach to designing such a system is as follows: 

I. Find the weakest link in the I/O system, which is the component in the I/O 
path that will constrain the design. Depending on the workload, this com
ponent can be anywhere, including the processors, the memory system , the 
I/O controllers, or the devices. Both the workload and configumtion limits 
may dictate where the weakest link is located. 

2. Configure this component to sustain the required bandwidth. 

3. Determine the requirements for the rest of the system and configure them to 
support this bandwidth. 

6.9 Parallelism and I/ O: Redundant Arrays of Inexpensive Disks 

The eas iest way to understand this methodology is with an example. We'll do a 
Simple ana lYSIS of the I/O system of the Sun Fire x4 1S0 server in Section 6.10 to 
show how thiS methodology works. 

II Parallelism and I/ O: Redundant Arrays of 
Inexpensive Disks 

Amdabl's law in Chapter I reminds us that negl ecting 1/0 in this pamllel revolu
tion IS foolhardy. A Simple example demonstrates this. 

Impact of I/O on System Performance 

Suppose we have a bencllIl~ark that executes in 100 seconds of elapsed time, of 
which 90 seconds IS CPU tune and the rest is I/O time. Suppose the number of 
processor~ doubles :v~r}' two years, but the processors remain the same speed , 
and I/o. time doesn t Improve. How much faster will our program run at the 
end of SIX years? 

We know that 

Elapsed time = CPU time + 1/0 time 

100 = 90 + I/O time 

I/O time = 10 seconds 

The. new CPU times ancl the resulting elapsed times are computed in the fol-
10wIIlg table. 

After n years CPU time Elapsed time 

o years 90 seconds 10 seconds 100 seconds 10% 

2 years 90 "2 = 45 seconds 10 seconds 55 seconds 18% 

4 years 45 "2 = 23 seconds 10 seconds 33 seconds 31% 

G years 23 "2 = 11 seconds 10 seconds 21 seconds 47% 
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The improvement in CPU performance after SLX years is 

90 =8 
11 

However, the improvement in elapsed time is only 

100=47 
21 . 

and the 110 time has increased from 10% to 47% of the elapsed time. 

Hence, the parallel revolution needs to come to 110 as well as to computation, or 
the effort spent in parallelizing could be squandered whenever programs do 110, 
which they all must do. 

Accelerating 110 performance was the original motivation of disk arrays (see 
(IJ Section 6.14 on the CD). In the late 1980s, the high performance storage of 
choice was la rge, expensive disks, such as the larger ones in Figure 6.4. The argument 
was that by replacing a few large disks with many small disks, performance would 
improve because there would be more read heads. This shift is a good match for 
multiple processors as well, since many read/write heads mean the storage system 
could support many more independent accesses as well as large transfers spread 
across many disks. That is, you could get both high 1I0s per second and high data 
transfer rates. In addition to higher performance, there could be advantages in cost, 
power, and floor space, since smaller disks are generally more efficient per gigabyte 
than larger disks. 

The flaw in the argument was that disk arrays could make reliability much 
worse. These smaller, inexpensive drives had lower MTTF ratings than the large 
drives, but more importantly, by replacing a single drive with, say, 50 small drives, 
the failure rate would go up by at least a factor of 50! 

The solution was to add redundancy so that the system could cope with disk 
failures without losing information. By having many small disks, the cost of extra 
redundancy to improve dependability is small, relative to the solutions for a few 
large disks. Thus, dependability was more affordable if you constructed a redundant 
array of inexpensive disks. This observation led to its name: redundant arrays of 
inexpensive disks, abbreviated RAlD. 

In retrospect, although its invention was motivated by performance, depen
dability was the key reason for the widespread popularity of RAID. The parallel 
revolution has resurfaced the original performance side of the argument for RAID. 
The rest of th is section surveys the options for dependability and their impacts on 
cost and performance. 

How much redundancy do you need? Do you need extra information to 
find the faults? Does it matter how you organize the data and the extra check 
information on these disks? The paper that coined the term gave an evolutiona ry 
answer to these questions} starting wi th the simplest but most expensive solution. 
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RAIDO 
(No redundancy) 
Widely used 

RAID 1 
(Mirroring) 
EMC, HP(Tandem), IBM 

RAID 2 
(Error detection and 
correction code) Unused 

RAID3 
(Bit-interleaved parity) 
Storage concepts 

RAID 4 
(Block-interleaving parity) 
Network appliance 

RAIDS 
(Dlstribuled block
interleaved parity) 
Widely used 

RAIDS 
(P + Q redundancy) 
Recently popular 

Data disks Redundant check disks 
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FIGURE 6.12 RAID for an example of four data disks showing extra check disks per RAID 
level and companies that use each level. Figures 6.13 and 6. 14 explain the difference between 
RAID }, RAID 4, ilnd RAID 5. 

Figure 6. 12 shows the evolutio n and example cost in number of extra check disks. 
To keep track of the evolution , the authors numbered the stages of RAID, and they 
are still used today. 

No Redundancy (RAID 0) 

Simply spreading data over multiple disks, called striping, automatically forces 
accesses to several disks. Strip ing across a set of disks makes the collection appear 
to softwa re as a single large disk, which simplifies storage management. It also 
improves performance for large accesses, since many disks can operate at once. 
Video-editing systems, for example, often stripe their data and may not worry 
about dependability as much as, say, databases. 

RAID 0 is something of a misnomer, as there is no redundancy. However, RAID 
levels are often left to the operator to set when creating a storage system, and RAlD 0 is 
often listed as one of the options. Hence, the term RAID 0 has become widely used. 
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Mirroring (RAID 1) 

This traditional scheme for tolerating disk failure, called mirroring or shadowing, 
uses twice as many disks as does RAID o. vVhenever data is written to one disk, 
that data is also written to a redundant disk, so that there are always two copies 
of the information. If a disk fails, the system just goes to the "mirror" and reads 
its contents to get the desired information. Mirroring is the most expensive RAID 
solution, since it requires the most disks. 

Error Detecting and Correcting Code (RAID 2) 

RAID 2 borrows an error detection and correction scheme most often llsed for 
memories (see ~ Appendix C ). Since RAID 2 has fallen into disuse, we'll not 
describe it here. 

Bit-Interleaved Parity (RAID 3) 

The cost of higher availability can be reduced to 1/11, where n is the number of 
disks in a protection group. Rather than have a complete copy of the original data 
for each disk, we need only add enough redundant information to restore the lost 
information on a failure. Reads or writes go to all disks in the group, with one extra 
disk to hold the check information in case there is a failure. RAID 3 is popular in 
applications with large data sets, sllch as multimedia and some scientific codes. 

Parity is one such scheme. Readers unfamiliar with parity can think of the 
redundant disk as having the sum of all the data in the other disks. When a disk 
fails, then you subtract all the data in the good disks from the parity disk; the 
remaining information must be the missing information. Parity is simply the sum 
modulo two. 

Unlike RAID 1, many disks must be read to determine the missing data. The 
assumption behind this technique is that taking longer to recover from failure but 
spending less on redundant storage is a good tradeoff. 

Block-Interleaved Parity (RAID 4) 

RAID 4 uses the same ratio of data disks and check disks as RAID 3, but they access 
data differently. The parity is stored as blocks and associated with a set of data 
blocks. 

In RAID 3, every access went to all disks. [-]owever, some applications prefer 
smaller accesses, allowing independent accesses to occur in parallel. That is the 
purpose of the RAID levels 4 to 6. Since error detection information in each sector 
is checked on reads to see if the data is correct, such "small reads" to each disk can 
OCCllr independently as long as the minimum access is one sector. In the RAID 
context) a smaIl access goes to just one disk in a protection group while a large 
access goes to all the disks in a protection group. 

Writes are another matter. It would seem that each small write would demand 
that all other disks be accessed to read the rest of the information needed to 
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New Data 1. Read 2. Read 3. Read New Data 1. Read 2. Read 

~~lT0 DO' ~~~;]) p I 

~~ 
DO' ~~[§J0 

+ XOR 

4. Write 5. Write 3. Write 4. Write 

FIGURE 6.13 Small write update on RAID 3 versus RAID 4. This optimizat ion for sllla ll writes 
reduces th e number of disk accesses as we!! as the number of disks occupied. Thi s figure assumes we have 
four blocks of data and one bluck of parity. The stra ightforwa rd RAID 3 paril Y calculation in the left of 
the figure reads block.~ OJ, 02, and 03 before adding block DO' 10 calculate the new parity P' . (In Cilse you 
wen.' wondering, the new data DO' comes directly from the CPU, so disks afe 110t involved in reading it.) Th e 
RAID '1 shortcut on the right fcads the old value DO and cOlllpares it [0 the new value DO' to .~ee which bits 
will change. You then read the old parity P and then change the corresponding bi ts to form P'. The lugical 
function e.xclusive OR docs exactly what we want. This example replaces three di.~k reads (D J, 02, D3) and 
two disk write~ (DO', P') invulving all the dish for two disk reads (DO, P) and two disk wrilt:S (DO', P'), which 
involve just two disks. Increa.~ing the size of the parity group incfea.~es the savings of the .~hor tcut. RAID 5 
uses the same shortcut. 

recalculate the new parity, as in the left in Figure 6.13. A "small write"would require 
reading the old data and old parity, adding the new information, and then writing 
the new parity to the parity disk and the new data to the data disk. 

The key insight to reduce this overhead is that parity is simply a sum of infor
mation; by watching which bits change when we write the new information, we 
need only change the corresponding bits on the parity disk. The right of Figure 6. I 3 
shows the shortcut. We must read the old data from the disk being written, compare 
old data to the new data to see which bits change, read the old parity, change 
the corresponding bits, then write the new data and new parity. Thus, the small 
write involves four disk accesses to two disks instead of accessing all disks. This 
organization is RAID 4. 

Distributed Block-Interleaved Parity (RAID 5) 

RAID 4 efficiently supports a mixture of large reads, large writes, and small reads, 
plus it allows small writes. One drawback to the system is that the parity disk must 
be updated on every write, so the parity disk is the bottleneck for back-to-back 
writes. 

To fix the parity-write bottleneck, the parity information can be spread through
out all the disks so that there is no si ngle bottleneck for writes. The distributed 
parity organization is RAID 5. 
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RGURE 6.14 Block·interleaved parity (RAID 4) versus distributed block·lnlerleaved parity 
(RAID 5). By distributing parity blocks to all disks, some small writes can be performed in parallel. 

Figure 6.14 shows how data is distributed in RAID 4 versus RAID 5. As the 
organization on the right shows, in RAID 5 the parity associated with each row of 
data blocks is no longer restricted to a single disk. This organization allows multiple 
writes to occur simultaneously as long as the parity blocks are not located on the 
same disk. For example, a write to block 8 on the right must also access its parity 
block Pl, thereby occupying the first and third disks. A second write to block 5 on 
the right, implying an update to its parity block PI, accesses the second and fourth 
disks and thus could occur concurrently with the write to block 8. Those same 
writes to the organization on the left result in changes to blocks PI and P2, both on 
the fifth disk, which is a bottleneck. 

P + Q Redundancy (RAID 6) 
Pari ty-based schemes protect against a single self-identifying failure. When a single 
failure correction is not sufficient, parity can be generalized to have a second calcu
lation over the data and another check disk of information. This second check 
block allows recovery fro m a second fa ilure. Thus, the storage overhead is twice 
that of RAID 5. The small write shortcut of Figure 6.13 works as well, except now 
there are six disk accesses instead of four to update both P and Q information. 

RAID Summary 
RAID I and RAID 5 are widely used in servers; one estimate is that 80% of disks in 
servers are found in a RAID organ ization. 

One weakness of the RAID systems is repair. First, to avoid making the data 
unavai lable during repair, the array must be designed to allow the failed disks to be 
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replaced without having to turn off the system. RAIDs have enough redundancy to 
allow continuous operation, but hot-swapping disks place demands on the physical 
and electrical design of the array and the disk interfaces. Second, another failure 
could occur during repair, so the repair time affects the chances of losin g data: the 
longer the repair time, the greater th e chances of another fa ilure that will lose data. 
Rather than having to wait fo r the operator to bring in a good d isk, so me systems 
include standby spares so that the data can be reconstructed immediately upon 
discovery of the failure. The operator can then replace the failed disks in a more 
leisurely fas hi on. Note that a human operator ultimately determines which disks 
to remove. As Figure 6.3 shows, operators are only human, so th ey occas ionally 
remove the good disk instead of the broken disk, leading to an unrecoverable disk 
failure . 

In addi tio n to designing the RAID system for repa ir, there are questions about 
how disk technology changes over time. Al though disk manufacturers quote very 
high MTTF for their products, those numbers are under nomi nal conditions. If a 
particular disk array has been subject to temperature cycles due to, say, the failure 
of the air conditioning system) or to shaking due to <1 poor rack design. construc
tion, or insta llation, the fa ilure rates can be three to six times higher (see the fallacy 
on page 6 13) . The calculation of RAID reliability assumes independence between 
disk failures, but disk fai lu res could be correlated, because such damage due to the 
environment wou ld likely happen to all the disks in the array. Another concern is 
that since disk bandwidth is growing more slowly than disk capacity, the time to 
repair a disk in a RAID system is increasing, which in turn increases the chances of a 
second failure. For example, a 1000 GB SATA disk could take almost three hours to 
read sequentially, assuming no interference. Given that the damaged RAID is likely 
to continue to serve data, reconstruction could be stretched considerably. Besides 
increasing that time, another concern is that read ing much morc data during 
reconstruction means increasing the chance of an uncorrectable read media fa ilure, 
which would result in data loss. Other arguments for concern about simultaneolls 
multiple fa ilures are the increasing number of disks in arrays and the use of SATA 
disks, which are slower and have higher capacity than traditional enterprise disks. 

Hence, these trends have led to a growing interest in protecting aga inst more 
than one fai lure, and so RAID 6 is increasingly being offered as an option and being 
used in the field. 
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hot-swapping Replacing 
a hardwa re componellt 
while the system is 
ru nning. 

standby spares Reserve 
h<lrdware resources that 
Gill immediately ta ke 
the place of a railed 
component. 

Which of the fo ll owing are tru e about RAID levels 1,3,4,5, and 61 Check 

I. RAID systems rely on redundancy to achieve high avai labili ty. Yourself 

2. RAID I (mirrori ng) has the highest check disk overhead. 

3. For small writes, RAID 3 (bit-interleaved parity) has the worst throughput. 

4. For large wri tes, RAID 3, 4, and 5 have the sa me throughput. 
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Elaboration: One issue is how mirroring interacts with striping. Suppose you had, say, 
four disks' worth of data to store and eight physical disl(s to use. Would you create four 
pairs of disks-each organized as RAID 1-and then stripe data across the four RAID 1 
pairs? Alternatively, would you create two sets of four disl<s-each organized as RAID 
a-and then mirror writes to both RAID a sets? The RAID terminology has evolved to call 
the former RAID 1 + a or RAID 10 ("striped mirrors") and the latter RAID a + 1 or RAID 
01 ("mirrored stripes"). 

III Real stu'" Sun Rre .4150 Server 

In addition to the revolution in how microprocessors are constructed, we are see
ing a revolution in how software is delivered. Instead of the traditional model of 
sortware sold on a CD or shipped over the Internet to be installed in your com
puter, the alternative is software as a service. That is, YOll go over the Internet to 
do your work on a computer that runs the software YOll want to use to provide 
the service that you desire. The most popular example is likely Web searching, but 
there are services for photo editing and storage, document processing, database 
storage, virtual worlds, and so on. If you looked hard, you can probably find service 
version of almost every program you use on your desktop computer. 

This shift has led to the construction of large data centers to hold the comput
ers and disks to run the services used by millions of external users. What should 
computers look like if they are designed to be placed in these large data centers? 
They certainly all don't need displays and keyboards. Clearly, space efficiency and 
power efficiency will be important if you have 10,000 of them in a datacenter, in 
addition to the traditional concerns of cost and performance. 

The related question is what should storage look like in a datacenter? While 
there are many options, one popular version is to include disks with the processor 
and memory, and make this whole unit the building block. To overcome concerns 
about reliability, the application itself makes redundant cop ies and is responsible 
for keepi ng them consistent and recovering fro m fa ilures. 

The IT industry has largely agreed to some standards in the physical design 
of computers for the datacenter, specifically the rack used to hold the computers 
in the datacenter. The most popular is the 19-inch rack, which is 19 inches wide 
(482.6 mm ). Computers designed for the rack are labeled, naturally enough, 
rack 1II01l1lf, but are also called a slIbrack or simply a shelf Beca use the traditional 
placement of holes in which to attach the shelves is 1.75 inches (44.45 mm) apart, 
this distance is commonly call ed a rack IIllit or si mply IIllit (U) . The most popular 
19-inch rack is 42 U high, which is 42 x 1.75 or 73.5 inches high. The depth of the 
shelf varies. 

6.10 Real Stuff: Sun Fire x4150 Server 

~I~URE ~.15 A standard lS-inch rack populated with 42 lU servers. This rack has 42 1 U 
pizza box servers. Source: http://gchclpdesk.ualberta.ca/news/07mar06fcbhd_news_07mar06.php. 

I-Ience, the smallest rack mount computer is 19 inches wide and 1.75 inches tall, 
often called I U computers or I U servers. Because of their dimensions, they have 
earned the IlIckname pizza boxes. Figure 6.15 shows an example of a standard rack 
populated With 42 I U servers. 
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2 Redundant 
Power Supplies 

System Status LEOs 

3 PCI Express Slots 

Management NrC 

Management 
Seri al 

2 USB Ports 

4 Gigabit NICs Video 

FIGURE 6 .16 The front and rear of the Sun Fire x4150 lU server. The dimensions arc 1.75 inches 
high by 19 inches wide. The eigh t 2.S-inch disks drives can be replaced from the front. In the upper right is i\ 
DVD and two USl3 ports. The picture below labels the items at the rear of the server. It has redundant power 
supplies and fans 10 allow thc server to continue operating despite failu res of nne of these components. 

Figure 6.16 shows the Sun Fire x4 150, an example of a I U server. Maximally 
configured, this I U box con ta ins: 

• 82.66 GHz processors, spread across two sockets (2 Intel Xeon 5345) 

• 64 GB of DDR2-667 DRAM, spread across 164GB FBDlMMs 

• S 15,000 RPM 73 GB SAS 2.5-inch disk drives 

• I RAID cont ro ller (Supporting RAID 0, RAID I , RAID 5, and RAID 6) 

• 4 1011 0011 000 Ethernet ports 

• 3 PCI Express xS ports 

• 4 external and I in te rnal USB 2.0 ports 
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FIGURE 6.17 Logical connections and bandwidths of components in the Sun Fire x4150. The three pe k connectors allow 
x 16 boards to be plugged in , bu t it only provides eight la nes of bandwidth to the MCH. So urce: f. igure 5 of"SVN f. l RP" X4 1S0 AN D X4450. 
SERVER ARCHITECTURE" (sec ww' .... sun .com/servers/x64/x4 1501) . 

. Figure 6.1 7 shows the connectivity and bandwidths of the chips on the mo ther
board. Figures 6.9 and 6.1 0 describe the I/O chip set for the In te l 5345, and 
Figure 6.5 describes the SAS disks in the Sun Fire x4150. 

To clari fy the advice on designing an I/O system in Section 6.S, let's perform 
a si mple performance evaluation to see where the bottlenecks might be fo r a 
hypothetical application. 

I/O System Design 

Make the fo llowing assum ptions about the Sun Fire x4 150: 

• The user program uses 200,000 instructions per I/O operation 

• The operating system averages 100,000 instructions per 1/0 operatio n 

, 

EXAMPLE 



610 

ANSWER 

Chapter 6 Storage and Other I/O Topics 

• The workload consists of 64 KB reads 

• Each processor sustains 1 billion instructions per second 

Find the maximum sustainable I/O rate for a fully loaded Sun Fire x4150 for 
random reads and sequential reads. Assume that the reads can always be done 
on an idle disk if one exists (i.e., ignore disk conflicts) and that the RAID 
controller is not the bottleneck. 

Let's first find the I/O rate of a single processor. Each I/O takes 200,000 user 
instructions and 100,000 OS instructions, so 

Maximum 1/0 rate of 1 processor = 

Instruction execution rate 
Instructions per I/O 

I X 10
9 =3,333~ 

(200 + lOa) x 10' second 

As a single Intel 5345 socket has four processors, it can perform 13,333 lOPS. 
Two sockets with eight processors can perform 26,667 lOPS. 

Let's determine lOPS per disks for random and sequential reads for the 2.5-inch 
SAS disk described in Figure 6.5. Rather tI,an use the average seek time from the 
disk manufacturer, let's assume that it is only a quarter of that time, as is often the 
case (see Section 6.3). The time per random read of a single disk: 

Time per I/O at disk = Seek + rotational time + Transfer time 

2.9 64 KB 
= """4 ms + 2.0 ms + 112 MB/sec 3.3 ms 

Thus, each disk can complete 1000 ms/3.3 ms or 303 II0s per second, and 
eight disks perform 2424 random reads per second. 

For sequential reads, it's just the transfer size divided by the disk bandwidth: 

112 Mlllsec 
64 KB 

1750 lOPS 

Eight disks can perform 14,000 sequential 64 KB reads. 
We need to see if the paths from the disks to memory and the processors are 

a bottleneck. Let's start with the PCI Express interconnect from the RAID card 
to the north bridge chip. Each lane of a PCIe is 250 MB/second, so eight lanes 
can perform 2 GB/second. 

Max I/O rate of PCle x8 
PCI bandwidth 
Bytes per 1/0 

2 x 10' 
64 X lO3 

31,250 I/Os 
second 

Even eight disks transferring sequentially use less than half the PCIe x8 link. 

6.10 Real Stuff: Sun Fire x41S0 Server 

Once the data gets to the MCIl, it needs to be written into the DRAM. The 
bandwidth of a DDR2 667 MHz FIlDIMM is 5336 MB/second. A single DIMM 
can perform 

The memory is not a bottleneck even with one DIMM, and we have 16 in a 
fully configured Sun Fire x4 150. 

The final link in the chain is the Front Side Bus that connects north bridge 
hub to the Intel 5345 socket. Its peak bandwidth is 10.6 GB/sec, but Section 7.10 
suggests you get no more than half peak. Each 1/0 transfers 64 KB, so 

Max I/O rate of FSB Bus bandwidth 5.3 X 10' = 81 540 ~ 
Bytes per I/O M x J OJ • second 

There is one Front Side Bus per socket, so the dual FSB peak is over 150,000 
lOPS, and once again, the FSB is not a bottleneck. 

I-Ience, a fully configured Sun Fire x4150 can sustain the peak bandwidth of 
the eight disks, which is 2424 random reads per second or 14,000 seq uential 
reads per second. 

Notice the significant number of simplifying assumptions that are needed to do 
this example. In practice, many of these simplifications might not hold for critical 
I/O-intensive applications. For this reason, running a realistic workload or relevant 
benchmark is often the only plausible way to evaluate 1/0 performance. 

As mention at the beginning of this section, these new datacenters are concerned 
about power and space as well as cost and performance. Figure 6.18 shows the idle 
and peak power required by a fully configured Sun Fire x4 150, with a breakdown 
by each component. Let's look at the alternative configurations of the Sun Fire 
x41S0 to conserve power. 

I/O System Power Evaluation 

Reconfigure a Sun Fire x4 150 to minimize power, assuming that the workload 
in the example above is the only activity on this I U server. 

To achieve the 2424 random 64 KIl reads per second from the prior example, 
we need all eight disks and the PCI RAID controller. From the calculations 
above, a single D1MM can support over 80,000 lOPS, so we can save power 
111 memory. The Sun Fire x4 150 minimum memory is two DIMMs, so we can 
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Components System 

Item Idle Peak Number Idle Peart 

Single [ntel 2.66 GHz E5345 socket. 
Intel 5000 MCB/ IOH chip set. Ethernet 154 W 215 W 1 154W 37% 215 W 39% 
controllers, power supplies, fans .... 

Additional Intel 2.66 GHz E5345 socket 22 W 79W 1 22W 5% 79W 14% 

4 G6 DDR2·667 5300 FBDIMM lOW llW 16 160W 39% 176 W 32% 

73 GB SAS 151< Disl( drives 8W 8W 8 64W 15% 64W 12% 

PCle xB RAID Disk controller 15W 15W 1 15W 4% 15W 3% 

Total 415W 100% 549 W 100% 

RGURE 6.18 Idle and peak power of a fu lly configured Sun Fire x41S0. These experiments G llm' while running SPECIIlU with 
29 different configurations, so the peak power could he different when running different applications (source: www.sull.com/scrvcrs/x6·1/ 
x4 150Icalc). 

save the power (and cost) of 144GB DIMMs. A single socket can support 
13,333 lOPS, so we can also reduce the number of Intel E5345 sockets by one. 
Using the numbers in Figure 6. I 8, the total system power is now: 

[die Power random rcads = 154 + 2 X 10 + 8 X 8 + 15 = 253 watts 

Peak Power,,,ndom <c,d, : 215 + 2 x 11 + 8 x 8 + 15: 316 watts 

or a reduction in power by a factor of 1.6 to 1.7. 
The original system can performance 14,00064 KB sequential reads per 

second. We still need all the disks and the disk controller, and the same number 
of DIMMs can handle this higher load. This workload exceeds a processing 
power of the single Intel E5345 socket, so we need to add a second one. 

Idle Power '1 d :154+22+2xI0+8x8+ 15:275watts scquc lllla rca .~ 

Pe'lk Power . I d: ? I 5 + 79 + 2 x I I + 8 x 8 + 15 : 395 watts • scquclllla rca s -

or a reduction in power by a factor of 1.4 to 1.5. 

II Advanced Topic," Networks 

Networks are growing in popularity over time, and unlike other I/O devices, there 
are many books and courses on them. For readers who have not taken courses or 

6.12 Fallacies and Pitfalls 

read books on networking, ~ Section 6.11 on the CD gives a quick overview of 
the topics and terminology, including Internetworking, the OSI model, protocol 
families such as TCPIIP, long-haul networks such as ATM, local area networks such 
as Ethernet, and wireless networks such as IEEE 802. I I. 

Fallacies and Pitfalls 

Fnllncy: The rated lIlenll tillle to fnilllre of disks is 1,200,000 llOlIrs or nllllost 140 yenrs, 
so disks practically lIe"erfnil. 

Marketing practices of disk manufacturers have misled users. How is such an 
MTTF calculated? Early in the process, manufacturers will put thousands of disks 
in a room, run them for a few months, and count the number that fail. They com
pute MTTF as the total number of hours that the disks were cumulatively available 
divided by the nllmber that failed. 

One problem is that this number far exceeds the lifetime of a disk, which is 
commonly assumed to be five years or 43,800 hours. For this large MTTF to 
make some sense, disk manufacturers argue that the calculation corresponds to 
a user who buys a disk, and then keeps replacing the disk every five years-the 
planned lifetime of the disk. The claim is that if many customers (and their great
grandchildren) did this for the next century, on average they would replace a disk 
27 times before a failure, or about 140 years. 

A more useful measure would be percentage of disks that fail in a year, called 
annual failure rate (A FR). Assume 1000 disks with a 1,200,000-hour MTTF and 
that the disks are used 24 hours a day. If YOll replaced failed disks with a new one 
having the same reliability characteristics, the number that would fail per year 
(8,760 hours ) is 

1000 drives x 8760 hours/drive 
Failed disks : --'-'c:..;.-::::O';;:-;;';;-;;~-=-=--:;;-7;'==-'-

1,200,000 hours/failure 
7.3 

Stated alternatively, the AFR is 0.73%. Disk manufacturers are starting to quote 
AFR as well as MTTB to give users better intuition about what to expect about 
their products. 

Fnllncy: Disk fnilllre mtes ill the field IIIntch their specificatiolls. 

Two recent studies evaluated large collections of disks to check the relationship 
between results in the field compared to specifications. One study was of almost 
100,000 ATA and SCSI disks that had quoted MTTF of 1,000,000 to 1,500,000 
hours, or AFR of 0.6% to 0.8%. They found AFRs of2% to 4% to be common, often 
three to five times higher than the specified rates ISchroeder and Gibson, 20071. 
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A second study of more than 100,000 ATA disks, which had a quoted AFR of about 
1.5%, saw failure rates of 1.7% for drives in their first year rise to 8.6% for dnves 111 

their third year, or about five to six times the specified rate [Pinheiro, Weber, and 
Barroso, 20071. 

Fnllnc)" A GRlsec illterconllect enll tmllsfer J GR of dntn ill 1 secolld. 

First you generally cannot use 100% of any computer resource. For a bus, you 
would be fortunate to get 70% to 80% of the peak bandwidth. Time to send the 
address, time to acknowledge the signals, and stalls while wai tin g to use a busy bus 
are among the reasons you cannot use 100% of a bus. . 

Second, the definition of a gigabyte of storage and a gigabyte per seco nd of 
bandwidth do not agree. As we discussed on page 596, I/O bandwidth measures 
are usually quoted in base 10 (i.e., 1 GB/sec = 10' bytes/~ec), whik I GB of data 
is typically a base 2 measure (Le., I GB = 2'0 bytes). How Significant IS tillS distinC
tion? If we could use 100% of the bus for data transfer, the tune to transfer I GB of 
data on a I GB/sec interconnect is actually 

2
30 

1,073,741,824 = 1.07374 1824= 1.07 seconds 
109 1,000,000,000 

Pitfnll: TrY;'lg to provide fen/lites only within the network verSllS elld to end. 

The concern is providing at a lower-level features that can ? nly be accomplished at 
the highest level, thus only partially satisfying the commUnicatIOn demand. Saltzer, 
Reed, and Clark 11984] give the elld-to-end nrglllllellt, as follows: 

The flll1ctioll il1 qllestioll cn ll cOlllpletel), nlld correctl), be specified 0111)' with the 
kno1Vledge nJ/d help of the npplientioll stnlldillg nt the endpolllts of the COIIIIIIII
Ilientioll s),stelll. Therefore, providing thnt qllestlOlled fllllctlOlI ns n fentllre of the 
col1H111l1licntioll system itself;s 1/ot possible. 

Their example of the pitfall was a network at MIT that used several gateways, 
each of which added a checksum from one gateway to the next. The programmers 
of the application assumed the checksum guaranteed accuracy, incorrectly believ
ing that the message was protected while stored in the memo~y of each gateway. 
One gateway developed a transient failure that swapped one pair of bytes per mil
lion bytes transferred. Over time the source code of one operatlllg system wa~ 
repeatedly passed through the gateway, thereby COITUptlllg the code .. The ani) 
solution was to correct the infected source files by companng to paper hstlllgs and 
repairing the code by hand! Had the checksums been calculated and checked by the 
application running on the end systems, safety would have been assu red. 

There is a usenil role for intermediate checks, however, proVided that end-to-end 
checking is available. End-to-end checking may show that sOlllethillgis broken between 

6.12 Fallacies and Pitfalls 

two nodes, but it doesn't point to where the problem is. Intermediate checks can 
discover which cOlllponent is broken. YOLI need both for repair. 

Pitfnll: MOl'illg[rIllCtiolls frolll tlze CPU to Ilze I/O processor, e"peetillg to il/lprol'e 
performance JIIithollt n careful nlwlysis. 

There are many examples of this pitfall trapping people, although I/O processors, 
when properly used, can certainly enhance performance. A frequent instance of 
this fallacy is the use of intelligent I/O interfaces, which, because of the higher 
overhead to set lip an 1I0 request) can turn out to have worse latency than a 
processor-directed I/O activity (although if the processor is freed up sufficiently, 
system throughput may still increase). Frequently, performance fa lls when the I/O 
processor has much lower performance than the main processor. Consequently, a 
small amount of main processor time is replaced with a larger amount of I/O pro
cessor time. Workstation designers have seen both these phenomena repeatedly. 

Myer and Sutherland 11968] wrote a classic paper on the tradeoff of complex
ity and performance in I/O controllers. Borrowing the religious concept of the 
"wheel of reincarnation," they eventually noticed they were caught in a loop of 
continuously increasing the power of an I/O processor until it needed its own 
simpler coprocessor: 

We nppronclled the tnsk by stnrl illg lVith n sill/pie schell/e nlld Ihell nddillg 
col1llllnllds mid fellfllres thnt we felt HlOlllrl ellhmlce the power of the Illnchille. 
Gmdllnll)' the [displn)'j processor beenll/e lIlore colllple" .... Fillnll)' the displn)' 
processor enllle 10 resell/ble n [rill-fledged cOll/pllter I\'ith SOl/le specinl gmphies 
fentllres. Alld thell n slmllge thillg hnppelled. We felt coll/pelled to ndd to the 
processor a second, subsidinry Process01~ which. itself, begml to groll' ill 
complexity. It II'ns then that we discovered the disturbing trllth. Designillg a 
display processor mil become n lieFer-eliding eyelienl process. III fnct, we found the 
process so [rllstmtillg thnt we hnve collle to call it the "wheel of reincarnation." 

. Pitfnll: Usillg Il/nglletic Inpes to bnck lip disks. 

This is both a fallacy and a pitfall. Magnetic tapes have been part of computer 
systems as long as disks because they use similar technology as disks, and hence 
historically have followed the same density improvements. The historic cost/ 
performance difference between disks and tapes is based on a sealed, rotating disk 
having lower access time than sequential tape access; but removable spools of 
magnetic tape mean many tapes can be used per reader, and they can be very long 
and so have high capacity. !-Ience, in the past a single magnetic tape could hold the 
contents of many disks, and since it was IOta 100 times cheaper per gigabyte than 
disks, it was a useful backup medium. 

The claim was thai magnetic tapes must track disks since innovations in disks 
must help tapes. This claim was important because tapes were a small market and 
could not afford a sepa rate large research and development effort. One reason the 
market is small is that desktop Owners generally do not back up disks onto tape, 
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and so while desktops are by far the largest market for disks. desktops are a small 

market for tapes. 
Alas. the larger market has led disks to improve much more quickly than tapes. 

Starting in 2000 to 2002. the largest popular disk was larger than the largest popular 
tape. In that same time frame, the price per gigabyte of ATA disks dropped below 
that of tapes. Tape advocates claim that tapes have compatibility requirements that 
are not imposed on disks; tape readers must read or write the current and previous 
generation of tapes, and must read the last four generations of tapes. As disks are 
closed systems. disk heads need only read the platters enclosed with them, and this 
advantage explains why disks are improving much more rapidly. 

Today. some organizations have dropped tapes altogether. using networks and 
remote disks to replicate the data geographically. Indeed. many companies offering 
soft\'vare as a service use inexpensive components but replicate data at an applica
tion level across multiples sites. The sites are picked so that disasters would not take 
out both sites, enabling instantaneous recovery time. (Long recovery time for site 
disasters is another serious drawback to the serial nature of magnetic tapes.) Such 
a solution depends on advances in disk capacity and network bandwidth to make 
economic sense, but these two are getting much greater investment and hence have 
better recent reco rds of accomplishment than tape. 

Fallacy: Operatillg systellls are the best place to schedllie disk accesses. 

As mentioned in Section 6.3, higher-level interfaces like ATA and SCSI offer logical 
block addresses to the host operating system. Given this high-level abstraction, the 
best an OS can do to try to help performance is to sort the logical block addresses 
into increasing order. However, since the disk knows the actual mapping of the 
logical addresses onto the physical geometry of sectors, tracks. and surfaces, it can 
reduce the rotational and seek latencies by rescheduling. 

For example, suppose the workload is four reads (Anderson. 20031: 

Operation Starling LBA Lengtl, 

Read 724 8 

Read 100 16 

Read 9987 1 

Read 26 128 

The host might reorder the four reads into logical block order: 

Operation Starting LBA Length 

Read 26 128 

Read 100 16 

Read 724 8 

Read 9987 1 

6.13 Concluding Remarks 

724 

o - Host-ordered queue 

- Drive-ordered queue 

o 

~e~~RE 6.19 Exampl~ .showing OS versus disk schedule accesses, labeled host-ordered 
us drtv~r~ered. I he former takes three revolutions to complete the four reads, while the la ller 

compleles them 111 Just three-fourths of a revolution (from Anderson 12003 Il. 

Depending on the relative location of the data on the disk, reo rdering could make 
It worse. as Flgur: 6. J 9 shows. The dISk-scheduled reads complete in three-quarters 
of a dISk revolution, but the OS-scheduled reads take three revolutions. 

Pitfall: Usillg the peak trallsfer rate of n portioll of the I/O systelll to /IIake pe'for-
1I/(l1Ice pro)ect1Dlls or pelfof1l1nllCe cO lllpnrisolls. 

Many of the components .of an I/O system, from the devices to the controllers to 
the buses. are speCified uSlllg their peak bandwidths. In practice, these peak band
w~dt~l measu~ements are often based all unrealistic assumptions about the system 
01 ale ~lI1~ttall1abi e because of other syst:m iimitj]tions. For example, in quoting 
bus pel fOi n:aI~ce, the peak tmIlsfer rate IS sometimes specified using a memory 
systenl that IS Impossible to build. For networked systems, the so ftware overhead 
of Il1ltIatlIlg communication is ignored. 

The 32-bit, 33MBz PC! bus has a peak bandwid th of about 133 MB/sec. In 
practlC~. ~ven for long transfers, it is difficult to susta in more than about 80 MB/sec 
for realistIC memory systems. 
. Amdahl's law also reminds us that the throughput of an 110 system will be 

limited by the lowest-performance component in the I/O path. 

II Concluding Remarks 

I/O systems are evaluated on several different characteristics: dependability; the 
varrety of I/O deVices support~d; the maximum number of 1/0 devices; cost; and 
performance, measured both III latency and in throughput. These goals lead to 

617 



618 

Understanding 
Program 

Performance 

Chapter 6 Storage and Other I/ O Topics 

widely varying schemes for interfacing 1/0 devices. In the low-end and midran ge 
systems, buffered DMA is likely to be the dominant transfer mechanism. In the 
high-end systems, latency and bandwidth may both be important, and cost may 
be secondary. Multiple paths to 1/0 devices with limited buffering often charac
terize high-end I/O systems. Typically, being able to access the data on an I/O 
device at any time (high availab ili ty) becomes more important as systems grow. 
As a result , redundancy and error correction mechanisms become more and more 
prevalent as we enlarge the system. 

Storage and networking demands are growing at unprecedented rates, in part 
because of increasing demands for all in formation to be at your fingertips. O ne 
estimate is that the amount of information created in 2002 was 5 exabytcs
equivalent to 500,000 copies of the text in the U.S. Library of Congress-and 
that the total amount of information in the world was doubling every three years 
I Lyman and Varian, Z003 J. 

Future d irectio ns of I/O include expanding the reach of wired and wireless net
works, with nearly every device potentially having an IP address, and the expanding 
role of fla sh memory in storage systems. 

The performance of an I/O system, whether measured by bandwidth o r latency, 
depends on all the elements in the path between the device and memory, includ
ing the operating system that generates the I/O commands. The bandwidth of the 
interconnect, the memory, and the device determine the maximum transfer rate 
from or to the device. Similarly, the latency depends on the device latency, together 
with any latency imposed by the memory system or buses. The effective bandwidth 
and response latency also depend on other I/O requests that may cause contention 
for some resource in the path. Finally, the operating system is a bottleneck. In some 
cases, the OS takes a long time to deliver an I/O request from a user program to an 
I/O device, lead ing to high latency. In other cases, the operating sys tem effectively 
limits the I/O bandwidth because of limitations in the number of concurrent 1/0 
operations it can support. 

Keep in mind that while performance ca n help sell an 1/0 system , users over
whelmingly demand capacity and dependability from their I/O systems. 

Historical Perspective and Further 
Reading 

The history of I/O systems is a fa sc inat ing one. til Section 6.14 gives a brief history 
of magnetic disks, RAID, flash memory, databases, the Internet, the World Wide 
Web, and how Ethernet continues to triumph over its challengers. 

6.15 Exercises 

Exercises 
Contributed ur Perry Alexander or the Uni"crsil), of Kansas 

Exercise 6.1 

Figure 6.2 describes numerous I/O devices in terms of their behavior, partner, and 
data rate. However, these class ifications often do not provide a complete picture of 
data flow wlthm a system. Explore device classifications for the fo llowi ng devices. 

/

,. / Video Game 

b. Handheld GPS 

6.1.1 15J <6.1 > For the devices listed in the table, identify 1/0 interfaces and 
claSSify them 111 terms of their behavior and par tner. 

6.1.2 15J <6. 1> For the interfaces identified in the previous problem, esti mate 
their data rate. 

6.1.3 [5 J <6. 1> For the interfaces identified in the previous problem, determine 
whether data rate or operation rate is the best performance measurement. 

Exercise 6.2 

Mea n Time Bet:w~en Failures (MTBF), Mean Time To Replacement (MTTR), and 
Mean TI~e To Failure (MTTF) are useful metrics for evaluating the reliability and 
avadablltty of a storage resource. Explore these concepts by answering the questions 
about deVICes With the following metrics. 

l=r====~=====r====~~~~ 

6.2.1 [51 <6.1, 6.2> Calculate the lVlTBF for each of the devices in the table. 

6.2.2 15 J <6.1, 6.Z> Calculate the avai labili ty for each of the devices in the table. 

6.2.3 [5J <6.1, 6.Z > What happens to availability as the MTTR approaches O. Is 
thiS a realistic situation? 

6.2.4 [5 J <6 1, 6.Z> What happens t? availabili ty as the MTTR gets very high, i.e., 
a deVICe IS di fficult to repair? Does tIllS Imply the device has low avai lability? 
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Exercise 6.3 
Average and minimum times for reading and writing to storage devices are commOn 
measurements lIsed to compare devices. Using techniques from Chapter 6, calculate 
values related to read and write time for disks with the following characteristics. 

• Average Seek Time Disk Transfer Rate Controller Transfer Rate 

D. 11 ms 7200 34 MBytes/s 480 M8its/s 

b. 9 ms 7200 30 MBytes/s 500 MBlts/s 

6.3.1 [ IOJ <6.2,6.3> Calcu late the average time to read or write a 1024-byte 
sector for each disk listed in the table. 

6.3.2 [10] <6.2,6.3> Calculate the minimum time to read or write a 2048-byte 
sector for each disk listed in the table. 

6.3.3 [IOJ <6.2, 6.3> For each disk in the table, determine the dominant factor 
for performance. Specifically, if you could make an improvement to any aspect of 
the disk, what would you choose? If there is no dominant factor, explain why. 

Exercise 6.4 
Ultimately, storage system design requires consideration of usage scenarios as 
well as disk parameters. Different situations require different metrics. Let's try to 
systematically evaluate disk systems. Explore differences in how storage systems 
should be evaluated by answering the questions about the following applications. 

a. Online NASA Satetlite Database 

b. Video Gaming System 

6.4.1 [5 ] <6.2,6.3> For each application, would decreasing the sector size during 
reads and writes improve performance? Explain your answer. 

6.4.2 [5] <6.2,6.3> For each application, would increasing disk rotat ion speed 
improve performance? Explain your nnswer. 

6.4.3 [5 J <6.2, 6.3 > For each application, would increasing disk rotation 
speed improve system performance given that MTTF is decreased? Explain your 
answer. 

6.15 Exercises 

Exercise 6.5 

Flash memory is one of the first trlle competitors for tradit ional disk drives. Explore 
the implications of Flash memory by answering questions abottt the following 
applications . 

3. Online NASA Satellite Database 

b. Video Gaming System 

6.5.1 [5J <6.2 , 6.3,6.4 > As we move toward solid state drives constructed from 
Flash memory, what will change about disk read times assuming that the data 
transfer rate stays constant? 

6.5.2 [ 10] <6.2,6.3, 6.4 > Would each application benefit from a solid state Flash 
drive given that cost is a design factor? 

6.5.3 [10] <6.2,6.3, 6.4 > Would each application be inappropriate for a sol id 
state Flash drive given that cost is NOT a design factor? 

Exercise 6.6 

Explore the nature of Flash memory by answering the questions related to perfor
mance for Flash memories with the following characteristics. 

• Data Transfer Rate Controller Transfer Rate 

~LI --__________ :_:_~_:~;_: ____________ L-__________ ~:~:~~~=:~;:~ ________ --1 

6.6.1 [10] <6.2,6.3,6.4> Calculate the average time to read or write a I024-byte 
sector for each Flash memory listed in the table. 

6.6.2 [10 [ <6.2, 6.3, 6.4 > Calculate the minimum time to read or write a 512-byte 
sector for each Flash memory listed in the table. 

6.6.3 [5[ <6.2,6.3,6.4> Figure 6.6 shows that Flash memory read and write 
access times increase as Flash memo ry gets larger. Is this unexpected? What factors 
cause this? 
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Exercise 6.7 

110 can be performed either synchronously or asynchronously. Explore the differ
ences by answering performance questions about the following peripherals. 

~I Mouse 
~ Memory Controller 

6.7.1 [5] <6.5 > What would be the most appropriate bus type (synchronous or 
asynchronous) for handling communications between a CPU and the peripherals 
listed in the table? 

6.7.2 [51 <6.5 > What problems would long, synchronous buses cause for 
connections between a CPU and the peripherals listed in the table? 

6.7.3 [51 <6.5> \\~,at problems would asynchronous buses cause for connections 
between a CPU and the peripherals listed in the table? 

Exercise 6.8 
Among the most common bus types used in practice today are FireWire (IEEE 
1394), USB, PCI, and SATA. Although all four are asynchronous, they are imple
mented in different ways giving them different characteristics. Explore different bus 
structures by answering questions about the buses and the following peripherals. 

I ·' 1 External Hard Or;ve 

b. Keyboard 

6.8.1 [5] <6.5> Select an appropriate bus (FireWire, USB, PCI, or SATA) for the 
peripherals listed in the table. Explain why the bus selected is appropria te. (See 
Figure 6.8 for key characteristics of each bus.) 

6.8.2 [201 <6.5> Use online or library resources and summarize the communi
cation structure for each bus type. Identify what the bus controller does and where 
the control physically is. 

6.8.3 [15] <6.5> Outline limitations of each of the bus types. Explain why those 
limitations must be taken into consideration when using the bus. 

Exercise 6.9 

Communicating with 110 devices is achieved using combinations of polling, inter
rupt handling, memory mapping, and special 110 commands. Answer the questions 

6.15 Exercises 

abou t communicating with 110 subsystems for the following applications using 
co mbinations of these techniques. 

a. Video Game Controller 

b. Computer Monitor 

6.9.1 [5] <6.6> Describe device polling. Would each application in the table be 
appropriate for communication using polling techniques? Explain. 

6.9.2 [5] <6.6> Describe interrupt-driven commun ication. For each application 
in the table, if polling is inappropriate, explain interrupt-driven techniques that 
could be used. 

6.9.3 [10] <6.6> For the applications listed in the table, outline a design for 
memory-mapped communication . ldentify reserved memory locations and olltline 
their contents. 

6.9.4 [10] <6.6> For the applications listed in the table, outline a design for 
commands implementing command-driven communication. Identify commands 
and their interaction with the device. 

6.9.5 15] <6.6> Does it make sense to define I/O subsystems that use a combi
nation of memory mapping and command-driven communication? Explain your 
answer. 

Exercise 6.10 

Section 6.6 defines an eight-step process for handling interrupts. The Cause and 
Status registers together provide information on the cause of the interrupt and the 
status of the interrupt handling system. Explore interrupt handling by answering 
the questions about the following co mbinations of interrupts. 

a. Power Down Overheat Ethernet Controller Data 

b. Overheat Reboot Mouse Controller 

6.10.1 [5] <6.6> When an interrupt is detected, the Status register is saved and 
all but the highest priority interrupt is disabled. Why are low-priority interrupts 
disabled? Why is the Status register saved prior to disabling interrupts? 

6.10.2 [10] <6.6> Prioriti ze interrupts from the devices listed in each table row. 

6.10.3 [to] <6.6> Outline how an interrupt from each of the devices listed in the 
table would be handled. 
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6.10.4 [5 [ <6.6> What happens if the interrupt enable bit of the Cause register 
is not set when handling an interrupt? What value could the interrupt mask value 
take to accomplish the same thing? 

6.10.5 [5[ <6.6> Most interrupt-handling systems are implemented in the 
operating system. What hardware support could be added to make interrupt 
handling more efficient? Contrast yo ur solutio n to potential hardware support for 
function calls. 

6.10.6 [5] <6.6> In some interrupt-handling implementations, an interrupt 
causes an immediate jump to an in terrupt vector. Instead of a Cause register 
where each interrupt sets a bit. each interrupt has its own interrupt vector. Can the 
same priority interrupt system be implemented using this approach? Is there any 
advantage to this approach? 

Exercise 6.11 
Direct Memory Access (DMA) allows devices to access memory directly rather 
than working through the CPU. This can dramatically speed-up the performance 
of peripherals, but adds complexity to memory system implementatio.ns. Explore 
DMA implications by answering the questions about the followmg peripherals. 

1+1 Graphics Card 

b. Sound Card 

6.11.1 [5] <6.6> Does the CPU relinquish control of memory when DMA is 
act ive? For exa mple, can a peripheral simply communicate with memory directly, 
avoiding the CPU completely? 

6.11.2 [10] <6.6> Of the peripherals listed in the table, which would benefit from 
DMA? V.~,at criteria determine if DMA is appropriate? 

6.11.3 [10] <6.6> Of the peripherals listed in the table, which could calISe 
coherency problems with cache contents? ~,at criteria determine if coherency 
issues must be addressed? 

6.11.4 [5] <6.6> Describe what problems could occur when mixing DMA 
and virtual memory. Which of the peripherals in the table could introduce such 
problems? How can they be avoided? 

Exercise 6.12 
Metrics for I/O performance may vary dramatically from application to application. 
Where the number of transactions processed dominates performance in some 

6.15 EXerCises 

situations, data throughput dominates in others. Explore I/O performance evaluation 
by answering the questions for the following applications. 

/ .. / Web Browsing 

b. Sound Editing 

6.12.1 [10 [ <6.7> For each application in the table, does 1/0 performance domi
nate system performance? 

6.12:2 [10 I <6.7> For each application in the table, is I/O performance best mea
sured using row data throughpUl'? 

6.12.3 (5[ <6.7> For each application in the table, IS I/O performance best 
measured using the number of transactions processed? 

6.12.4 [5 [ <6.7> Is there a relationship between the performance measures from 
the previous two problems and choosing whether to use polling or interrupt-driven 
communication? \","hat about the choice of using memory-mapped or command
driven IIO? 

Exercise 6.13 

Benchmarks play an important role in evaluating and selecting peripheral devices. 
For benchmarks to be useful, they must exhibit properties similar to those experi
enced by a device under normal use. Explore benchmarks and device selection by 
answering questions about the following applications. 

/ .. / Web Browsing 

b. Sound Editing 

6.13.1 [5 [ <6.7> For each application in the table, define characteristics that a set 
of benchmarks sho uld exhibit when eva luating an 1/0 subsystem? 

6.13.2 [IS] <6.7> Using online or library resources, identify a set of standard 
benchmarks for applications in the table. Why do standard benchmarks help? 

6.13.3 [5] <6.7> Does it make sense to evaluate an I/O subsystem outside the 
larger system of which it is a part? How about evaluating a CPU? 

Exercise 6.14 

RAID is among the most popular approaches to parallelism and redundancy in 
storage systems. The name Redundant Arrays of Inexpensive Disks implies several 
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things about RAID arrays that we will explore in the context of the following 
activities. 

a. Online Database Services 

b. Sound Editing 

6.14.1 [101 <6.9> RAID 0 uses striping to force parallel access among many disks. 
Why does striping improve disk performance? For each of the activities listed in the 
table, will striping help better achieve their goals? 

6.14.2 151 <6.9> RAID I mirrors data among several disks. Assuming that 
inexpensive disks have lower MTBF than expensive disks, how can redundancy 
using inexpensive disks result in a system with lower MTBF? Use the mathematical 
definition of MTBF to explain your answer. For each of the activities listed in the 
table, will RAID I help better achieve their goals? 

6.14.3 151 <6.9> Like RAID I, RAID 3 provides higher data availability. Explain 
the tradeoff between RAID I and RAID 3. Would each of the applications listed in 
the table benefi t from RAID 3 over RAID I? 

Exercise 6.15 

RAID 3, RAID 4, and RAID 5 all use parity system to protect blocks of data. Spe
cifically, a parity block is associated with a collection of data blocks. Each row in 
the following table shows the values of the data and parity blocks, as described in 
Figure 6.13. 

D. 

b. AB9C F457 0098 OOFF 2FFF A387 

6.15.1 1101 <6.9> Calculate the new parity P' for RAID 3. 

6.15.2 [10 I <6.9> Calculate the new parity P' for RAID 4. 

6.15.3 [51 <6.9> Is RAID 3 or RAID 4 more efficient? Are there reasons why 
RAID 3 would be preferable to RAID 4? 

6.15.4 [5 1 <6.9> RAID 4 and RAID 5 use roughly the same mechanism to 
calculate and store parity for data blocks. How does RAID 5 differ from RAID 4 
and for what applications would RAID 5 be more efficient? 

6.15.5 [51 <6.9> RAID 4 and RAiD 5 speed improvements grow with respect 
to RAID 3 as the size of the protected block grows. Why is this the case? Is there a 
situation where RAID 4 and RAID 5 would be no more efficien t than RAID 3? 

6.15 Exercises 

Exercise 6.16 

The emergence of Web servers for ecommerce, online storage, and communication 
has l~lade di~k servers critical applications. Availability and speed are well-known 
metncs for disk servers, but power consumption is becoming increasingly important 
Answer the questions about configuration and evaluation of disk servers with the 
following parameters. 

Program 
Instructions/I/O 

Operation 

OS Instructions/I/O 
Operation 

Processor 
Speed (lnstructions/ 

Second) 

6.16.1 [101 <6.8, 6.10> Find the maximum sustained I/O rate for random 
reads and writes. Ignore disk conflicts and assume the RAID controller is not the 
bottleneck. Follow the same approach as outlined in Section 6. 10 making similar 
assumptions where necessary. 

6.16.2 [101 <6.8,6.10> Assume we are configuring a Sun Fire x4150 server as 
described in section 6.10. Determine if a configuration of 8 disks presents an I/O 
bottleneck. Repeat for configurations of 16, 4, and 2 disks. 

6.16.3 [101 <6.8,6.10> Determine if the PC[ bus, D[1vIM, or the Front Side Bus 
presents an I/O bottleneck. Use the same parameters and assumptions used in 
sectIon 6.10. 

6.16.4 [51 <6.8,6.10> Explain why real systems tend to use benchmarks or real 
applications to assess actual performance. 

Exercise 6.17 

Determining the performance of a single server with rela tively complete data is 
m.l easy task. Howeve.r, when comparing servers from different vendors providing 
dlfferelH data, choosll1g among alternatives can be difficult. Explore the process 
of findmg and el'aluatmg servers by answering questions about the following 
application. 

ILw_ e_b_'_e_rv_er _________________________ ---.JI. 

6.17.1 [lSI <6.8, 6.10> For the application listed above, identify runtime 
charact~nstlcs for an operational system. Choose characteristics that will support 
evaluatIon SImIlar to that performed for Exercise 6.16. 
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6.17.2 [15] <6.8,6.10> For the application listed above, find a server available 
in the marketplace that YOLI feel would be appropriate for running the application. 
Before evaluating the server, identify reasons why it was selected . 

6.17.3 [20] <6.8,6.10> Using metrics similar to those used in Chapter 6 and 
Exercise 6.16, assess the server you identified in Exercise 6.17.2 in comparison to the 
Sun Fire x4150 server evaluated in Exercise 6. 16. Which would you choose? Did the 
results of your analysis surprise you? Specifically, would you choose differently? 

6.17.4 [15 \ <6.8,6. 10> Identify a standard benchmark set that would be useful 
for comparing the server you identified in Exercise 6.17.2 with the Sun Fire x4150. 

Exercise 6.18 
Measurements and statistics provided by storage vendors must be carefully inter
preted to gain meaningful predictions about their system behavior. The following 
table provides data for various disk drives. 

• # of Drives Hours/Drive Hours/Failure 

a. 1000 8.160 1.000.000 

b. 1000 10.512 1.500.000 

6.18.1 [10] <6.12> Calculate annual failure rate (AFR) for disks in the table. 

6.18.2 [10\ <6.12> Assume that annual failure rate varies over the lifetime of 
disks in the previous table. Specifically, assume that AFR is three times as high in 
the first month of operation and doubles every year starting in the fifth yea r. How 
many disks would be replaced after 7 years of operation? What about 10 years? 

6.18.3 [10 \ <6.12> Assume that disks with lower failure rates are more expensive. 
Specifically, disks are available at a higher cost that will start doubling their failure 
rate in year 8 rather than year 5. How much more would you pay for disks if your 
intent is to keep them for 7 years? What about 10 years? 

Exercise 6.19 
For disks in the table in Exercise 6.1 8, assume that your vendor offers a RAID 0 
configuration that will increase storage system throughput by 70% and a RAID I 
configuration that will drop AFR of disk pairs by 2. Assume that the cost of each 
solution is 1.6 times the original solution cost. 

6.19.1 [5] <6.9, 6. 12> Given only the original problem parameters, would you 
recommend upgrading to either RAID 0 or RAID I assuming individual disk 
parameters remain the same in the previous table? 

6.15 Exercises . 

6.19.2 [5 \ <6.9,6.12> Given that your company opera tes a global search engine 
with a large disk farm, does upgrading to either RAID 0 or RAID I make economic 
sellse given that yOUI' income model is based on the number of advertisements 
served? 

6.19.3 [5\ <6.9,6.12> Repeat Exercise 6.19.2 for a large disk farm operated by 
an online backup company. Does upgrading to either RAID 0 or RAID I make 
economic sense given that your income model is based on the availability of you r 
server? 

Exercise 6.20 
Day-to-day evaluation and maintenance of operational computer systems involves 
many of the concepts discussed in Chapter 6. Explore the intricacies of evaluating 
systems by exploring the following questions. 

6.20.1 [20J <6.10,6.12> Configure the Sun Fire x4150 to provide 10 terabytes of 
storage for a processor array of 1000 processors running bioinformatics simula
tions. Your configuration should minimize power consumption while addressing 
throughput and availability concerns for the disk array. Make sure yo u consider the 
properties of large simulations when performing your configuration. 

6.20.2 [201 <6.10,6.12> Recommend a backup and data archiving system forthe 
disk array from Exercise 6.20.1. Compare and contrast disk, tape, and online backup 
capabilities. Use Internet and library resources to identify potential servers. Assess 
cost and suitability for the application using parameters described in Chapter 6. 
Select parameters for comparison using properties of the application as well as 
specified requirements. 

6.20.3 [15] <6.10, 6.12> Competing vendors for the systems you identified 
in Exercise 6.20.2 have offered to allow you to evaluate their systems on site. 
Identify the benchmarks you will use to determine which system is best for your 
application. Determine how long it will take you to gather enough data to make 
your determination. 

§6.2, page 575: 2 and 3 are true. 
§6.3, page 579: 3 and 4 are true. 
§6.4, page 582: All are true (assuming 40 MB/s is comparable to 100 lvlB/s). 
§6.5, page 585: I is true. 
§6.6, page 594: I and 2. 
§6.7, page 598: I and 2. 3 is false, since most TPC benchmarks include cost. 
§6.9, page 605: AIl are true. 
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multiprocessor A 
computer system with al 
le,lst two processors. This 
is in contrast to a 
uniprocessor. which has 
one. 

job·lcvel parallelism or 
process-level parnllelism 
Ut ilizing multiple 
processors by running 
independent programs 
simult.mCQllsiy. 

parnllcI processing 
program A single 
prognll11 that runs on 
multiple processors 
simultaneously. 

cluster A set or 
compulers connected 
over a local area 
network (LAN) that 
functions as a single huge 
multiprocessor. 

multicore 
microprocessor 
A microprocessor 
cont'lining Illultiple 
processors ("cores ") ill II 

si ngle integrated circuit. 

Chapter 7 Multlcores, Multiprocessors, and Clusters 

Introduction 

Computer architects have long sought the EI Dorado of computer design: to create 
powerful computers simply by connecting many existing smaller ones. TIllS golden 
vision is the fountainhead of multiprocessors. Ideally, customers order as many 
processors as they can afford and receive a commensurate an~ount of performance. 
Thus. multiprocessor software must be designed to work With a vanablenumber 
of processors. As mentioned in Chapter 1. power has become the overndll1g Issue 
for both datacenters and microprocessors. Replaclllg large lI1efficlent processors 
with many smaller. efficient processors can deliver better perfor~1<lnce per watt 
or per joule both in the large and in the small. if software can. effiCiently use them. 
Thus. improved power efficiency joins scalable performance 111 the case for multi-

processors. .' . 
Since multiprocessor software must scale, some deSigns sup~or~ operatt~n II) 

the presence of broken hardware; that is. if a single processor fail s m a m.ultlpro
cessor with 11 processors, these system would continue to prOVide service With 11- I 
processors. Hence. multiprocessors can also improve ~vailability (see Chapter ~). 

High performance can mean high throughput for lI1dependent jobs. called job
level parallelism or process-level parallelism. These parallel jobs are llldepende~t 
applications. and they arc an important and popular use of parallel computers. TIllS 
approach is in contrast to running a single job on multiple processors. We use the 
term parallel processing program to refer to a single program that runs on multi
ple processors simultaneously. 

There have long been scientific problems that have needed much faster com
puters. and this class of problems has been used to justify many novd parallel 
computers over the past decades. We will cover several of them In tillS chapter. 
Some of these problems can be handled simply. using a cluster con:posed of 
microprocessors housed in many independent servers or PCs. In addition. clus
ters can serve equally demanding applications outside the sCiences. such as search 
engines, Web servers, email servers, and databases. . 

As described in Chapter 1. multiprocessors have been shoved mto the spot
light because the power problem means that future increases in performance 
will apparently come from more processors per chip rather than higher clock 
rates and improved CPI. They are called muIticore microprocessors lI1stead of 
multiprocessor microprocessors. presumably to avoid redundancy II) naming. 
Hence, processors are often called cores in a multicore chip. The number of 
cores is expected to double every two years. Thus. programmers who care about 
performance must become parallel programmers, for sequentJaI programs mean 
slow programs. 

7.1 Introduction 

The tall challenge facing the industry is to create hardware and software that will 
make it easy to write correct parallel processing programs that will execute efficiently 
in performance and power as the number of cores per chip scales geometrically. 

This sudden shift in microprocessor design has caught many off guard. so there 
is a great deal of confusion about the terminology and what it means. Figure 7.1 
tries to clarify the terms serial. parallel. sequential. and concurrent. The columns 
of this figure represent the software. which is either inherently sequential or 
concurrent. The rows of the figure represent the hardware. which is either serial or 
parallel. For example. the programmers of compilers think of them as sequential 
programs: the steps are lexical analysis, parsing, code generation, optimization, 
and so on. In contrast. the programmers of operating systems normally think of 
them as concurrent programs: cooperating processes handling 1/0 events due to 
independent jobs running on a computer. 

Serial 

Hardware 

Parallel 

I Software 

Sequential 

Matrix Multiply written in Matlab 

running on an Intel Pentium 4 

Matrix Multiply written in MATLAB 

running on an Intel Xeon e5345 
(C lovertown) 

Concurrent 

Windows Vista Operating System 
running on an Intel Pentium 4 

Windows Vista Operating System 

running on an Intel Xeon e5345 
(Clovertown) 

FIGURE 7.1 Hardware/software categorization and examples of application perspective 
on concurrency versus hardware perspective on parallelism. 

The point of these two axes of Figure 7.1 is that concurrent software can run on 
serial hardware. such as operating systems for the Intel Pentium 4 uniprocessor. 
or on parallel hardware. such as an OS on the more recent Intel Xeon e5345 
(Clovertown). The same is true for sequential software. For example. the MATLAB 
pr~grammer writes a matrix multiply thinking about it sequentially. but it could run 
serially on Pentium 4 hardware or in parallel on Xeon e5345 hardware. You might 
guess that the only challenge of the parallel revolution is figuring out how to make 
naturally sequential software have high performance on parallel hardware. but It IS 
also to make concurrent programs have high performance on multiprocessors as 
the number of processors increases. With this distinction made. in the rest of this 
chapter we will use pnrnllel pl'Ocessillg pl'Ogmlll or pnmllel softwnre to mean either 
sequential or concurrent software running on parallel hardware. . 

The next section describes why it is hard to create efficient parallel processmg 
programs. Sections 7.3 and 7.4 describe the two alternatives of a fundamental 
parallel hardware characteristic. which is whether or not all the processors in the 
systems rely upon a single physical address. The two popular versions of these 
alternatives are called shnrerf 1Ile11l0r), I1Illltiprocessors and ell/sters. Section 7.5 then 
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describes IIIllitiliJrendillg. a term o ften confused w ith Illultiprocessing. in part 
because it relies upon similar concurrency in programs. Section 7.6 describes an 
older classification scheme than in Figure 7.1. In addition, it describes two styles 
of instruction set architectures that support running of sequential applications on 
parallel hardware, namely SIMD and veclor. Section 7.7 describes a relatively new 
style of computer from the graphics hardware community, called a graph ICS pro
cessillg I",it ( CPU). Appendix A describes CPUs in more detail. We next discuss the 
difficulty of find ing parallel benchmarks in Section 7.9. This section is fo llowed by 
a description of a new, simple, yet insightful performance model that helps III the 
design of applications as well as architectures. We use this model in Section 7.11 
to evaluate four recent multicore computers on two applica tion kernels. We close 
with fallaci es and pitfalls and our conclusions for parallelism. 

Before proceeding further down the path to parallelism, don't forget our initial 
incursions from the prior chnpters: 

• Chapter 2, Section 2.11 : Parallelism and Instructions: Synchronization 

• Chapter 3, Section 3.6: Parallelism and Computer Arithmetic: Associativity 

• Chapter 4, Section 4.1 0: Parallelism and Advanced Instruction-Level Parallelism 

• Chapter 5, Section 5.8: Parallelism and Memory I-lierarchies: Cache Coherence 

• Chapter 6, Section 6.9: Parallelism and 110: Red undan t Arrays of Inexpensive 
Disks 

True or false: To benefit from a multiprocessor, an application must be concurrent. 

The Difficulty of Creating Parallel 
Processing Programs 

The difficulty with parallelism is not the hardware; it is that too few important 
application programs have been rewritten to complete tasks sooner on multi
processors. It is difficult to write software that uses multiple processors to complete 
one task faster, and the problem gets worse as the number of processors increases. 

Why has this been so? Why have parallel processing programs been so much 
harder to develop than sequential programs? 

The first reason is that you "'IIst get better performance and efficiency from 
a parallel processing program on a multiprocessor; otherwise, you would just 
use a sequential program on a uniprocessor, as programming is easier. In fact, 
uniprocessor design techniques such as sllperscaiar and out-of-order execution 
take advantage of instruction-level parallelism (see Chapter 4), normally without 
the involvement of the programmer. Such innovations reduced the demand for 
rewriting programs for multiprocessors, since programmers could do no thing and 
yet their sequential programs would run faster on new computers. 

7.2 The Difficulty of Creating Parallel Processing Programs 

Why is it difficul t to write parallel processing programs that arc fast, especially 
as the number of processors increases? In Chapter I, we used the analogy of eight 
reporters trying to write a single story in hopes of doing the work eight tim es faster. 
To succeed, the task must be broken in to eight equal-sized pieces, because otherwise 
some reporters would be idle while wa iting for the ones with large r pieces to fini sh. 
Another performance danger would be that the repo rters would spend too much 
time com~unicati ng with each o ther instead of writing their pieces o f the story. 
For both th IS analogy and parallel programming, the challenges include scheduling, 
load balancing, time fo r synchronization, and overhead for communication between 
th e parties. The challenge is stiffer with the more repo rters fo r a newspaper story 
and the more processors for parallel programming. 

Our discussion in Chapter I reveals another obstacle, namel), Amdahl 's law. It 
remi nds us that even small parts of a program must be parallelized if the progra m 
is to make good use of many cores. 

Speed-up Challenge 

Suppose you want to achieve a speed-up of 90 times faster with 100 processors. 
What percentage of the original computation can be sequent ial? 

Amdahl's law (Chapter I) says 

Execution time after improvement = 

Execution time affected by improvement 
Amoun t of improvement + Execution time unaffected 

. We can reformulate Amdahl's in terms of speed-up versus the original execu
tion time: 

EXAMPLE 

ANSWER 

Speed-up = Execution time before 
(Execution time before - Execution time affectecl) + Execution ti me affected 

100 

This formula is usually rewritten assuming that the execution lime before is 
I for some uni t of time, and the execution time affected by improvement is 
considered the fraction of the original execu tion time: 

Speed-up 
( I - Fraction time affected) + Fraction time affected 

100 
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Substituting for the goal of a speed-up of 90 into the formula above: 

90 
([ _ Fraction time affected) + Fraction ii~~e affected 

Then simplifying the formula and solving for fTaction time affected: 

90 x ( [ - 0.99 x Fraction time affected) = [ 

90 - (90 x 0.99 x Fraction time affected) = [ 
90 - I = 90 x 0.99 x Fraction time affected 

Fraction time affected = 89/89. [ = 0.999 

Thus, to achieve a speed-up of90 from [00 processors, the sequential percent
age can only be o. [ %. 

Yet, there are applications with substantial parallelism. 

Speed-up Challenge: Bigger Problem 

Suppose you want to perform two sums: one is a sum of 10 scalar variables} 
and one is a matrix sum of a pair of two-dimensional arrays, \vith dimensions 
[0 by [0. What speed-up do you get with [0 versus [00 processors? Next, cal
culate the speed-ups assuming the matrices grow to 100 by 100. 

If we assume performance is a function of the time for an addition, I, then 
there are 10 additions that do not benefit from parallel processors and 100 
additions that do. If the time for a single processor is 110 I, the execution time 
for 10 processors is 

Execution time after improvement = 

Execution time affected by improvement 
Am f

· + Execution time unaffected 
ount 0 Improvement 

Execution time affected improvement = [~gl + 101 = 201 

so the speed-up with [0 processors is 1 [01/201 = 5.5. The execution time for 
100 processors is 

E . . f· 1001 -xecutlon time a ter Improvement = 100 + 101 = 11 I 

so the speed-up with 100 processors is [[01111 I = [0. 

7.2 The Difficulty of Creating Parallel Processing Programs 

Thus, for this problem size, we get about 55% of the potential speed-up with 
10 processors, but only lO o,.iJ with 100. Look what happens when we increase 
the matrix. The sequential program now takes 101 + 10,0001 = 10,0 I 01. The 
execution time for 10 processors is 

Execution time after improvement I °iOo
OOI 

+ lOI = 10 I 01 

so the speed-up with [0 processors is [0,0 101/10[01= 9.9. The execution time 
for 100 processors is 

Execution time after improvement 
10,0001 

100 +IOI=lIOI 

so the speed-up with 100 processors is 10,OlOII1101= 91. Thus, for this larger 
problem size, we get about 99% of the potential speed-up with [0 processors 
and more than 90% with [00. 

These examples show that getting good speed-up on a multiprocessor while 
keeping the problem size fixed is harder than getting good speed-up by increasing 
the size of the problem. This allows us to introduce two terms that describe ways 
to scale up. Strong scaling means measuring speed-up while keeping the problem 
size fixed. Weak scaling means that the program size grows proportionally to the 
increase in the number of processors. Let's assume that the size of the problem, M, 
is the working set in main memory, and we have P processors. Then the memory 
per processor for strong scaling is approximately M/P, and for weak scaling, it is 
approximately M. 

Depending on the application, you can argue for either scaling approach. For 
example, the TPC-C debit-credit database benchmark (Chapter 6) requires that 
you scale up the number of customer accounts to achieve higher transactions per 
minute. The argument is that it's nonsensical to think that a given customer base 
is suddenly going to start using ATM s 100 times a day just because the bank gets a 
faster computer. Instead, if you're going to demonstrate a system that can perform 
100 times the numbers of transactions per minute, you should run the experiment 
with 100 times as many customers. 

This final example shows the importance of load balancing. 

Speed-up Challenge: Balancing Load 

To achieve the speed-up of91 on the previous larger problem with 100 proces
sors, we assumed the load was perfectly balanced. That is, each of the [00 
processors had I % of the work to do. Instead, show the impact on speed-up if 
one processor's load is higher than all the rest. Calculate at 2% and 5%. 
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achieved on a multi
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problem. 

weak scaling Speed-up 
achieved on a multi
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the size of the problem 
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increase in the number of 
processors. 

EXAMPLE 



638 

ANSWER 

Check Yourself 

shared memory 
multiprocessor 
(SMP ) A parallel 
processor with a single 
address space, implying 
implicit communication 
with IO<lds and stores. 

uniform memory access 
(UMA) A multiprocessor 
in which accesses to main 
memory take about the 
same amount of time no 
maller which processor 
requests the access and 
no matter which word is 
asked. 
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If one processor has 2% of the parallel load, then it must do 2% x 10,000 or 200 
additions, and the other99 will share the remaining 9800. Since they are operating 
simultaneously, we can just calculate the execution time as a maximum 

Execution time after improvement = Max (9~~Ot, 2~Ot) + 10t= 210t 

The speed-up drops to 10,01 Otl21 Ot= 48. If one processor has 5% of the load, 
it must perform 500 additions: 

Execution time after improvement = Max (9~~Ot, 5~Ot) + 10t= Slat 

The speed-up drops even further to 10,010t1510t = 20. This example dem 
onstrates the value of balancing load, for just a single processor with twice the 
load of the others cuts speed-up almost in half, and five times the load on one 
processor reduces the speed-up by almost a factor of five. 

True or false: Strong scaling is not bound by Amdahl's law. 

II Shared Memory Multi .. ocessors 

Given the difficulty of rewriting old programs to run well on parallel hardware, a 
natural question is what computer designers can do to simplify the task. One answer 
was to provide a single physical address space that all processors can share, so that 
programs need not concern themselves with where they are run, merely that they 
may be executed in parallel. In this approach, all variables of a program can be made 
available at any time to any processor. The alternative is to have a separate address space 
per processor that requires that sharing must be explicit; we'll describe this option in 
the next section. When the physical address space is common- which is usually the 
case for multicore chips-then the hardware typically provides cache coherence to 
give a consistent view of the shared memory (see Section 5.8 of Chapter 5). 

A shared memory multiprocessor (SMP) is one that offers the programmer a 
sillgle ph),sicnl address space across all processors, although a more accurate term 
would have been shared-address multiprocessor. Note that such systems can still 
run independent jobs in their own virtual address spaces, even if they all share 
a physical address space. Processors communicate through shared variables in 
memory, with all processors capable of accessing any memory location via loads 
and stores. Figure 7.2 shows the classic organization of an SMP. 

Single address space multiprocessors come in two styles. The first takes about 
the same time to access main memory no matter which processor requests it and 
no matter which word is requested. Such machines are called uniform memory 
access (UMA) multiprocessors. In the second style, some memory accesses are 

7.3 Shared Memory Multiprocessors 

I Processor I f Processor ! 
j j 

Cache Cache Cache 

I j j 
In terconnection Network 

j j 
Memory I/O 

FIGURE 7.2 Classic organization of a shared memory multiprocessor. 

much faster than others, depending on which processor asks for which word. Such 
machines are called nonuniform memory access (NUMA) multiprocessors. As you 
might expect, the programming challenges are harder for a NUMA multiprocessor 
than for a UMA multiprocessor, but NUMA machines can scale to larger sizes and 
NUMAs can have lower latency to nearby memory. 

As processors operating in parallel will normally share data, they also need to 
coordinate when operating on shared data; otherwise, one processor could start 
working on data before another is finished with it. This coordination is called 
synchronization. When sharing is supported with a single address space, there 
must be a separate mechanism for synchronization. One approach uses a lock for 
a shared variable. Only one processor at a time can acquire the lock, and other 
processors interested in shared data must wait until the original processor unlocks 
the variable. Section 2.11 of Chapter 2 describes the instructions for locking in 
MIPS. 

A Simple Parallel Processing Program for a Shared Address Space 

Suppose we want to sum 100,000 numbers on a shared memory multipro
cessor computer with uniform memory access time. Let's assume we have 100 
processors. 

The first step again would be to split the set of numbers into subsets of the 
same size. We do not allocate the subsets to a different memory space, since 
there is a single memory space for this machinej we just give different starting 
addresses to each processor. Pn is the number that identifies the processor, 
between a and 99. All processors start the program by running a loop that 
sums their subset of numbers: 
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process of coordinating 
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different processors. 

lock A synchronization 
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sum[Pn] - 0 ; 
fOI' (i - 1000·· Pn; i ( 1000*( Pn+1) ; i - i + 1) 

sum[ Pn] - s um[ Pn] + A[i ] ; / * sum t he ass i gned area s*/ 

The next step is to add these many partial sums. This step is called a 
reduction. We divide to conquer. Half of the processors add pairs of part ial 
sums, and then a quarter add pairs of the new partial SlIIll$, and so 011 until we 
have the single, final sum. Figure 7.3 illustrates the hierarchical nature of this 
reduction. 

In this example, the two processors must synchronize before the "consumer" 
processor tries to read the result from the memory location written by the 
"producer" processor; otherwise, the consumer Ill<l}t read the old value of 
the data. We want each processor to have its own version of the loop counter 
variable i, so we must indicate that it' is a "private" va riable. Here is the code 
(ha 1 f is private also ); 

ha l f - 100 ; / * 100 pr ocesso r s in mul t i process or */ 
rep eat 

un t il 

sy nch( ); / * wai t f or partial s um co mpl eti on*/ 
i f ( halfl 2 ! - D 1& Pn - - 0) 

sum[O] - sum[D ] + sum [ half -1]; 
/ * Conditional sum needed when ha lf i s 
odd ; Processo rO ge ts mi SSi ng element */ 

half - hal f/2 ; /* dividin g l i ne on wh o sums */ 
if (Pn ( ha l f ) sum[Pn] - sum [Pn] + sum[Pn+ha l f]; 

(Ilalf -- 1) ; /* exi t \;itll final s um in Sum[O] */ 

True or false; Shared memory multiprocessors cannot take advantage of job
level parallelism. 

(half = 1) 

(half = 2) ,.,.~"""'::,:'-_ 

(half = 4) ~0e.JL~L=2_1L"3J",4J,-,,5~,-,6,, ,-,7-, 

FIGURE 7.3 The last four levels of a reduction that sums results from each processor, 
from bottom to top. For;tll processors whose number i is less than hlll f , aJd the slim produced by 
processor 1ll1111bcr ( i ... ha 1 f ) to its sum. 

Ela boration: An alternative to sharing the physical address space would be to have 
separate physical address spaces but share a common virtual address space, leaving it up 
to the operating system to handle communication. This approach has been tried, but it has 
too high an overhead to offer a practical shared memory abstraction to the programmer. 

7.4 Clusters and Other Message-Passing Multiprocessors 

Clusters and Other Message-Passing 
Multiprocessors 

The alternative approach to sharing an address space is for the processors 10 each 
have their own private physical address space. Figure 7.4 shows the classic organ i
zatIOn of a multiprocessor with Illultiple private address spaces. This alternative 
multiprocessor mllst communicate via explicit message passing. which tradition
ally is the name of such style of colllputers. Provided the system has roulin es to 
send and receive messages, coordination is built in with message passing. since one 
processor knows when a mcssnge is. sent, and the receiving processor knows when a 
message arrives. If the sender needs confirmation that the message has arrived, the 
receiving processor can then send an acknowledgment message back to the sender. 

I Processor) 

~ 
I 

I Processor r 

~ 
I 

I Processor I 
I 

Cache 

I 
Memory Memory Memory 

I t t 
Interconnection Network 

FIGURE 7.4 Classic organization of a multiprocessor with multiple private address spaces 
traditionally called a message-passing multiprocessor. Note tha l lllllikc the SM P in Figure 7.2, th~ 
interconnection network is not betwcen thc cachcs and mcmory hut is instcad between proccssor.memory 
nodcs. 

Some concurrent applications run well on parallel hardware, independent of 
whether it offers shared addresses or message passing. In particular, job-level par
allelism and appl ications with little communication-like Web search, mail serv
ers, and file servers-do not require shared addressing to run well. 

There were several attempts to build high-performance computers based on high
performance message-passing networks, and they did offer better absolute commu
nication performance than clusters built using local area networks. The problem 
was that they were much more expensive. Few applications could justify the higher 
communication performance} given the much higher costs. Hence} clusters have 
become the most widespread example today of the message-passing parallel co m
puter. Clusters are generally collections of commodity computers that are connected 
to each other over their I/O interconnect via standard network switches and cables. 
Each rLms a distinct copy of the operati ng system. Virtually every Internet service 
relies on clusters of commodity servers and switches. 
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One drawback of clusters has been that the cost of administering a cluster of /I 
machines is about the same as the cost of adm inistering 1/ independent machines, 
while the cost of administering a shared memory multiprocessor with II processors 
is ilbollt the same as administering a single machine. 

This weakness is one of the reasons for the popularity of virtual machines 
(Chapter 5). since VMs make clusters easier to administer. For example. VMs make 
it possible to stop or start programs atom ically. which simplifies software upgrades. 
VMs can even migrate a program from one computer in a cluster to another without 
stopp ing the program. allowing a program to migrate from failing hardware. 

Another drawback to clusters is that the processors in a cluster are usually 
connected using the I/O interconnect of each computer. whereas the cores in a 
multiprocessor are usually connected on the memory interconnect of the computer. 
The memory interconnect has higher bandwidth and lower latency. allowing much 
better communication performance. 

A final weakness is the overhead in the d ivision of memory: a cluster of /I machi
nes has 11 independent memories and II copies of the operating system. but a shared 
memory multiprocessor allows a single program to use almost all the memory in the 
computer. and it only needs a single copy of the OS. 

Memory Efficiency 

Suppose a single shared memory processor has 20 GB of main memory. five 
clustered computers each have 4 GB. and the OS occupies I GB. How much 
more space is there for users with shared memory? 

The ratio of memory available for user programs on the shared memory 
computer versus the cluster would be 

20-1 19 
5=--x7( 4'-_'-'1c.,.)~ 15 1.25 

so shared memory computers have about 25% more space. 

Let's redo the summing example from the prior section to see the impact of 
multiple private memories and explicit communication. 

A Simple Parallel Processing Program for Message Passing 

Suppose we want to sum 100,000 numbers in a message-passing multiprocessor 
with 100 p rocessors. each with multiple private memories. 

7.4 Clusters and other Message-Passing Multiprocessors 

Since this computer has multiple address spaces. the lirst step is distributing 
the 100 subsets to each of the local memories. The processor containing the 
100.000 numbers sends the subsets to each of the 100 processor-memory 
nodes. 

The next step is to get the sum of each subset. This step is simply a loop that 
every processor follows: read a word from local memory and add it to a local 
variable: 

s lim - 0 : 
for (i - 0: i ( 1000 : i - i + 1) 1* loop ove l' each a l' ray *1 

s lim - s lim + AN[iJ : 1* s lim the loc al arrays *1 

The last step is the reduction that adds these 100 partial sums. The hard pa rt 
is that each partial slim is located in a different processor. Hence, we must use 
the intercon nection network to send partial sums to accumulate the final sum. 
Rather than sendi ng all the partial sums to a single processor. which would 
result in sequentially adding the partial sums. we again divide to conq uer. 

First. half of the processors send their partial sums to the other hal f of the 
processors. where two partial su ms are added together. Then one-quarter of 
the processors (half of the half) send this new partia l sum to the other quarter 
of the processors (the remaining half of the half) for the next round of sums. 
This halving. sending, and receiving continue until there is a single sum of all 
numbers. Let Pn represent the number of the processor. s end (x . y) be a rou
tine that sends over the interconnection network to processor number x the 
value Y. and recei ve() be a func tion that accepts a value from the network 
for this processor. j-jere is the code: 

limit - 100 : half - 100:/* 100 processor s *1 
r epea t 

hal f - (half+l) /2 : 1* s e nd vs . recei ve dividing l i ne *1 

if (Pn >- ha l f II Pn ( l i mit) send ( Pn - half . su m) ; 
if (Pn ( ( li mit/2 ) ) slim - slim + receiver); 
l imit - hal f : 1* upper li mit of senders *1 

lIntil (ha lf -- 1 ) : 1* ex it with final su m *1 

This code divides al l processors into senders or receivers, and each receiving 
processor gets only one message. so we can presume that a receiving processor 
will stall until it receives a message. Thus, send and receive can be lIsed as 
primitives for synchronization as well as for comm unicatio n, as the processors 
are aware of the transmission of data. 

If there is an odd number of nodes. the middle node does not participate in 
sendlreceive. The limit is then set so that this node is the highest node in the 
next iteration. 
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Elaborat ion: This example assumes implicitly that message passing is about as fast 
as addition. In reality, message sending and receiving is much slower. An optimization to 
better balance computation and communication might be to have fewer nodes receive 
many sums from other processors. 

Computers that rely on message passing for communication rather than cache
coherent shared rnemory are much easier for hardware designers (see Section 5.8 
of Chapter 5). The advantage for programmers is that communication is explicit, 
which means there are fewer performance surprises than with the implicit com
munication in cache-coherent shared memory computers. The downside for pro
grammers is that it's harder to port a sequential program to a message-pass ing 
computer, since every communication must be identified in advance or the pro
gram doesn't work. Cache-coherent shared memory allows the hardware to figure 
out what data needs to be communicated, which makes porting easier. There are 
differences of opinion as to which is the shortest path to high performance, given 
the pros and cons of implicit communication. 

A weakness of separate memories for user memory turns into <I strength in system 
availability. Since a cluster consists of independent computers connected through 
a loc<ll <lrei1 network, it is much easier to replace a machine without bringing down 
the system in a cluster than in an SMP. Fundamentally, the shared address means 
that it is difficult to isolate a processor and replace a processor without heroic work 
by the operating system. Since the cluster software is a layer that runs on top of 
local operating systems running on each computer, it is much easier to disconnect 
and replace a broken machine. 

Given that clusters are constructed from whole computers and independent, 
scalable networks, this isolation also makes it easier to expand the system without 
bringing down the application that runs on top of the cluster. 

Lower cost, high availability, improved power efficiency, and rapid, incremental 
expandability make clusters attractive to service providers for the World Wide Web. 
The search engines that millions of us use every day depend upon this technology. 
eBay, Google, Microsoft, Yahoo, and others all have multiple datacenters each with 
clusters of tens of thousands of processors. Clearly, the use of multiple processors 
in Internet service companies has been hugely successful. 

Elaboration: Another form of large scale computing is grid computing, where the comput
ers are spread across large areas, and tl1en the programs that run across them must 
communicate via long haul networks. The most popular and unique form of grid computing 
was pioneered by the SETI@home project. It was observed tilat millions of PCs are idle 
at anyone time doing nothing useful, and they could be harvested and put to good uses 

7.5 Hardware Multithreading 

if som~one develope~ software that could run on those computers and then gave each 
PC an Independent piece of the problem to work on. The first example was the Searcll 
for ExtraTerrestrial Intelligence (SETI). Over 5 million computer users in more than 200 
countries have signed up for SETI@home and have collectively contributed over 19 billion 
hours of computer proceSSing time. By tile end of 2006, the SETI@home grid operated at 
257 TeraFLOPS. 
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I. True or fa lse: Like SMPs, message-passing computers rely on locks for Check Yourself 
synchronization. 

2. True or fa lse: Unlike SMPs, message-passing computers need mu ltiple copies 
of the parallel processmg program and the operating system. 

Hardware Multithreading 

Hardware multithreading allows multiple threads to share the functional units of 
a single processor in an overlapping fashion. To permit this sharing, the processor 
must duplicate the independent state of each thread. For example, each thread 
would have a separate copy of the register file and the Pc. The memory itself can 
be shared through thev,,·tual memory mechanisms, which already support multi
p~ogrammll1g. In add,tIOn, the hardware must support the ability to change to a 
different thread relatively quickly. In particular, a thread switch should be much 
more efficient than a process switch, which typically requires hundreds to thou
sands of processor cycles while a thread switch can be instantaneous. 

TI~ere are. two ~ain approaches to hardware multithreading. Fine-grained 
multlthreadm g SWItches between threads on each instruction, resulting in inter
leaved execution of mlIitlple threads. This interleaving is often done in a round
robin fashion, skipping any threads that are stalled at that time. To make fine-grained 
lTIultlthreadmg practIcal, the processor must be able to switch threads on every 
clock cycle. One key advantage of fine-grained multithreading is that it can hide 
the throughput losses that arise from both short and long stalls, since instructions 
from other threads can be executed when one thread stalls. The primary disadvan
tage of fine-gramed multithreading is that it slows down the execution of the indi
vidual thre~ds, since a thread that is ready to execute without stalls will be delayed 
by II1structlOns from other threads. 

C~arse-g~ained multithreading was invented as an alternative to fine-grained 
multlthreadmg. Coarse-grained multithreading switches threads only on costly 
stalls, such as second-level cache mIsses. Th,s change relieves the need to have 
thread switching be essentially free and is much less likely to slow down the execu
tion of an individual thread, since instructions from other threads will only be 
Issued when a thread encounters a costly stall. Coarse-grained multithreading 
suffers, however, from a major drawback: it is limited in its abi lity to overcome 

hardware multithreading 
Increasing utilization of a 
processor by switching to 
another {hrend when one 
thread is stalled. 

fine-grained 
multithreading 
A version of hardware 
multithreading that 
sugges ts switching 
between threads after 
every instruction. 

coarse-grained 
multithreading 
A version of hardware 
multithreading that 
suggests switching 
between threads on ly after 
significant events, such as 
a cache miss. 
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simultaneous 
multithreading (SMT) 
A version of multi
threading that lowers the 
cost of multithreading 
by utilizing the resources 
needed for multiple issue, 
dynamicilily schedule 
111 iero:! reh itcclllrc. 
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throughput losses, especially from shorter stalls. This limitation arises from the 
pipeline start-up costs of coarse-grained multithreading. Because a processor with 
coarse-grained multithreading issues instructions from a single thread, when a 
stall occurs, the pipeline must be emptied or frozen. The new thread that begins 
executing after the stall must fill the pipeline before instructions will be able to 
complete. Due to this start-up overhead, coarse-grained multithreading is much 
more useful for reducing the penalty of high-cost stalls, where pipeline refill is 
negligible compared to the stall time. 

Simultaneous multithreading (SMT) is a variation on hardware multithread
ing that uses the resources of a multiple-issue, dynamically scheduled processor 
to exploit thread-level parallelism at the same time it exploits instruction-level 
parallelism. The key insight that motivates SNIT is that multiple-issue processors 
often have more functional unit parallelism available than a single thread can effec
tively use. Furthermore, with register renaming and dynamic scheduling, multiple 
instructions from independent threads can be issued without regard to the depen
dences among them; the resolution of the dependences can be handled by the 
dynamic scheduling capability. 

Since you are relying on the existing dynamic mechanisms, SMT does not switch 
resources every cycle. Instead, SMT is always executing instructions from multiple 
threads, leaving it up to the hardware to associate instruction slots and renamed 
registers with their proper threads. 

Figure 7.5 conceptually illustrates the differences in a processor's ajJility to 
exploit superscalar resources for the following processor configurations. The top 
portion shows how four threads would execute independently on a superscalar 
with no multithreading su pport. The bottom portion shows how the four threads 
could be combined to execute on the processor more efficiently using three multi
threading options: 

• A superscala r with coarse-grained multithreading 

• A superscalar with fine-grained multithreading 

• A superscalar with si multaneous multithreading 

In the superscalar without hardware multithreading support, the use of issue slots 
is limited by a lack of instruction-level parallelism. In addit ion, a major stall, such 
as an instruction cache miss, can leave the entire processor idle. 

In the coarse-grained multithreaded superscalar, the long stalls are partiall y 
hidden by switching to another thread that uses the resources of the processor. 
Although this reduces the number of completely idle clock cycles, the pipeline 
start- up overhead st ill leads to idle cycles, and limitations to ILP means all issue 
slots will not be used . In the fine-grained case, the interleaving of threads mostly 
eliminates fully empty slots. Because only a single thread issues instructions in a 
given clock cycle, however, limitations in instruction-level parallelism still lead to 
idle slots within some clock cycles. 

7.5 Hardware Multithreading 

Issue slols -

Thread A Thread B Thread C Thread D 

••• • 
Time 

J •• • • •••• • •• • •• •• ••• 
Issue slots _ 

Coarse MT Fine MT SMT 
Time •• •• • ••• 
J 

• ••• • ••• ••• • •• • •• •• • ••• •••• • • •• • ••• ••• • •• •• • ••• • ••• • • • •••• 
FIGURE 7.S ~ow four threads use the issue slots of a superscalar processor in different 
approaches. 1 he (ou~ thrc'le1s at Ihe top show how each would execute ru nn ing alone on a standard 
superscalar process~r without m.tlltithrcading support. The three examples <I' the holtom show how ther 
~"ould e.xec~tc runnms. ~ug:'hcr III three multithreading options. The horizon tal dimension represents the 
lIl ,q ~uctlOn I~ s ~e capa.b.lht~ In each clock cycle. The :ert ~caJ elimc~sion represents;\ sequence of clock cycles, 
AI~ empty (\\hlte) box mdlcates tha~ th e corrcspondmg Issue slot IS unused in that clock cyde. The shades of 
gr.ly and color correspond to (o,ur dlff~rent threads in the multithreading processors. The <lddilional pipelinc 
~ tarl-Up effects for coarse multlthreadmg, which arc 110t illustrated in this figure, would le'lel to further loss 
III t~lroughput for Coarse multithreading. 

In the SMT ca~e, thread-level paraIJelism and instruction-level paraIJelism are 
both explOited, WIth multIple threads usin? the issue slots in a single clock cycle. 
Ideally, the Issue slot usage IS llI1l1ted by Imbalances in the reso urce needs and 
resource availability over multiple threads. In practice, other factors can restrict 
how many slots are used. Although Figure 7.5 greatl), simplifies the real operation 
of these proces~ors, It does "Iustrate the potential performance advantages of 
muillthreadmg 111 general and SMT in particular. For example, the recent Intel 
Nehalem muillcore supports SMT with two threads to improve core utilization. 

Let us conclude with three observations. First, from Chapter I, we know that the 
power waIJ is forcing a design toward simpler and more power-efficient processors on 
a chIp. It mayweIJ be that the under-utilized resources of out-of-order processors may 
be reduced, and so sllTIpler forms of multithreading will be used. For example, the Sun 
UltraSPARC T2 (Niagara 2) microprocessor in Section 7. 11 is an example of a return 
to Simpler mlcroarchltectures and hence the use of fine-grained multithreading. 
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SISD or Single 
Instruction stream, 
Single Data stream. 
A uniprocessor. 

MIMD or Multiple 
Instruction streams, 
Multiple Data streamS. 
A multiprocessor. 

SPMD Single Program, 
Multiple Data streams. 
The conventional MIMD 
programming model, 
where a single program 
runs across all processors. 
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Second, a key performance challenge is tolerating latency due to cache misses. 
Fine-grained compu ters like the UltraSPARC T2 switch to another thread on a 
miss, which is probably more effective in hiding memory latency than trying to fill 

unused issue slots as in SMT. 
A third observation is that the goal of hardware multithreading is to use hardware 

more effici ently by sharing components between different tasks. Multicore designs 
share resources as \vel l. For example, two processors might share a floating-point 
unit or an L3 cache. Such sharing reduces some of the benefits of multithreading 
compared with providing more non-multithreaded cores. 

t. True or false: Both multithreading and multicore rely on parallelism to get 

more efficiency from a chip. 

2. True or fa lse: Simultaneous multithreading uses threads to improve resource 
utilization of a dynamically scheduled, out-of-order processor. 

II SISD, MIMD, SIMD, SPMD, - Vector 

Another categorization of parallel hardware proposed in the 1960s is still used 
today. It was based on the number of instruction streams and the number of data 
streams. Figure 7.6 shows the categories. Thus, a conventional uniprocessor has a 
single instruction stream and single data stream, and a conventional multiproces
sor has multiple instruction streams and multiple data streams. These two cate
go ries are abbreviated SISD and MIMD, respectively. 

Data Streams 

Instruction 

Streams MIMD: Intel Xeon 

RGURE 7.6 Hardware categorization and examples based on number of Instruction streams 
and data streams: SISD, SIMD, MISD, and MIMD. 

While it is possible to write separate programs that run on different processors 
on a MIMD computer and yet work together for a grander, coordinated goal, pro
grammers normally write a single program that runs on all processors of an MIMD 
computer, relying on conditional statements when different processors should 
execute different sections of code. This style is called Single Program Multiple 
Data (SPMD), but it is just the normal way to program a MIMD computer. 

7.6 SISD, MIMD, SIMD, SPMD, and Vector 

While it is hard to provide examples of useful computers that would be classified 
as multiple instruction streams and single data stream (MISD), the inverse makes 
much more sense. SIMD computers operate on vectors of data. For example, a 
single SIMD instruction might add 64 numbers by sending 64 data streams to 64 
ALUs to form 64 sums within a single clock cycle. 

The virtues of SIMD are that all the parallel execu tion units are synchronized 
and they all respond to a single ins.truction that emanates from a single program 
counter (PC). From a programmer's perspective, this is close to the already fa mil
iar SISD. Although every unit will be executing the same instruction, each execu
tion unit has its own address registers, and so each unit can have different data 
addresses. Thus, in terms of Figure 7.1, a sequential application might be compiled 
to run on serial hardware organized as a SISD or in parallel hardware that was 
organized as an SIMD. 

The original motivation behind SIMD was to amortize the cost of the control 
unit over dozens of execution units. Another advantage is the reduced size of pro
gram memory-SIMD needs only one copy of the code that is beingsimultaneously 
executed, while message-passing MIMDs may need a copy in every processor, and 
shared memory MIMD will need multiple instruction caches. 

SIMD works best when dealing with arrays in for loops. Hence, for parallel
ism to work in SIMD, there must be a great deal of identically structured data, 
which is called data-level parallelism. SIMD is at its weakest in ensc or swilell state
ments, where each execution unit must perform a different operation on its data , 
depending on what data it has. Execution units with the wrong data are disabled so 
that units with proper data may continue. Such situations essentially run at IllIth 
performance, where II is the number of cases. 

The so-called array processors that inspired the SIMD category faded into his
tory (see til Section 7.14 on the CD), but two current interpretations of SIMD 
remain active today. 

SIMD in x86: Multimedia Extensions 

The most widely used variation of SIMD is found in almost every microproces
sor today, and is the basis of the hundreds of MMX and SSE instructions of the 
x86 microprocessor (see Chapter 2). The), were added to improve performance of 
multimedia programs. These instructions allow the hardware to have many ALUs 
operate simultaneously or, equivalently, to partition a single, wide ALU into many 
parallel smaller ALUs that operate simultaneously. For example, you could con
sider a single hardware component to be one 64-bit ALU or two 32-bit ALUs or 
four 16-bit ALUs or eight 8-bit ALUs. Loads and stores are simply as wide as the 
widest ALU, so the programmer can think of the same data transfer instruction as 
transferring either a single 64-bit data element or two 32-bit data elements or fOllr 
16-bit data elements or eight 8-bit data elements. 
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This very low cost parallelism for narrow integer data was the original inspiration 
of the MMX instructions of the x86. As Moore's law continued, more hardware was 
added to these multimedia extensions, and now SSE2 supports the simultaneous 
execution of a pair of 64-bit floating-point numbers. 

The width of the operation and the registers is encoded in the opcode of these 
multimedia instructions. As the data width of the registers and operations grew, 
the number of opcodes for multimedia instructions exploded, and now there are 
hundreds of SSE instructions to perform the useful combinations (see Chap ter 2). 

Vector 

An older and more elegant interpretation of SIMD is called a vector architecture, 
which has been closely identified with Cray Computers. It is again a great match to 
problems with lots of data-level parallelism. Rather than having 64 ALUs perform 
64 additions simultaneously, like the old array processors, the vector architectures 
pipelined the ALU to get good performance at lower cost. The basic philosophy of 
vector architecture is to collect data elements from memory, put them in order into a 
large set of registers, operate on them sequentially in registers, and then write the results 
back to memory. A key feature of vector architectures is a set of vector registers. Thus, 
a vector architecture might have 32 vector registers, each with 64 64-bit elements. 

Comparing Vector to Conventional Code 

Suppose we extend the MIPS instruction set architecture with vector instruc
tions and vector registers. Vector operations use the same names as MIPS 
operations, but with the letter "V" appended. For example, add v . d adds two 
double-precision vectors. The vector instructions take as their input either a pair 
of vector registers (a d d v . d) or a vector register and a scalar register (a d d v 5 . d). 
In the latter case, the value in the scalar register is used as the input for all 
operations- the operation add vs . d will add the contents of a scalar register to 
each element in a vector register. The names 1 v and s v denote vector load and 
vector store, and they load or store an entire vector of double-precision data. 
One operand is the vector register to be loaded or sto red; the other operand, 
which is a MIPS general-purpose register, is the starting address of the vector in 
memory. Given this short description, show the conventional MIPS code versus 
the vector MIPS code for 

Y=nxX+ Y 

where X and Yare vectors of 64 double precision floating-point numbers, initially 
resident in memory, and n is a scalar double precision variable. (This example is 
the so-called DAXPY loop that forms the inner loop of the Linpack benchmark; 
DAXPY stands for double precision fl xX Illus X). Assume that the starting 
addresses of X and Yare in $ 5 ° and $ 5 1, respectively. 

7.6 5150, MIMD, SIMD, SPMD, and Vector 

Here is the conventional MIPS code for DAXPY: 

I . d H O. a ( $sp) ; l oad sca l ar a 
addiu r4, $s O,1/51 Z ;u pper boun d of what to l oad 

loop: I. d HZ . O($ s O) ; load x ( i ) 
mu l . d H Z, HZ , $f0 ; axx( i ) 
l . d $f4,0 ($s)) ;l oa d y(i) 
add.d H4 , H4. H Z ; axx( i ) + y ( i ) 
s .d H4,0 ( $s l) ; sto l"e in to y ( i ) 
addiu $50 , $50 .1/8 ; increment index to x 
addiu $51. $5 1,1/8 ; i nueme nt i nd ex t o y 
subu $tO. 1"4 . $5 0 ; compute bo und 
bn e $tO . $z e ro . loop ; c il ec k if do ne 

Here is the vector MIPS code for DAXPY: 

1. d HO,a ($sp) ; loa d sc alar a 
I v $v l.0( $s O) ; l oad ve ctol" x 
mul vS .d $vZ . $v l, $fO ; vecto r-scalar IoU It i ply 
I v $v3 . 0 ($s)) ; 1 oa d vec to r y 
addv.d $v4 , $vZ . $v3 ; add y to produ c t 
s v $v4 . 0( $sl) ; s t o re til e re su lt 

,There are some interesting comparisons between the two code segments in 
thlS example. Th~ most dra.matic is that the vector processor greatly reduces the 
dynamiC II1structlon bandWIdth, executII1g only six instructions versus almost 600 
for MIPS. This reduction occurs both because the vector operations work on 64 
elements and because theoverhead instructions that constitute nearly half the loop 
on MIPS are not present III the vector code. As you might expect, this reduction in 
instructIOns fetched and executed saves power. 

Another important difference is the frequency of pipeline hazards (Chapter 4). 
In· the stralghtforward MIPS code, every add . d must wait for a mul . d, and every 
s . d must walt for the add . d. On the vector processor, each vector instruction will 
only stall for the first element in each vector, and then subsequent elements will 
flow smoothly down the pipeline. Thus, pipeline sta lls are required only once per 
~ector operatIon, rather than once per vector element. In this example, the pipeline 
stall frequency on MIPS wdl be about 64 times higher than it is on VMIPS. The 
plpehne stalls can be reduced on MIPS by using loop-unrolling (see Chapter 4). 
However, the large dlfference III IIlstruction bandwidth cannot be reduced. 
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Elaboration: The loop in tile example above exactly matched the vector length. When 
loops are shorter, vector architectures use a register that reduces tile length of vector 
operations. When loops are larger, we add bookkeeping code to iterate full-length vector 
operations and to handle the leftovers. This latter process is called strip mining. 

Vector versus Scalar 

Vector instructions have several important properties compared to conventional 
instruction set architectures, which are called scalar architectllres in this context: 

• A single vector instruction specifies a great deal of work- it is equivalent to 
executing an entire loop. The instruction fetch and decode bandwIdth needed 
is dramatically reduced. 

• By using a vector instruction, the compiler or programmer indicates that the 
computation of each result in the vector is independent of the computatIOn 
of other results in the same vector, so hardware does not have to check for 
data hazards within a vector instruction. 

• Vector architectures and compilers have a reputation of making it much eas
ier than MIMD multiprocessors to write efficient applications when they 
contain data-level parallelism. 

• Hardware need only check for data hazards between two vector instructions 
once per vector operand, not once for every element within the vectors. 
Reduced checking can save power us well. 

• Vector instructions that access memory have a known access pattern. If the 
vector's elements are all adjacent, then fetching the vector from a set of heavily 
interleaved memory banks works very well. Thus, the cost of the latency to 
main memory is seen only once for the entire vector, rather than once for 
each word of the vector. 

• Because an entire loop is replaced by a vector instruction whose behavior 
is predetermined, control hazards that would normally arise from the loop 
branch are nonexistent. 

• The savings in instruction bandwidth and hazard checking plus the efficient 
use of memory bandwidth give vector architectures advantages in power and 
energy versus scalar architectures. 

For these reasons, vector operations can be made faster than a sequence of sca
lar operations on the Silme number of data items, and designers are motivated to 
include vector units if the application domain can use them frequently. 

7.6 SISD, MIMD, SIMD, SPMD, and Vector 

Vector versus Multimedia Extensions 

Like multimedia extensions found in the x86 SSE instructions, a vector instruction 
specifies multiple operations. However, multimedia extensions typically specify 
a few operations while vector specifies dozens of operations. Unlike multimedia 
extensions, the number of elements in a vector operation is not in the opcode but 
in a separate register. This means different versions of the vector architecture can 
be implemented with a different number of elements just by changing the contents 
of that register and hence retain binary compatibility. In contrast, a new large set of 
opcodes is added each time the "vector" length changes in the multimedia exten
sion architecture of the x86. 

Also unlike multimedia extensions, the data transfers need not be contiguous. 
Vectors support both strided accesses, where the hardware loads every 11th data 
element in memory, and indexed accesses, where hardware finds the addresses of 
the items to be loaded in a vector register. 

Like multimedia extensions, vector easily captures the flexibility in data widths, 
so it is easy to make an operation work on 32 64-bit data elements or 64 32-bit data 
elements 01' 128 16-bit data elements or 256 8-bit data elements. 

Generally, vector architectures are a very efficient way to execute data parallel 
processi ng programs; they are better matches to compiler technology than multi
media extensions; and they are casier to evolve over time than the multimedia 
extensions to the x86 architecture. 

True or fal se: As exemplified in the x86, multimedia extensions can be thought of Check 
as a vector architecture with short vectors that supports only sequential vector data Yourself 
transfers. 

Elaboration: Given the advantages of vector, why aren't they more popular outside high
performance computing? There were concerns about the larger state for vector registers 
increasing context switch time and the difficulty of handling page faults in vector loads 
and stores, and SIMD instructions achieved some of the benefits of vector instructions. 
However, recent announcements from Intel suggest that vectors will playa bigger role. 
Intel's Advanced Vector Instructions (AV0, to arrive in 2010, will expand the width of tile 
SSE registers from 128 bits to 256 bits immediately and allow eventual expansion to 
1024 bits. This latter width is equivalent to 16 double-precision Hoating-point numbers. 
Whether there will be vector load and store instructions are unclear. In addition, Intel's 
entry into the discrete GPU marllet for 2010-code named "Larrabee"-is reputed to 
have vector instructions. 

Elaboration: Another advantage of vector and multimedia extensions is that it is 
relatively easy to extend a scalar instruction set architecture witl1 these instructions to 
improve performance of data parallel operations . 
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lI ,n"o.uct,on to G.aph'es Process'ng Un'ts 
A major justification for adding SIMD instructions to existing architectures was 
that many microprocessors were connected to graphics displays in PCs and work
stations, so an increasing fraction of processing time was lIsed for graphics. Hence, 
as Moore's law increased the number of transistors available to microprocessors, it 
made sense to improve graphics processing. 

Just as Moore's law allowed the CPU to improve graphics processing, it also 
enabled video graphics controller chips to add functions to accelerate 2D and 3D 
graphics. Moreover, at the very high end were expensive graphics cards typically 
from Silicon Graphics, that could be added to workstations, to enable the creation 
of photographic quality images. These high-end graphics cards were popular for 
creating computer-generated images that later found their way into television 
advertisements and then into movies. Thus, video graphics controllers had a target 
to shoot for as processing resources increased, much as supercomputers provided 
a rich resource of ideas for microprocessors to borrow in the quest for greater 
performance. 

A major driving force for improving graphics processing was the computer game 
industry, both on PCs and in dedicated game consoles such as the Sony PlayStation. 
The rapidly growing game market encouraged many companies to make increasing 
investments in developing faster graphics hardware, and this positive feedback led 
graphics processing to improve at a faster rate than general-purpose processing in 
mainstream microprocessors. 

Given that the graphics and game community had different goals than the 
microprocessor development community, it evolved its own style of processing and 
terminology. As the graphics processors increased in power, they earned the name 
Gmphics Processil/g VI/its or GPUs to distinguish themselves from CPUs. Here are 
some of the key characteristics as to how GPUs vary from CPUs: 

• GPUs are accelerators that supplement a CPU, so they do not need be able 
to perform all the tasks of a CPU. This role allows them to dedicate all their 
resources to graphics. It's fine for GPUs to perform some tasks poorly or not 
at all, given that in a system with both a CPU and a GPU, the CPU can do 
them if needed. Thus, the CPU-GPU combination is one example of "etero
gel/colis IIlllitiprocessillg, where not all the processors are identical. (Another 
example is the IBM Cell architecture in Section 7.11, which was also designed 
to accelerate 2D and 3D graphics.) 

• The programming interfaces to GPUs are high-level application pro
gramming interfaces (APls), such as OpenGL and Microsoft's DirectX, 
coupled with high-level graphics shading languages, such as NVIDIA's C 
for Graphics (Cg) and Microsoft's High Level Shader Language (HLSL). 

7.7 Introduction to Graphics Processing Units 

The language c?mpilers ta~'get industry-standard intermediate languages 
Instead of.machlOe.lIls~ructJOn~. GPU driver software generates optimized 
GPU-speClfic machme Il1structlOns. While these APIs and languages evolve 
rapIdly to embrace newGPU resources enabled by Moore's law, the freedom 
from backward bmary II1struction compatibility enables GPU designers to 
explore ne:-- architectures without the fear that they will be saddled with 
Implementll1g fai led experiments forever. Th is environment leads to more 
rapId Il1novatlOn 111 GPUs than in CPUs. 

• Graphb processing involves drawing vertices of 3D geometry primitives 
such as hnes ~nd tnangles and shadlllg or rendering pixel fragments of geo
n~etnc pnml.tIves. VIdeo games, for example, drnw 20 to 30 times as man 
PD::elS as vertICes. Y 

• Each vert~x can be drawn independently, and each pixel fragment can be 
rendered mdependently. To render millions of pixels per frame rapidly, the 
GPU evolved to execute many threads from vertex and pixel shader programs 
111 parallel. 

• The graphics data .types are vertices, consisting of (x, y, z, w) coordinates, 
and pIxels, conSlStll1g of (red, green, blue, alpha) color components. (See 
AppendIX A to learn more about vertices and pixels.) GPUs represent each 
vertex component as a. 32-bit floating-point number. Each of the four pixel 
components was ongll1ally an 8-blt unsigned integer, but recent GPUs 
now represent each component as single-precision floating-point number 
between 0.0 and 1.0. 

• The working set can be hundreds of megabytes, and it does not show the 
same ,temporal localIty as data does in mainstream applications. Moreover, 
there IS a great deal of data-level parallelism in these tasks. 

These differences led to different styles of architecture: 

• Perhaps the biggest difference is that GPUs do not rely on multilevel caches 
to overcome the long latency to memory, as do CPUs. Instead, GPUs rely on 
havmg enough threads to hide the latency to memory. That is, between the 
tlllle of a memory request and the time that data arrives, the GPU executes 
hundreds or thousands of threads that are independent of that request. 

• GPUs rely on extensive parallelism to obtain high performance, implement
Il1g many parallel processors and many concurrent threads. 

• The GPU main memory is thus oriented toward bandwidth rather than 
latency .. There are even separate DRAM chips for GPUs that are wider and 
have lugher bandWIdth than DRAM chips for CPUs. In addition, GPU 
l11~mones have tradItIonally had smaller main memories than conventional 
mIcroprocessors. In 2008, GPUs typically have I GB or less, while CPUs have 
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2 to 32 GB. Finally, keep in mind that for general-purpose computation, you 
must include the time to transfer the data between CPU memory and GPU 
memory, since the GPU is a coprocessor. 

• Given the reliance on many threads to deliver good memory bandwidth, 
GPUs can accommodate many parallel processors as well as many threads. 
Hence, each GPU processor is highly multithreaded. 

• In the past, GPUs relied on heterogeneous special purpose processors to 
deliver the performance needed for graphics applications. Recent GPUs are 
heading toward identical general-purpose processors to give more flexibil
ity in programming, making them more like the multicore designs found in 
mainstream computing. 

• Given the four-element nature of the graphics data types, GPUs historically 
have SIMD instructions, like CPUs. However, recent GPUs are focusing more 
on scalar instructions to improve programmability and efficiency. 

• Unlike CPUs, there has been no support for double precision floating-point 
arithmetic, since there has been no need for it in the graphics applications. 
In 2008, the first GPUs to support double precision in hardware were 
announced. Nevertheless, single precision operations will still be eight to ten 
times faster than double precision, even on these new GPUs, while the differ
ence in performance for CPUs is limited to benefits in transfelfing fewer 
bytes in the memory system due to using narrow data. 

Although GPUs were designed for a narrower set of applications, some pro
grammers wondered if they could specify their applications in a form that would 
let them tap the high potential performance of GPUs. To distinguish this style of 
using GPUs, some called it Gel/emf Purpose GPUs or GPGPUs. After tiring of try
ing to specify their problems using the graphics APIs and graphics shading lan
guages, they developed C-inspired programming languages to allow them to write 
programs directly for the GPUs. An example is Brook, a streami ng language for 
GPUs. The next step in programmability of both the hardware and the program
ming language is NVIDIA's CUDA (Compute Unified Device Architecture), which 
enables the program mer to write C programs to execute on GPUs, albeit with 
some restrictions. The use of GPUs for parallel computing is growi ng with their 
increasing programmability. 

An Introduction to the NVIDIA GPU Architecture 

Appendix A goes into much mo re depth on GPUs and presents in detail the most 
recent NVIDIA GPU architecture, called Tesla. Since GPUs evolved in their own 
environment, they not only have different architectures, as suggested above, but 
they also have a different set of terms. Once you learn the GPU terms, you wi ll 
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see the similarities to approaches presented in prior sections, slIch as fine-grained 
multithreading and vectors. 

. To hel~ YOLI with that transition to the new vocabulary, we present a quick 
IIltroductlOn to the terms and ideas in the Tesla GPU archi tecture and the CUDA 
programming environment. 

A discrete GPU chip sits on a separate card that plugs into a standard PC over 
the PCI-Express interconnect. So-called motherboard GPUs are integrated into the 
motherboard c111P set, such as a north bridge or a south bridge (Chapter 6) . 

. GPUs are generallyolTered a~ a family of chips at dilTerent price performance points, 
With all bemg software compatible. Tesla-based GPUs chips are offered with between 
1 and 16 nodes, which NVIDIA calls IIlllltiprocessors. In early 2008, the largest version 
IS called the GeForce 8800 GTX, which has 16 multiprocessors and a clock rate of 
1.35 Gl-Jz. Each multiprocessor.contai~s eight multithreaded single-precision floating
pomt lImts and ll1teger processlllg umts, which NVIDIA calls strealllillg processors. 
. Smce the architecture includes a si ngle-precision Aoating-point multiply-add 
IIlstructlOn, the peak single precision multiply-add performance of the 8800 GTX 
~ip~: . 

16 MPs x 8 51's x 2 FLOPslinstr x I instr x 1.35 x 10' clocks 
MP SP clock second 

16 x 8 x 2 x 1.35 GFLOPs 
second 

_ 345.6 GFLOPs 
- second 

Each of the 16 multiprocessors of the GeForce 8800 GTX has a software-managed 
local store With a capacity of 16 KB plus 8192 32-bit registers. The memory system 
of the 8800 GTX consists of six partitions of900 MHz Graphics DDR3 DRAM, each 
8 bytes wide and with 128 MB of capacity. The total memory size is thus 768 MB. 
The peak GDDR3 memory bandwidth is 

6 x 8 Bytes x 2 transfers x 0.9 x 10' clocks 6 x 8 x 2 x 0.9GB 86.4 GB 
transfer clock second second second 

To hide memory la tency, each streaming processor has hardware-supported 
threads. Each group of 32 threads is called a warp. A warp is the unit of schedul
ing, and the active threads in a warp-up to 32-execute in parallel in SIMD fash
ion. The multithreaded archi tec ture copes with conditions, however, by allowing 
threads to take different branch paths. When threads of a warp take diverging paths, 
the warp sequentially executes both code paths with so me inactive threads, which 
makes the active threads run more slowly. The hardware joins the threads back into 
a fully active warp as soon as the conditional paths are completed. To get the best 
performance, all 32 threads of a warp need to execute together in parallel. In simi
lar style, the hardware also looks at the address streams coming from the different 
threads to try to merge the individual requests in to fewer but larger memory block 
transfers to increase memory performance. 
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Figure 7.7 combines all these features together and compares a Tesla multiprocessor 
to a Sun UltraSPARC T2 core, which is described in Sections 7.5 and 7.11. Both are 
hardware multithreaded by scheduling threads over time, shown on the vertical axis. 
Each Tesla multiprocessor consists of eight streaming processors, which execute 
eight parallel threads per clock showing horizontally. As mentioned above, the best 
performance comes when all 32 threads of a warp execute together in a S1MD-like 
fashion, which the Tesla architecture calls single-instruction multiple-thread (SIMT). 
SIMT dynamically discovers which threads of a warp can execute the same instruction 
together, and which independent threads are idle tl,at cycle. The T2 core contains just a 
single multithreaded processor. Each cycle it executes one instruction for one thread. 

The Tesla multiprocessor uses fine-grained hardware multithreading to sched
ule 24 warps over time, which are shown vertically in blocks of four clock cycles. 
Similarly, the UltraSPARC T2 schedules eight hardware-supported threads over 
time, one thread per cycle, shown vertically. Thus, just as the T2 hardware switches 
between threads to keep the T2 core busy, the Tesla hardware switches between 
warps to keep the Tesla multiprocessor busy. The major difference is that the T2 
core has one processor that can switch threads every clock cycle, while the minimum 
unit of switching warps in the Tesla microprocessor is two clock cycles across eight 
st reaming cores. Since Tesla is aimed at programs with a great deal of data-level 
parallelism, the designers believed there is little performance difference between 

Processors -

UllraSPARC T2 • ThreadO 

• Thread1 

• Thread2 

• Thread3 
Hardware • Thread4 
Supported 
Threads • Thread5 

j • Thread6 

• Thread7 

Warp23 

FIGURE 7.7 Comparing Single core of a Sun UltraSPARC T2 (Niagara 2) to a single Tesla 
multiprocessor. The T2 core is a single processor and uses hardware-supported multithreading wilh 
eight threads. The Tcsla multiprocessor contains eight strea ming processors and uses ha rdwa rc,suppo~ lcd 

multithreading with 24 warps of 32 threads (eight processors times four clock cyclcs). The T2 cnn SWitch 
evcry dock cycle, wh ile the Tcsla can switch only cvcry two or fom clock cyclcs. Onc way 10 compare th e Iwo 
is that the T2 can only multithread the processor ovcr tim'" while Tesln can multithrea d over time and over 
spacc; tha t is. across thc cight st reaming processors as wcll as segments of four clock cycles. 
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swi tching every two or four clock cycles versus every clock cycle, and the hardware 
was much simpler by restricting the frequency of switching. 

The CUDA programming environment has its own terminology as well. 
A CUDA program is a unified CIC++ program for a heterogeneous CPU and GPU 
system. It executes on the CPU and dispatches parallel work to the GPU. This work 
consists of a data transfer from main memory and a thrend dispntch. A thread is a 
piece of the program for the GPU. Programmers specify the number of threads in 
a thread block, and the number of thread blocks they wish to start executing on the 
GPU. The reason the programmers care about thread blocks is that all the threads 
in the thread block are scheduled to run on the same multiprocessor so they all 
share the same local memory. Thus. they can communicate via loads and stores 
instead of messages. The CUDA compiler allocates registers to each thread, under 
the constraint that the registers per thread times threads per thread block does not 
exceed the 8 192 registers per multiprocessor. 

A thread block can be up to 512 threads. Each group of 32 threads in a thread 
block is packed into warps. Large thread blocks have better efficiency than small 
ones, and they can be as small as a single thread. As mentioned above, thread blocks 
and warps with fewer than 32 threads operate less efficiently than full ones. 

A hardware scheduler tries to schedule multiple thread blocks per multiproces
sor when possible. If it does, the scheduler also partitions the 16 KB local store 
dynamically between the different thread blocks. 

Putting GPUs into Perspective 

GPUs like the NVIDlA Tesla architecture do not fit neatly into prior classifications 
of computers, such Figure 7.6 on page 648. Clearly, the GeForce 8800 GTX, with 
16 Tesla multiprocessors, is an MIMD. The question is how to classify each of the 
Tesla multiprocessors and the eight streaming processors that make up a Tesla 
multiprocessor. 

. Recall that we earlier said that SIMD was at its best with for loops and was at its 
weakest in case and switch statements. Tesla aims at the high performance for data
level parallelism while making it easy for programmers to deal with independent 
thread-level parallel cases. Tesla allows the programmer to think the multiprocessor 
is a multithreaded MIMD of eight streaming processors, but the hardware tries to 
gang together the eight streaming processors to act in SIMT fashion when multi
ple threads of the same warp can execute together. When the threads do operate 
independently and follow an independent execution path, they execute more 
slowly than in SIMT fashion, for all 32 threads of a warp share a single instruction 
fetch unit. If all 32 threads of a warp were executing independent instructions, each 
thread would operate at 11I6th the peak performance of a full warp of 32 threads 
executing on eight stream ing processors over four clocks. 

Thus, each independent thread has its own effective PC, so programmers can 
think of the Tesla multiprocessor as MIMD, but programmers need to take care 
to write control flow statements that allow the SIMT hardware to execute CUDA 
programs in SIMD fashion to deliver the desired performance. 
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In contrast to vector architectures, which rely on a vectorizing compiler to 
recognize data-level parallelism at compile time and generate vector instructi~n s, 

hardware implementations of Tesla architecture discovers data-level parallelIsm 
among threads at runtime. Thus, Tesla GPUs do not need vectorizing compilers, and 
they make it easier for the programmer to handle the portions of the program that 
do not have data-level parallelism. To put this unique approach into perspectIve, 
Figure 7.8 places GPUs in a classification that looks at instruction-level parallelism 
versus data-level parallelism and whether it is discovered at compIle tIme or 
runtime. This categorization is one indication that the Tesla GPU is breaking new 
ground in computer architecture. 

Instruction·Level Parallelism 

Data-Level Paralle li sm 

Static: Discovered at Compile 
Time 

VlIW 

SIMD or Vector 

Dynamic: Discovered at 
Runtime 

Superscalar 

Testa Multiprocessor 

FIGURE 7.S Hardware categorization of processor architectures and examples based on 
static versus dynamic and ILP versus DLP. 

True or false: GPUs rely on graphics DRAM chips to reduce memory latency and 
thereby increase performance on graphics applications. 

II Introduction to Multiprocessor Network 
Topologies 

Multicore chips require networks on chips to connect cores together. This section 
reviews the pros and cons of different multiprocessor networks. 

Network costs include the number of switches, the number of links on a switch to 
connect to the network, the width (number of bits) per link, and length of the links 
when the network is mapped into chip. For example, some cores may be adjacent and 
others mal' be on the other side of the chip. Network performance is multifaceted as 
well. It includes the latency on an unloaded network to send and receive a message, the 
throughput in terms of the maximum number of messages that can be transmitted 
in a given time period, delays caused by contention for a portion of the network, 
and variable performance depending on the pattern of communication. Another 
obligation of the network may be fault tolerance, since systems may be required to 
operate in the presence of broken components. Finally, in this era of power-limited 
chips, the power efficiency of different organizations may trump other concerns .. 

Networks are normally drawn as graphs, with each arc of the graph representl11g 
a link of the communication network. The processor-memory node is shown as a 
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black square, and the switch is shown as a colored circle. In this section, all links are 
bidirectiollal; that is, information can flow in either direction. All networks consist of 
slVitches whose links go to processor-memory nodes and to other switches. The first 
improvement over a bus is a network that connects a sequence of nodes together: 

~ ~ ~ 
This topology is called a rillg. Since some nodes are not directly connected, some 
messages will have to hop along intermediate nodes until they arrive at the final 
destination. 

Unlike a bus, a ring is capable of many simultaneous transfers. Because there 
are numerous topologies to choose from, performance metrics are needed to dis
tinguish these designs. Two are popular. The first is total network bandwidth, 
which is the bandwidth of each link multiplied by the number of links. This repre
sents the very best case. For the ring network above, with P processors, the total 
network bandwidth would be P times the bandwidth of one link; the total network 
bandwidth of a bus is just the bandwidth of that bus, or two times the bandwidth 
of that link. 

To balance this best case, we include another metric that is closer to the worst 
case: the bisection bandwidth. This is calculated by dividing the machine into two 
parts, each with half the nodes. Then yo u sum the bandwidth of the links that cross 
that imaginary dividing line. The bisection bandwidth of a ring is two times the 
link bandwidth, and it is one times the link bandwidth for the bus. If a single link 
is as fast as the bus, the ring is only twice as fast as a bus in the worst case, but it is 
P times faster in the best case. 

Since some network topologies are not symmetric, the question arises of where 
to draw the imaginary line when bisecting the machine. This is a worst-case met
ric, so the answer is to choose the division that yields the most pessimistic network 
performance. Stated alternatively, calculate all possible bisection bandwidths and 
pick the smallest. We take this pessimistic view because parallel programs are often 
limited by the weakest link in the communication chain. 

At the other extreme from a ring is a fully connected network, where every 
processor has a bidirectional link to every other processor. For fully connected 
networks, the total network bandwidth is P X (P - I )/2, and the bisection band
width is (PI2),. 

The tremendous improvement in performance of fully connected networks is 
offset by the tremendous increase in cost. This inspires engineers to invent new 
topologies that are between the cost of rings and the performance of fully con
nected networks. The evaluation of success depends in large part on the nature of 
the communication in the workload of parallel programs run on the machine. 

The number of different topologies that have been discussed in publications 
would be difficult to count, but only a handful have been used in commercial parallel 
processors. Figure 7.9 illustrates two of the popular topologies. Real machines 
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Informally, the peak 
transfer rate of a network; 
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collective transfer rate of 
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The bandwidth between 
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a multiprocessor. 
This measure is for a 
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fully connected network 
A network that connects 
processor-memory nodes 
by supplying a dedicated 
communication link 
between every node. 
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multistage network 
A network that supplies a 
small switch a l each node. 

fully connected ncnvor1c 
A network that connects 
processor-memory nodes 
by supplying a dedicated 
communication link 
between every node. 

crossbar network 
A network that allows an)' 
node to communicate 
with any other node in 
one pass through the 
network. 
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a. 2-D grid or mesh 0116 nodes b. n-cube tree 01 8 nodes (8 = 23 so n = 3) 

FIGURE 7.9 Network topologies that have appeared in commercial parallel processors. 
The colored circles represent switches ilnd the black squares represent proccs~or-mcmoq' nodes. E"en 
thou gh a switch has many links. gencrally only one gocs 10 the processor. The Uoolean II- cube topology is 
an II-dimensional interconncct with 2" nodes, requ iring 11 lin ks per switch (plus one for the processor) and 
thus II nearest-neighbor nodes. Frequently, these basic topologies have been suppleme nted with extra arcs to 

improve performance and reliability. 

freq uently add extra links to these simple topologies to improve performance and 

reliability. 
An alternative to placing a processor at every node in a network is to leave 

only the switch at some of these nodes. The switches are smaller than processor
memory-switch nodes, and thus may be packed more densely, thereby lessening 
distance and increasing performance. Such networks are frequently called 
multistage nehvorks to reflect the mUltiple steps that a message mal' travel. Types 
of multistage networks are as numerous as single-stage networksj Figure 7. 10 
illustrates two of the popular multistage organizations. A fully connected or 
crossbar network allows any node to communicate with any other node in one 
pass through the network. An Olllegn lIetwo,.k uses less hardware than the crossbar 
network (21/ 10g~ 1/ versus 1/2 switches), but contention can occlIr between messages, 
depending on tlle pattern of communication. For example. the Omega network in 
Figure 7.10 cannot send a message from Po to P, at the same time that it sends a 

message from P I to P " 

Implementing Network Topologies 

This simple analysis of all the nehvorks in this section ignores important practical 
considerations in the construction of a network. The distance of each link affects 
the cost of communicating at a high clock rate-generally, the longer the distance, 
the more expensive it is to run at a high clock rate. Shorter distances also make 
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~""""", 
p I t l t i t I t I t l t 

~:pi: t l t l t i t I ,. I ,. 1 .. I .. 
L-.~ i t l t l t l t l .. I .. ' .. 1 t 

~: t l t l t l .. !t l .. I t' I .. 
f i t it : t t t t l t'1 .. 
~I t it t t t t l t'1 .. 
~i t t t t t t .. I .. 
0-'. 

a. Crossbar b. Omega network 

~ 

A I .. I t' C 

B I .. I .. D 

c. Omega network switch box 

FIGURE 7.10 Popular multistage network topologies for eight nodes. The switches in these 
drawings arc simpler than in earl ier drawings because the links arc unidirect ion<ll; d<l t<l comes in at the 
bottom and exits OUI the right link. The switch box in c can pass A to C and B to D or D to C <lnd A to D. 
The crossbar u~es ,,1 switches, where 11 is th e number of processors, while the Omega network uses 211 JO g,11 

of the large swit ch boxes, each of which is logica lly composed of four of the smaller switches. In this ca~e, 
the crossbar uses 64 switches versus 12 switch boxes, or 48 switches, in the Omega network. The crossba r, 
however, can support ilny combination of messages between processors, whil e the Omega net work canno L 

it easier to assign more wires to the link, as the power to drive many wires from 
a chip is less if the wires are short. Shorter wires are also cheaper than longer 
wires. Another practical lim itation is that the three-dim ensio nal drawings mu st be 
mapped onto chips that are essentially two-dimensional media. The final concern is 
power. Power concerns may force multicore chips to rely on simple grid topologies, 
for example. The bottom line is that topologies that appear elegant when sketched 
on the blackboard may be impractical when constructed in silicon. 
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II Multiprocesso. Benchma'ks 

As we saw in Chapter 1) benchmarking systems is always a sensitive topic, because 
it is a highly vis ible way to try to determine which system is better. The results 
affect not only the sales of commercial systems, but also the reputation of the 
designers of those systems. Hence, the participants want to win the competition, 
but they also want to be sure that if someone else wins, they deserve to win because 
they have a genuinely better system. This desire leads to rules to ensure that the 
benchmark results are not simply engineering tricks for that benchmark, but are 
instead advances that improve performance of real applications. 

To avoid possible tricks, a typical rule is that you can't change the benchmark. 
The source code and data sets are fixed, and there is a single proper answer. Any 
deviation from those rules makes the results invalid. 

Many multiprocessor benchmarks follow these traditions. A common exception 
is to be able to increase the size of the problem so that you can run the benchmark 
on systems with a widely different number of processors. That is, many bench
marks allow weak scaling rather than require strong scaling, even though you must 
take care when comparing results for programs running different problem sizes. 

Figure 7. 11 is a summary of several parallel benchmarks, also described below: 

• Linpack is a collection of linear algebra routines, and the routines for per
forming Gaussian elimination constitute what is known as the Linpack 
benchmark. The DAXPY routine in the example on page 650 represents a 
small fraction of the source code of the Linpack benchmark, but it accounts 
for most of the execution time for the benchmark. It allows weak scaling, 
letting the user pick any size problem. Moreover, it allows the user to rewrite 
Linpack in any form and in any language, as long as it computes the proper 
result. Twice a year, the 500 computers with the fastest Linpack performance 
are published at www.topSOO.org. The firs t on this list is considered by the 
press to be the world 's fastest computer. 

• SPECrate is a throughput metric based on the SPEC CPU benchmarks, such 
as SPEC CPU 2006 (see Chapter 1). Rather than report performance of the 
individual programs, SPEC rate runs many copies of the program simulta
neously. Thus, it measures job-level parallelism, as there is no communica
tion between the jobs. You can run as many copies of the programs as you 
want, so this is again a form of weak scaling. 

• SPLASH and SPLASH 2 (Stanford Parallel Applications for Shared Memory) 
were efforts by researchers at Stanford University in the 1990s to put together 

Benchmark Scaling? Reprogram? 

Unpack Weak Yes 

SPECrate Weak No 

Stanford Parallel Strong 
Applications for {allilough 
Shared Memory offe rs No 
SPLASH 2 [Woo two problem 

et aI., 1995} sizes) 

NAS Paralle l 
Benchmarks 

Yes 

[Bailey et aI., Weak (C or 

19911 
Fortran only) 

PARSEC 
Benchmark Suite Weal\ 

[Bienia et aI., No 

20081 

Berkeley 
Design 

Strong or 
Patterns Yes 

(Asanovic et aI., 
Weak 
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FIGURE 7.U Examples of parallel benchmarks. 
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Description 

Dense matrix linear algebra (Dongarra. 1979) 

Independent job para llelism [Henning, 2007J 

Complex 10 FFT 
Blocked LU Decomposition 
Blocked Sparse Cholesl<y Factorization 
Integer Radix SoH 
Barnes-Hut 
Adaptive Fast Multlpo le 
Ocean Simulation 
Hierarchical Radiosity 
Ray Tracer 
Volume Renderer 
Water Simulation with Spatial Data Structure 
Water Simulation witilout Spatial Data Structure 
EP: embarra ssingly parallel 
MG: simplified multlgrid 

CG: unstructured grid for a conjugate gradient method 

FT: 3-0 partial differential equation solution using FITs 
IS: large integer soH 
Blaekscholes Option pricing with Blaek·Scholes PDE 
Bodytrack-Body traelting of a person 
Canneal- Simulated cache-aware annealing to optimize routing 
Oedup- Next-generation compression with da ta deduplication 
Faeesim-Simulates the motions of a human face 
Ferret-Content similarity searcil server 
Fluidanimate-Fluid dynamics for animation with SPH method 
Freqmine-Frequenl itemset mining 
Streamcluster- Online clustering of an input stream 
Swaptions-Pricing of a portfolio of swaptJons 
Vi ps-Image processing 
x264 H.264 video encoding 
Finite-State Machine 
Combinational Logic 
Graph Traversal 
Structured Grid 
Dense Matrix 
Sparse Matrix 
Spectral Methods (FFT) 
Dynamic Programming 
N-Body 
MapReduce 
Backtrack/Branch and Bound 
Graphical Model In ference 
Unstructured Grid 
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a parallel benchmark suite similar in goals to the SPEC CPU benchmark 
suite. It includes both kernels and applications, including many from the 
high-performance computing community. This benchmark requires strong 

scaling, although it comes with two data sets . 

• The NAS (NASA Advanced Supercol1lputing) parnllel benchlllarks were 
another attempt from the 1990s to benchmark multiprocessors. Taken fTom 
computational fluid dynamics, they consist of five kernels. They allow weak 
scaling by defining a few data sets. Like Linpack, these benchmarks can be 
rewritten, but the rules require that the programming language can only be 

C or Fortran. 

• The recent PARSEC (Princeton Application Repository for Shared Memory 
Computers) benchmark suite consists of multithreaded progra~s that use 
Pthreads (POSIX threads) and OpenMP (Open MultiProcessmg). They 
focus on emerging markets and consist of nine applications and three ker
nels. Eight rely on data parallelism, three rely on pipelined parallelism, and 

one on unstructured parallelism. 

The downside of such traditional restrictions to benchmarks is that innovation 
is chiefly limited to the architecture and compiler. Better data structures, algo
rithms, programming languages, and so on often can not be used, SInce that would 
give a misleading result. The system could win because of, say, the algOrIthm, and 

not because of the hardware or the compiler. 
While these guidelines are understandable when the foundations of computing 

are relatively stable-as they were in the 1990s and the first half of tillS decade
they are undesirable at the beginning of a revolution. For this revolution to succeed, 

we need to encourage innovation at all levels. 
One recent approach has been advocated by researchers at the Unive~sity of 

California at Berkeley. They have identified 13 design patterns that they claIm WIll 
be part of applications of the future. These design patterns are implemented by 
frameworks or kernels. Examples are sparse matrices, structured grId, fillIte-state 
machines, map reduce, and graph traversal. By keeping the definitions at a high 
level, they hope to encourage innovations at any level of the system. Thus, the 
system with the fastest sparse matrix solver is welcome to use any d~ta structure, 
algorithm, and programming language, in addition to .novel archItectures and 
compilers. We'll see examples of such benchmarks 111 SectIOn 7.11. 

True or false: The main drawback with conventional approaches to bench
marks for parallel computers is that the rules that ensure fairness also suppress 

innovation, 

7.10 Roofllne: A Simple Performance Model 

III Roof';n., A S;mp'. P • .to,manee M_' 

This section is based on a paper by Williams and Patterson [2008]. In the recent 
past, cO,nventional wisdom in computer architecture led to similar microproces
sor desIgns. Nearly every desktop and server computer used caches, pipelining, 
superscalar lI1structlOn Issue, branch prediction, and out-of-order execution, The 
instruction sets varied, but the microprocessors were all from the same school of 
design. 

The switch to multicore likely means that microprocesso rs will become more 
diverse, since there is no conventional wisdom as to which architecture will make it 
easiest to write correct parallel processing programs that run efficiently and scale as 
the n~mber of cO,res increases over tim~, Moreover, as the number of cores per chip 
do." mcrease, a slllgle manufacturer WIll likely offer different numbers of cores per 
ChIp at dIfferent prIce pomts at the same time. 

Given the increa~ing diversity, it would be especially helpful if we had a simple 
model that offered ll1sIghts mto the performance of different designs. It need not 
be perfect, just insightful. 
. .The 3Cs model from Chapter 5 is an analogy. It is not a perfect model, since 
It Ignores potentially important factors like block size, block allocation policy, 
and block replacement poltcy. Moreover, it has quirks. For example, a miss can be 
ascribed due to capacity in one design and to a conflict miss in another cache of 
the same size. Yet 3Cs model has been popular for 20 years, because it offers insight 
mto the behaVIOr of programs, helping both architects and programmers improve 
their creations based on insights from that model. 

To find such a model, let's start with the 13 Berkeley design patterns in Figure 7.9. 
The idea of the design patterns is that the performance of a given application is 
really the weIghted sum of several kernels that implement those design patterns. 
We'll evaluate individual kernels here, but keep in mind that real applications are 
combinations of many kernels. 

WhHe there are v~rsions with different data types, floating point is popular in 
several ImplementatIons. Hence, peale floating-point performance is a limit on the 
sp~ed of such kernels on a given computer. For multicore chips, peak floating
pomt performance IS the collective peak performance of all the cores on the chip. 
If there were multiple microprocessors in the system, you would multiply the peak 
per chip by the total number of chips. 

The demands on the memory system can be es timated by dividing this peak 
floatmg-pomt performance by the average number of floating-point operations 
per byte accessed: 

Floating-Point Operations/Sec 
Floating-Point OperationS/Byte = Bytes/Sec 
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accessed by n program 
from main memory. 

Chapter 7 Multicores, Multiprocessors, and Clusters 

The ratio of floating-point operations per byte of memory accessed is called the 
arithmetic intensity. It can be calculated by taking the total number of floating
point operations fora program divided by the total number of data bytes transferred 
to main memory during program execution. Figure 7. 12 shows the arithmetic 
intensity of several of the Berkeley design patterns from Figure 7. 11. 

Sparse 
Matrix 

elle Int. 

Spectral 
Methods 
(FFTs) 

Structured I ::;1:rU(:1U1·eo 
Grids 
(Stencils, 
POEs) 

Grids 
(Lalliee 
Methods) 

FIGURE 7.12 Arithmetic intensity, specified as the number of float-point operations to 
run the program divided by the number of bytes accessed in main memory [WIlliams, 
Patterson, 2008]. Some kernels have an arithmefic intensity lhat scales with problem size, slIch as Dense 
Matrix, but there are many kernels with arithmetic intensities independent of problem size. For kernels in 
this former case, weak scaling can lead to different resu lts, since il puts much less demand on the ,memory 
system. 

The Roofline Model 

The proposed simple model ties floating-point performance, ari thmetic intensity, 
and memory performance together in a two-dimensional graph IWilliams, 
Patterson, 2008]. Peak fl oating-point performance can be fou nd using the hardware 
specifications mentioned above. The working set of the kernels we consider here 
do not fit in on-chip caches, so peak memory performance may be defined by the 
memory system behind the caches. One way to find the peak memory performance 
is the Stream benchmark. (See the Elaborntioll on page 473 in Chapter 5). 

Figure 7. 13 shows the model, which is done once for a computer, not for each 
kernel. The vertical Y-axis is achievable floating-point performance from 0.5 to 
64.0 GFLOPs/second. The horizontal X-axis is arithmetic intensity, varying from 
1/8 FLOPs/DRAM byte accessed to 16 FLOPs/DRAM byte accessed. Note that the 
graph is a log-log scale. 

For a given kernel , we can find a point on the X-axis based on its arithmetic 
intensity. If we drew a vertical line through that point, the performance of the ker
nel on that computer must lie somewhere along that line. We can plot a horizontal 
line showing peak floating-point performance of the computer. Obviously, the 
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FIGURE 7.13 Roofline Model [Williams, Patterson, 2008]. Th i .~ example has a peak floating- poilH 
perform:mce of 16 GFLOPS/scc and a peak memory bandwidth of 16 GU/sec from the Stream benchmark. 
(Since stream is actually four Ille:lsurements, this line is the average of the four. ) The dOHed vt.'rlical lillc in 
color on the lef~ rcprese nl~ Kernel I, which has an arithmetic intensity of 0.5 HOPs/byte. It is limited by 
memory bandWidth to no more than B GFLOPS/scc all this Gpteron X2. The dOHed vertica l line to the right 
repre~ents Kern.c.l~, whicl~ has an arilhmetic intensity of" FLOPs/bYle.1t is limiled onl)' computationa ll y to 
16 GI·LOPS/s. (I hIS datil IS bilsed on the AMI) Oplcron X2 (Revision P) using dua l cores rllllnil1 !,\ at 2 GHz 
in a dual socket system.) 

actual floating-point performance can be no higher than the horizontal line, since 
that is a hardware limit. 

How could we plot the peak memory performance? Since X-axis is FLOPs/ 
byte and the Y-axis is FLOPs/second, bytes/second is just a diagonal line at a 
45-degree angle in this figure. Hence, we ca n plot a third line that gives the 
maximum floating-point performance that the memory system of that computer 
can support for a given arithmetic intensity. We can express the limits as a form ula 
to plot the line in the graph in Figure 7.1 3: 

Attainable GFLOPs/sec = Min (Peak Memory BW x Arithmetic Intensity, 
Peak Floating-Point Performance) 

The horizontal and diagonal lines give this simple model its name and indicates 
its value. The "roofline" sets an upper bound on performance of a kernel depend
ing on its arithmetic intensity. If we think of arithmetic intensity as a pole that 
hits the roof, either it hi ts the flat part of the roof, which means performance is 
computationally limited, or it hits the slanted part of the roof, which means perfor
mance IS ultImately IUllIted by memory bandwidth. In Figure 7.13, kernel 2 is an 
example of the former and kernel I is an example of the latter. Given a roofline of 
a computer, you can apply it repeatedly, since it doesn't vary by kernel. 
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670 Chapter 7 Multicores, Multiprocessors, and Clusters 

Note that the "ridge point," where the diagonal and horizontal roofs meet, offers 
an interesting insight into the computer. If it is far to the right, then only kernels 
with very high arithmetic intensity can achieve the maximum perf~rman~e of 
that computer. If it is far to the left, then almost any kernel can potentIally lllt the 
maxim um performance. We'll see examples of both shortly. 

Comparing Two Generations of Opterons 

The AMD Opteron X4 (Barcelona) with four cores is the successor to the Opteron 
X2 with two cores. To simplify board design, they lise the same socket. Hence, they 
have the same DRAM channels and thus the same peak memory bandwidth. In 
addition to doubling the number of cores, the Opteron X4 also has twice the peak 
floating-point performance per core: Opteron X4 cores can issue two floating-point 
SSE2 instructions per clock cycle, while Opteron X2 cores issue at most one. As the 
two systems we're comparing have similar clock rates-2.2 GHz fo~ Opteron X2 
versus 2.3 GI-lz for Opteron X4-the Opteron X4 has more than four tImes the ~eak 
floating-point performance of the Opteron X2 with the same. DRAM bandwIdth. 
The Opteron X4 also has a 2MB L3 cache, which is not found 111 the Opteron X2. 

Figure 7.14 compares the roofline models for both systems. As we would expect, 
the ridge point moves from 1 in the Opteron X2 to 5 in the Opte~'on X4. Hence,to 
see a performance gain in the next generation) kernels need an anthmetlc mtenslty 
higher than 1 or their working sets must fit in the caches of the Opteron Xi. 
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FIGURE 7.14 Roofline models of t wo generations of Opterons. The Oplcron X2 roofline, which 
is the same as Figure 7.1 I, is in black, and the Opleran X4 rooflinc is in color. The bigger ridge point of 
Optcron X4 means Ihal kernels Ihal where compulationall y bo und on the Opteron Xl could be memor),
performance bound on the Opleron X4. 

7.10 Hoofline: A Simple Performance Model 

The roofline model gives an upper bound to performance. Suppose your program 
is far below that bound. What optim izations should you perform, and in what 
order? 

To reduce computational bottlenecks, the following two optimizations can help 
almost any kernel: 

1. Floatillg-poillt operatioll lIIix. Peak floating-point performance for a com
puter typically requires an equal number of nearly simultaneous additions 
and mu ltiplications. That balance is necessa ry either because the computer 
supports a fmed mUltiply-add instruction (see the Elaboratioll on page 268 
in Chapter 3) or because the floating-po int unit has an equal number of 
fl oating-point adders and floating-point multipliers. The best performance 
also requires that a significant fraction of the instruction mix is floating
point operations and not integer instructions. 

2. Improve illstrl/ctioll-Ievel parallelislll alld apply SIMD. For superscalar archi
tectures, the highest performance comes when fetching, executing, and 
committing three to folll' instructions per clock cycle (see Chapter 4). The 
goal here is to improve the code from the compiler to increase lLP. One way 
is by unrolling loops. For the x86 architectures, a single SIMD instruction 
can operate on pairs of double precision operands, so they should be used 
whenever possible. 

To reduce memory bottlenecks, the following two optimizations can help: 

1. Software prefetchillg. Usua lly the highest performance requires keeping 
many memory operations in flight, which is easier to do by performing 
software prefetch instructions rather than waiting until the data is required 
by the computation. 

2. Memoryaffillit}< Most microprocessors today include a memory controller 
on the same ch ip with the microprocessor. If the system has multiple ch ips, 
this means that some addresses go to the DRAM that is local to one chip, and 
the rest require accesses over the chip intercon nect to access the DRAM that 
is local to another chip. The latter case lowers performance. This optimiza
tion tries to allocate data and the threads tasked to operate on that data to 
the sa me memory-processor pair, so that the processors rarely have to access 
the memory of the other chips. 

The roofline model can help decide which of these optimizations to perform and 
the order in which to perform them. We can think of each of these optimizations as 
a "ceiling" below the appropriate roofl ine, meaning that you cannot break through 
a ceiling without performing the associated optimization. 
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FIGURE 7.15 Roofline model with ceilings. The l Op graph shows the compll~ational "c.c il~ng s." of 
8 GrLOPs/scc if the floa ting-po int operat ion mix is imbalanced and 2 GFLOPs/scc If lh~ opttn~I~"lllons 
to increase It ll and SIMD arc also missing. The bollom graph shows the mcmor)' bandwidth cc~h~gs of 
II GB/scc without softw<lrc prefetching ilnd '1.B Gil/sec if memory affinilY optim izations nrc also mlssmg. 

7.10 Roofline: A Simple Performance Model 

The computational roofline can be found from the manuals, and the memory 
roofline can be found from running the stream benchmark. The computational 
ceilings, such as floating-point balance, also come from the manuals for that com
puter. The memory ceiling requires running experiments on each computer to 
determine the gap between them. The good news is that this process only need be 
done once per computer, for once someone characterizes a computer's ceilings, 
everyone can use the results to prioritize their optimizations for that computer. 

Figure 7.15 adds ceilings to the rooAine model in Figure 7. 13, showing the 
computational ceilings in the top graph and the memory bandwidth ceilings on 
the bottom graph. Although the higher ceilings are not labeled with both opti
mizations, that is implied in this figure; to break through the highest ceiling, you 
need to have already broken through all the ones below. 

The thickness of the gap between the ceiling and the next higher limit is the 
reward for trying that optimization. Thus, Figure 7. 15 suggests that optimization 
2, which improves ILP, has a large benefit for improving computation on that 
computer, and optimization 4, which improves memory affinity, has a large benefit 
for improving memory bandwidth on that computer. 

Figure 7.16 combines the ceilings of Figure 7.15 into a single graph . The arith 
metic intensity of a kernel determines the optimization region, which in turn sug
gests which optimizations to try. Note that the computational optimizations and 
the memory bandwidth optimizations overlap for much of the arithmetic inten
sity. Three regions are shaded differently in Figure 7.16 to indica te the different 
optimization strategies. For example, Kernel 2 falls in the blue trapezoid on the 
right, which suggests working only on the computational optimizations. Kernel I 
falls in the blue-gray parallelogram in the middle, which suggests trying both types 
of optimizations. Moreover, it suggests starting with optimizations 2 and 4. Note 
that the Kernel 1 vertical lines rail below the floating-point imbalance optimization, 
so optimization 1 may be unnecessary. If a kernel fell in the gray triangle on the 
lower left, it would suggest trying just memory optimizations. 

. Thus far, we have been assuming that the arithmetic intensity is fixed, but that is 
not really the case. First, there are kernels where the arithmetic intensity increases 
with problem size, such as for Dense Matrix and N-body problems (see Figure 
7.12). Indeed, this can be a reason that programmers have more success with weak 
scaling than with strong scaling. Second, caches affect the number of accesses that 
go to memory, so optimizations that improve cache performance also improve 
arithmetic intensity. One example is improving temporal locality by unrolling loops 
and then grouping together statements with similar addresses. Many computers 
have special cache instructions that allocate data in a cache but do not first fi ll the 
data from memory at that address, since it will soon be overwritten . Both these 
optimizations reduce memory traffic, thereby moving the arithmetic intensity po le 
to the right by a factor of, say, 1.5. This shift right could put the kernel in a different 
optimization region. 
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674 Chapter 7 Multieores, Multiprocessors, and Clusters 

The next section uses the roofline model to demonstrate the difference for 
four recent muiticore microprocessors for two real application kernels. While the 
examples above show how to help programmers improve performance, the model 
can also be used by architects to decide where they optimize hardware to improve 
performance of the kernels that they think will be important. 

Elaboration: The ceilings are ordered so that lower ceilings are easier to optimize. 
Clearly, a programmer can optimize in any order, but following tl1is sequence reduces the 
chances of wasting effort on an optimization that has no benefit due to other constraints . 
Like the 3Cs model, as long as the roofline model delivers on insights, a model can have 
quirks. For exam ple , it assumes the program is load balanced between all processors. 
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FIGURE 7.16 Roofline model with ceilings, overlapping areas shaded, and the two ker
nels from Figure 7.13. Kernels whose arithmetic int ensity land in the blue trapezoid on the right should 
(ocus on computation optimizations, and kernels whose arithmetic intensity land in the gray tri angle in the 
lower left should rocus on memory bandwidth optimizations. Those thaI land in the blue-gray parallelogram 
in the middle need to \.,.orry about both. As Kernel I falls in the parallelogram in the middle, try optimizing 
ILP and SIMD, memory affinity, and 50("vare prcfetching. Kernel 2 fa lls in the trapezoid on the right , 50 tr)' 
opt imizing ILP and SIMD and the balance of floating-point operations. 

7.11 Real Stuff: Benchmarking Four Multicores Using the Roolline Model 

Elaboration: An alternative to tile Stream bencllmarl( is to use the raw DRAM 
bandwidth as the roolline. Wilile tile DRAMs definitely set a l1ard bound, actual memory 
performance is often so far from that boundary that it's not that useful as an upper bound. 
That is, no program can go close to that bound. The downside to using Stream is that 
very careful programming may exceed the Stream results, so the memory roofline may 
not be as hard a limit as the computational roofline. We stick with Stream because few 
programmers will be able to deliver more memory bandwidth than Stream discovers. 

Elaboration: The two axes used above were floating-paint operations per second and 
aritllmetic intenSity of accesses to main memory. The roofline model could be used 
for other I<ernels and computers where the performance was a function of different 
performance metrics. 

For example, if the working set fits in the L2 cache of the computer, the bandwidth 
plotted on the diagonal roofline could be L2 cache bandwidth instead of main memory 
bandwidth, and the arithmetic intensity on the X-axis would be based on FLOPs per L2 
cache byte accessed . The diagonal L2 performance line would move up, and the ridge 
point would liI(ely move to the left. 

As a second example, if the kernel was sort, records sorted per second could replace 
floating-point operations per instruction on the Y-axis and arithmetic intenSity would 
become records per DRAM byte accessed. 

The roofline model could even work for an I/O intensive kernel. The Y-axis would be 
I/O operations per second, the X·axis would be the average number of instructions per 
I/O operation, and the roolline would show peal( I/O bandwidth. 

Elaboration: Although tile roolline model shown is for multicore processors, it clearly 
would work for a uniprocessor as well. 

II Real Stuff: Benchmarking Four Multicores 
Using the Roofline Model 

Given the uncertainty about the best way to proceed in this parallel revolution, it's 
not surprising that we see as many different designs as there are multicore chips. 
In this section, we'll examine four multicore systems for two kernels of the design 
patterns in Figure 7.11: sparse matrix and structured grid. (The information in 
this section is from [Williams, Oliker, et aI., 2007], [Williams, Carter, et aI., 2008), 
[Williams and Patterson, 2008).) 
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676 Chapter 7 Multicores, Multiprocessors, and Clusters 

Four Multicore Systems 

Figure 7.17 shows the basic organization of the four systems, and Figure 7. IS lists 
the key characteristics of the examples of this section. These are all dual socket 
systems. Figure 7.19 shows the roofline performance model for each system. 

(a) Intd Xeon c5345 (ClovcrlOwn) (el Sun UhraSP,\RCT2 5140 (Niagara 2) 

(b) AMD Op tcron X4 2356 ( narcclona) (d ) IDM Cell QS20 

FIGURE 7.17 Four recent multiprocessors, each using two sockets for the processors. Starlin!; from the upp.,cr_lcfl 
hand corner, the (ompUicrs arc: (a) Intel XCOIl c53 H (C1ovcrtown). (b) ArvID Optcron X'I 2356 (Barcc\on?l, (e) ~un UltraSPA ~~C T - :;, J.lU 
(Niagara 2), and (d) lBl\'! Cell QS20. Note that the Intel Xeon 63'15 (C1o\,crtown ) has il separate north bndge clllP nut found III the other 

microprocessors. 
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MPU Type 
DRAM: Peak GB/s, Clock Rate, 

Typo 

Intel Xeon e5345 
x86/64 8 8 2 2.33 75 FS8: 2 x 10.6 

667 MHz 

(Clovertownj FBD IMM 

AMO Opteron X4 
x86/64 8 8 2 

2356 (Barcelona) 
2 .30 74 2 x 10.6 

667 MHz 

DDR2 

Sun UltraSPARC T2 
Sparc 

5140 (Niagara 2) 
128 16 2 1.17 22 

2 x 21.3 (read) 

2 x 10.6 (write) 

667 MHz 

FBDIMM 

IBM Cell QS20 Cell 16 16 2 3.20 29 2 x 25.6 XDR 

RGURE 7.18 Characteristics of the four recent mullicores. Although the Xeon 63-15 and Opteron X4 haw the same speed 
DRAMs, the Stream benchmark shows a higher pr .. ctica l mcmor), bandwidth due to the inefficiencies of the front side hus on Ihe Xcon 63'15. 

The Intel Xeon 05345 (code-named "Clovertown") contains four cores per 
socket by packaging two dual core chips into a si ngle socket. These two chips share 
a front side bus that is attached to a separate north bridge chip set (see Chapter 6). 
This north bridge chip set supports two front side buses and hence two sockets. It 
includes the memory controller for the 667 MHz Fully Buffered DRAM D1MMs 
(FBDlMMs) . This dual-socket system uses a processor clock rate of 2.33 GH z and 
has the highest peak performance of the four exa mples: 75 GFLOPS. However, the 
rooRine model in Figure 7.1 9 shows that this can be achieved only with arithmetic 
intensities of 8 and above. The reason is that the dual front side buses interfere with 
each other, yielding relatively low memory bandwidth to programs. 

The AM D Opteron X4 2356 (Barcelona) contains four cores per chip, and each 
socket has a single chip. Each chip has a memory controller on board and its own 
path to 667 MHz DDR2 DRAM. These two sockets communicate over separate, 
dedicated Hypertransport links, which makes it possible to build a "glueless" 
multichip system. This dual-socket system uses a processor clock rate of 2.30 GHz 
and has a peak performance of about 74 GFLOPS. Figure 7. 19 shows that the ridge 
point in the rooRine model is to the left of the Xeon e5345 (Clovertown), at an 
arithmetic intensity of about 5 FLOPS per byte. 

The Sun UltraSPARC T2 5140 (code named "Niagara 2") is quite different from 
the two xS6 microarchitectures. It uses eight relatively simple cores per chi p with 
a much lower clock rate. It also provides fine -grained multithreading with eight 
threads per core. A single chip has four memory controllers that could drive four 
sets of 667 MHz FBDIMMs. To join two UltraSPARC T2 chips together, two of the 
four memo ry channels are connected, leaving two memory channels per chip. This 
dual-socket system has a peak performance of about 22 GFLOPS, and the ridge 
po int is an amazingly low arithmetic intensity of just 1/3 FLOPS per byte. 
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c. Sun Uli raSPARC T2 5140 (Niagara 2) 
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b. AMD Opleron X4 2356 (Barcelona) 

128.01-+-+-( 

64.0 I-+-++-+---+-l-t-
IE 32.0 

g 16.0 u. 
eJ .. 
l5 

" c 
·iii 

:i' 

wloul S IMD 
8.0 1.,f';L+-+-----'=.:..=-""-4

I
-

: : w/outdLP 

4.0 " I '=-8--1-1-2.0 -:-1=F1 -
1.0 - ,- 1-· -, , 
0.5 LL.L.......!--L-L--'..........l.--l .... 

'/0 '14 '/2 1 2 4 8 16 

Aclual FLOPbyle ralio 

d. IBM Cell QS20 

FIGURE 7.19 Roofline model for multicore multiprocessors in Figure 7.15. The ceilings arc the same as in Figure 7. 13. Slarting 
from the upper left hand corner, the compu ters arc: (a) Intel Xeon 6345 (Clovcrtow n), (b) AM~ Oplcron X4 ~356 (Barcciona),.(c) Sun 
UltraSPARC T2 51'10 (Nhlgarn 2). and (d) IBM Cell QS20. NOle the ridge points (Of the four 1ll1Croproccsso,rs mt~rsCCI the X-aXIs at the 
arithmetic intensities of 6, 4, 113, and 3/4, respectivcly. The dashed vertical lincs arc for the two kernels of tlus seCllOll and the stars n~ark 
the performance achieved for these kernels after all the optimizations. SpMV is the pair of dashed vcrticallines on the left. It has I.WO l~nes 
because its arithmetic in tensity improved from 0.166 10 0.255 based on register blocking opl imizat ions. LOI-lM.D is the dashed \'erllcal hnes 
on the right. It has a pair of lines in (a) and (b) beca use a cache optimizat ion skips filling the cOlche block on a nll~s wh.en the. pro.cessor would 
write new data into the entire block. That optimization increases the arithmetic intensity from 0.70 to 1.07. It s a smgle lme III (c) at 0.70 
because UltraSPARC T2 docs not offcr the cache opt imization. II is a singlc line ill 1.07 in (d) because Cell has local store loaded by DMA, so 
Ihe program doesn't felch unnccessary datil as do caches. 

7.11 Real Stuff: Benchmarking Four Multicores Using the Roofline Modol 

The IBM Cell QS20 is again diffe rent from the two x86 microarchitectures 
and from UltraSPARC T2. It is a heterogeneous design . with a relatively simple 
PowerPC core and with eight SPEs (Synergistic Processing Elements) that have their 
own unique SIMD-style instruction set. Each SPE also has its own local memory 
instead of a cache. An SPE must transfer data from main memory into the local 
memory to operate on it and then back to main memory when it is completed. It 
uses DMA. which has some similari ty to software prefetching. The two sockets are 
connected via links dedicated to multichip communications. The clock rate of this 
system is highest of the fo ur muiticores at 3.2 GHz. and it uses XDR DRAM chips. 
which are typically found in game consoles. They have high bandwidth but low 
capacity. Given that the Cell's main application was graphics. it has much higher 
single precision performance than double precision performance. The peak double 
precision performance of the SPEs in the dual socket system is 29 GFLOPS. and the 
ridge point of arithmetic intensi ty is 0.75 FLOPs per byte. 

While the two x86 architectures have many fewer cores per chip than the IBM 
and Sun offerings in early 2008. that is just where they are today. As the number 
of cores is expected to do uble every technology generation. it will be interesting to 
see whether the x86 architectures will close the "core gap" or if IBM and Sun can 
sustain a larger number of cores, given that their primary foclIs is 011 servers versus 
the desktop. 

Note that these mach ines take very different approaches to the memory system. 
The Xeon e5345 uses a conventional private Ll cache and then pairs of processors 
each share an L2 cache. These are conn ected through an off-chip memory controller 
to a COIllmon memory over two buses. In contrast, Opteron X4 has a separate 
memory controller and memory per chi p. and each core has private Ll and L2 
caches. UltraSPARC T2 has the memory controller on -chip and four separate 
DRAM channels per chip. and the cores all share the L2 cache. which has four banks 
to improve bandwidth. Its fine-grained multithread ing on top of its multicore 
design allows it to keep many memory accesses in flight. The most radical is the 
Cell. It has local private memories per SPE and uses DMA to transfer data between 
the DRAM attached to each chip and local memory. It sustains many memory 
accesses in fl ight by having many cores and then many DMA transfers per core. 

Let's see how these fOlll' contrasting l11ulticores perform 011 two kernels. 

Sparse Matrix 

The first example kernel of the Sparse Matrix computational design pattern is 
Sparse Matrix-Vector multiply (SpMV). SpMV is popular in scientific computing. 
economic modeling, and information retrieval. Alas, conventional implementa
tions often run at less than 10% of peak performance of uniprocessors. One reason 
is the irregular access to memory, which you might expect from a kernel working 
with spa rse matrices. The computation is 
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)'= A X x 

where A is a sparse matrix and x and yare dense vectors. Fourteen sparse matrices 
taken from a variety of real applications were used to evaluate SpMV performance, 
but only the median performance is reported here. The arithmetic intensity varies 
fram 0.166 before a register blocking optimization to 0.250 FLOPS per byte 
afterward. 

Thecodewas first parallelized to utilize all the cores. Given that the low arithmetic 
intensity of SpMV was below the ridge point of all four multicores in Figure 7.19, 
most of the optimizations involved the memory system: 

• Prefetchillg. To get the most out of the memory systems, both software and 
hardware prefetching were used. 

• Melllor), Ajfillit)'. This optimization reduces accesses to the DRAM memory 
connected to the other socket in the three systems that have local DRAM 
memory. 

• COlllpressillg Dlltn Structllres. Since memory bandwidth likely limits per
formance, this optimization uses smaller data structures to increase 
performance-for example, using a 16-bit index instead of a 32-bit index, 
and using more space efficient representations of the nonzeros in the rows 
of a sparse matrix. 

Figure 7.20 shows the performance on SpMV for the four systems versus the 
number of cores. (The same results are found in Figure 7.19, but it's hard to 
compare performance when on a log scale.) Note that despite having the highest 
peak performance in Figure 7. IS and the highest single core performance, the 
Intel Xeon e5345 has the lowest delivered performance of the four m ul ticores. 
Opteran X4 doubles its performance. The Xeon e5345 bottleneck is the dual front 
side buses. Despite the lowest clock rate, the larger number of simple cores of the 
Sun UltraSPARC T2 outperforms the two xS6 processors. The IBM Cell has the 
highest performance of the four. Note that all but the Xeon e5345 scale well with 
the number of cores, although the Opteron X4 scales more slowly with four or 
more cores. 

Structured Grid 

The second kernel is an example of the structured grid design pattern. Lattice
Boltzmann Magneto-Hydrodynamics (LBMHD) is popular for computational 
fluid dynamics; it is a structured grid code with a series of time steps. 

7.11 Real Stuff: Benchmarking Four Multicores Using the Roofllne Model 
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FIGURE 7.20 Performance of SpMV on the four mult icores. 

Each point involves reading and writing about 75 double precision floating
pOlOt numbers and about 1300 floating-po int operations. Like SpMV, LBMHD 
tends to get a sma ll fraction of peak performance on uniprocessors because of the 
compleXIty of the data structures and the irregularity of memory access patterns. 
The FLOPS to byte ratio is a much higher 0.70 versus less than 0.25 in SpMV. By 
not fillIng the cache block from memory on a write miss when the program is 
gomg to overWrIte the whole block, the intensity rises to 1.07. All multicores but 
UltraSPARC T2 (Niagara 2) offer this cache optimization. 

Figure 7.19 shows that the ar ithmetic intensity of LBMI-ID is high enough 
that both computatIOnal and memory bandwidth optimizations make sense on 
all multlcores but UltraSPARC T2, whose raofline ridge point is below that of 
LBMHD. UltraSPARC T2 can reach the roofline using only the computational 
optlllllzatlOns. 

In addit ion to parallelizing the code so that it could use all the cores, the fo llowing 
optImIzatIOns were used for LBMHD: 

• Melllor), A/filli/)': This optimization is again useful for the same reasons 
mentioned above. 

• TLB Miss Millillliznlioll: To reduce TLB misses significantly in LBMHD, use 
a structure of arrays and combine some loops together rather than the con
ventional approach of using an array of structures. 
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• Loop Unrolling and Reordering: To expose sufficient parallelism and improve 
cache utilization, the loops were unrolled and then reordered to group state
ments with similar addresses. 

• "SIMD-ize": The compilers of the two x86 systems could not generate good 
SSE code. so these had to be written by hand in assembly language. 

Figure 7.21 shows the performance for the fo ur systems versus the number of 
cores for LBMHD. Like the SpMV. the Intel Xeon e5345 has the worst scalabIlity. 
This time the more powerful cores of Opteron X4 outperform the simple cores of 
UltraSPARC T2 despite having half the number of cores. Once again. the IBM Cell 
is the fastest system. All but Xeon e5345 scale with the nu mber of cores. although 
T2 and Cell scale more smoothly than the Op teron X4. 
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FIGURE 7.21 Performance of LBMHD on the four multicores. 

Productivity 

In addition to performance. another important issue for the parallel computing 
revolution is productivity. or the programming difficulty of achieving perfor
mance. To illustrate the differences. Figure 7.22 compares naIve performance to 
fully optimized performance for the four cores on the two kernels. 

7.11 Real Stuff: Benchmarking Four Multicores Using the Roofline Model 

MPUType 

Intel Xeon e5345 SpMV 1.0 1.5 64% 
(Clovertown) l BMHD 4.6 5.6 82% 

AMD Opteron X4 2356 SpMV 1.4 3.6 38% 
(Barcelona) LBMHD 7.1 14. 1 50% 

Sun UltraSPARC T2 SpMV 3.5 4.1 86% 
(Niagara 2) l BMHD 9.7 10.5 93% 

IBM Cell QS20 SpMV 6.4 0% 

l BMHD 16.7 0% 

FIGURE 7.22 Base versus fully optimized performance of the four cores on the two kernels. 
Nole the high fraction of fully optimized performance delivered by the SUIl U!lraSPARC T2 (Niasa ra 2). There 
is no base pt:rformancc col umn for the IBM Cdl because there is no wa)' to port the code 10 the SPE.c; without 
caches. While you could run the code on th e Power core, it has an order of magnitude lower performance than 
the SPES, so we ignore it in this figure. 

The easiest was UltraSPARC T2. due to its large memory bandwidth and its 
easy-to-unders tand cores. The advice for these two kernels in Ult raSPARC T2 is 
simply to try to get good performing code from the compiler and then use as ma ny 
threads as possible. The one caution for other kernels is that UltraSPARC T2 can 
come afoul of the pitfall about making sure set associativity matches the number 
of hardware threads (see page 545 of Chap ter 5). Each chip supports 64 hardware 
threads, while the L2 cache is four-way set associative. Th is mismatch can req uire 
restructuring loops to reduce conflict misses. 

The Xeon e5346 was difficult because it was hard to unders ta nd the memory 
behavior of the dual front side buses. it was hard to understand how hardwa re 
prefetching worked. and it was di ffi cult to get good SIMD code from the com piler. 
The C code for it and for the Opteran X4 are liberally sprinlded with intr insic 
statements involving SIMD instructions to get good performance. 

The Opteron X4 benefited fra m the most types of optimizations. so it needed 
more effort than the Xeon e5345. although the memory behavior of the Opteran X4 
was eas ier to understand than that of the Xeon e5345. 

Cell provided two types of challenges. First. the SIMD instructions of the 
SPE were awkward to compile for. so at times you needed to help the compiler 
by inserting intrinsic statements wi th assembly language instructions into the C 
code. Second. the memory system was more interesting. Si nce each SPE has local 
memory in a sepa rate address space. you could not sim ply port the code and start 
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running on the SPE. Hence, there is no base code column for the IBM Cell in 
Figure 7.22, and you needed to change the program to issue DMA commands to 
transfer data back and forth between local store and memory. The good news IS 

that DMA played the role of software prefetch in caches, and DMA is much easi~r 
to use and achieve good memory performance. Cell was able to dehver almost 90 Vo 
of the memory bandwidth "roofline" to these kernels, compared to 50% or less for 
the other multicores. 

Fallacies and Pitfalls 

The many assaults on parallel processing have uncovered numerous fallacies and 
pitfalls. We cover three here. 

Fallac),: Amdahl's lalV doesl/'t appl), to pm'allcl compllters. 

In 1987, the head of a research organization claimed that Amdahl'~ law had been 
broken by a multiprocessor machine. To try to understand the baSIS of the media 
reports, let's see the quote that gave us Amdahl's law [1 967, p. 4831: 

A fairly obvioJ/s COllclllS;Oll which cnll be dr~\v1l at th~s poi/It is tlint tl~e ~ffart 
expellded 011 achievillg high pm'alle! pmcesslllg mtes IS wasted 'lIIless ,t IS 

nccolllpn1Jien b), nchievellleuts i" seqlleutwi processlIlg rnles of I'er)' uenrl), the 
sallIe IHngllitI/de. 

This statement must still be true; the neglected portion of the program must limit 
performance. One interpretation of the law leads to the following lemma: por
tions of every program Illllst be sequential} so there must be an economIc llp~er 
bound to the number of processors-say, 100. By showing linear speed-up With 
1000 processors, this lemma is disproved; hence the claim that Amdahl's law was 
broken. . 

The approach of the researchers was to use weak scaling:. rather than gOll1g 
1000 times faster on the same data set, they computed 1000 times more work IJ1 

comparable time. For their algorithm, the sequential portion of the program was 
constant, independent of the size of the input, and the rest was fully parallel-
hence, linear speed-up with 1000 processors. . 

Amdahl's law obviously applies to parallel processors. What tl1l5 research does 
point out is that one of the main uses of faster computers is to run. larger problems, 
but to beware how the algori thm scales as you increase problem Size. 

Fallacy: Peak petfonllallee tmcks observed pe/fonllallce. 

For example, Section 7.11 shows that the Intel Xeon e5345, the microproc~ssor 
with the highest peak performance} was the slowest of the four multlCore mICro
processors for two kernels. 

7.12 Fallacies and Pitfalls 

The supercomputer industry used this metric IJ1 marketing, and the fallacy 
is exacerbated with parallel machines. Not only are marketers using the nearly 
unattainable peak performance of a uniprocessor node, but also they are then 
mUltiplying it by the total number of processors, assuming perfect speed- up! 
Amdahl's law suggests how difficult it is to reach ei ther peak; mUltiplying the two 
together multiplies the sins. The roofline model helps put peak performance in 
perspective. 

Pitfall: Not developillg the softlVare to take advnlltage of, or optilllize for, a Illlllti
processor nrcllitectllre. 

There is a long history of software lagging behind on parallel processors, possibly 
because the software problems are much harder. We give one example to show the 
subtlety of the issues, but there are many examples we could choose! 

One frequently encountered problem occurs when software designed for a 
uniprocessor is adapted to a multiprocessor environment. For example, the SG I 
operating system originally protected the page table with a single lock, assum
ing that page allocation is infrequent. In a uniprocessor} this does not represent 
a performance problem. In a multiprocessor, it can become a major performance 
bottleneck for some programs. Consider a program that uses a large number of 
pages that are initialized at start-up, which UNIX does for statically allocated pages. 
Suppose the program is parallelized so that multiple processes allocate the pages. 
Because page allocation requires the use of the page table, which is locked when
ever it is in use, even an as kernel that allows multiple threads in the as will be 
seria lized if the processes all try to allocate their pages at once (which is exactly 
what we might expect at initialization time! ). 

This page table serialization eli minates parallelism in initiali zation and 
has significant impact on overall parallel performance. This performance 
bottleneck pers ists even for job-level parallelism. For example, suppose we split 
the parallel processing program apart into separate jobs and run them, one job 
per processor, so that there is no sharing between the jobs. (This is exactly wha t 
one user did, since he reasonably believed that the performance problem was 
due to unintended sharing or interference in his application.) Unfortunately, 
the lock still serializes all the jobs-so even the independent job performance 
is poor. 

This pitfall indicates the kind of subtle but significant performance bugs that 
can arise when software runs on multiprocessors. Like many other key softwa re 
components, the OS algorithms and data structures must be rethought in a multi
processor context. Placing locks on smaller portions of the page table effectively 
eliminates the problem. 
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Concluding Remarks 

The dream of building computers b sim I . 
around since the earliest days of comp~tingPp~0;~:;:7~t~:11:'roc~ss~rs has been 
tlve and efficien t parallel processors. however. has been slow ;;:~ '~:te ~s;ng effec
has been lin;ited by difficult software problems as well as b 'a ' , progress 
mg the .,c1utecture of mUltiprocessors to enhance usabilit~ a~~~~:~~~e::~: ~volv
~;fi~a~~ cli;cu~sed many of the software challenges in this chapter. includi~,I;I:~~ 

'd u . 0 wnt~ng programs that obtain good speed-up due to Amdahl's law TI 

;;;e ~;;;;~~~~: ~fferen;1 a~chl~nura l approaches and the limited success and ~ho~~ 
:rfiscultt.ies. 7wle4di~:ualsr:tl~e ~;;~t~~~c~~r~:eo~;~;I~~%:;~~:~~~:'~~~~I~~p:I~:;~s~~a~~ 
... ec Ion. on tle CD. 

tec~~~~~gS;ii~~I:ls~:~a~::r;~\~et~~~~t~h~~;::gt~nda~~1~~~~~~ p~:t. the information 

easy to make the case that this effort wi ll fail like ~,any in the Pp :n~. Although It IS 
to be hopeful: as. lere are reasons 

• Clearly, software as a service is growing in importance, and clusters have 
proven to be a very successful wa), to deliver such services By providing d 
dancy at a higher-level. including geographically dis;ributed 'dat re t

un
-

such servIces have delivered 24 x 7 x 365 '1 bT r acen ers. 
th Id I ' I d aval a I Ity lOr customers around 

e Wor . t s lar not to imagine that both the number of servers er 
dat~c~nter and the.number of datacenters will continue to grow. Certai~ly 
;~c 1 a~cenfters WIll em.bracemulticore designs. since they can already us~ 

OU5an so processors In their applications. 

• The use of parallel processing in domains such as scientific and engineering 
~omputatlon IS popular. This application domain has an almost limitless thirst 
or more computation: It also has many applications that have lots of natural 

concurlrency. Once again. clusters dominate this application area For example 
uSing t le '007 Linpack repo tit . . • 
~ - , r • c us ers represent more than 80% of the 500 
astest computers. Nonetheless. it has not been easy: program min arallel 
pr~cesso;s even for these applications remains challenging. Yet this g~:up too 

~v~n~~;~/t enth,brace ndlUlftlcore chips. since again they have experience wi th 
o OUsan 0 processors. 

• All desktop and .server microprocessor manufacturers are buildin multi
processors to achIeve hIgher performance, so unlike the past, there isgno easy 

7.13 Concluding Remarks 

path to higher performance for sequential applications. Hence. programmers 
who need higher performance must parallelize their codes or write new 
parallel processing programs. 

• Multiple processors on the same ch ip allow a very different speed of commu
nication than multiple chip designs. offering both much lower latency and 
much higher bandwidth. These improvements may make it easier to deliver 
good performance. 

• In the past, microprocessors and multiprocessors were subject to different 
definitions of success. When scaling uniprocessor performance, micropro
cessor architects were happy if single thread performance went up by the 
square root of the increased silicon area. Thus. they were happy with sublin
ear performance in terms of resources. Multiprocessor success used to be 
defi ned as linear speed-up as a function of the number of processors. assum
ing that the cost of purchase or cost of administration of /I processors was /I 

times as much as one processor. Now that parallelism is happening on-chip 
via muiticore, we can use the traditional microprocessor of being successful 
with sublinear performance improvement. 

• The success of just-in-time runtime compilation makes it feasible to think 
of software adapting itself to take advance of the increasing number of cores 
per chip. which provides flexibility that is not available when limited to static 
compilers. 

• Unlike in the past, the open source movement has become a critical portion 
of the software industry. This movement is a meritocracy. where better engi
neering solutions can win the mind share of the developers over legacy 
concerns. It also embraces innovation, inviting change to old software and 
welcoming new languages and software products. Such an open culture could 
be extremely helpful in this time of rapid change. 

This revolution in the hardware/software interface is perhaps the greatest chal
lenge fac ing the field in the last 50 years. It will provide many new research and 
business opportunities inside and outside the IT field. and the companies that 
dominate the multicore era may not be the same ones that dominated the unipro
cessor era. Perhaps you will be one of the innovators who will seize the opportunities 
that are sure to appear in the uncertain times ahead. 
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Historical Perspective and Further 
Reading 

This section on the CD gives the rich and often disastrous history of multiproces
sors over the last 50 years. 

Exercises 
Contributed by David Kacli of Nort IH.·;lstcrn University 

Exercise 7.1 
First, write down a list of your daily activities that you typically do on a weekday. 
For instance, you might get ou t of bed, take a shower, get dressed, eat breakfast, dry 
your hair, brush your teeth, etc. Make sure to break down your list so you have a 
minimum of 10 activities. 

7.1.1 [5 [ <7.2> Now consider which of these activities is already exploiting some 
fo rm of parallelism (e.g., brushing multiple teeth at the same time versus one at 
a time, ca rrying one book at a time to school versus loading them all into your 
backpack, and then carry them "in parallel"). For each of your activities, discuss if 
they are already working in parallel, but if not, why they are not. 

7.1.2 [5 ] <7.2> Next, consider which of the activities could be carried out 
concurrently (e.g., eating breakfast and listening to the news) . For each of your 
activities, describe which other activity could be paired with this activity. 

7.1.3 [5] <7.2> For Exercise 7.1.2, what could we change about current 
systems (e.g., showers, clothes, TVs, cars) so that we could perform more tasks 
in parallel? 

7.1.4 [5[ <7.2> Estimate how much shorter time it would take to carry out these 
activities if you tried to carry out as many tasks in parallel as possible. 

Exercise 7.2 
Many computer applications involve searching through a set of data and sorting the 
data. A number of efficient searching and sorting algorithms have been devised in 
order to reduce the runtim e of these tedious tasks. In this problem we will consider 
how best to parallelize these tasks. 

7.15 Exercises 

7.2.1 [IO[ <7.2> Consider the following binary search algorithm (a classic divide 
and conquer algorithm) that searches for a value X in a sorted N-element array 
A and returns the index of the matched entry: 

Bi narySeal'c h(A[O .. N-I). X) I 
1 0\" ~ 0 
high ~ N - 1 
while (l ow < ~ hig h) I 

mid ~ (low + high) I 2 
i f (A[ mi d) > X) 

hi gh ~ mid - 1 
el se if (A[mid) < X) 

10>1 ~ mid + 1 
el se 

r et ur n mid II found 

return -1 II not found 

Assllm~ tha t YO ll, have Y cores on a multicore processor to run BinarySearch. 
Assummg that Y IS much smaller than N, express the speed-up factor you might 
expect to obta m for values ofY and N. Plot these on a graph. 

7.2.2 [5[ <7.2> Next, assume that Y is equal to N. How would this affect your 
conclusions 111 your prevIOUS answer? If you were tasked with obtaining the best 
speed-up factor possible (i.e., strong scaling), explain how you might change this 
code to obtain it. 

Exercise 7.3 
Consider the following piece of C code: 

fo r (j~2 ; j < IOOO ; j++) 

D[ j) ~ D[ j-I)+D[j-2): 

The MIPS code corresponding to the above fragment is: 

DADDIU r2.r2 .999 
l oop: L.D fl . -I6(fl) 

L. D f 2 . -B(fl) 
ADD. D n . fl . f 2 
S.D n . O( r1) 
DADDIU r 1 . r1 . B 
BNE rl. ,-2 . loop 
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Instructions have the following associated latencies (in cycles): 

, ADD.D DADDIU I SNE 

3 5 1 1 3 

7.3.1 [10] <7.2> How many cycles does it take for all instructions in a single 
iteration of the above loop to execute? 

7.3.2 [10] <7.2> When an instruction in a later iteration of a loop depends upon 
a data value produced in an earlier iteration of the same loop. we say that there is 
a loop-carried depelldellce between iterations of the loop. Identify the loop-carried 
dependences in the above code. Identify the dependent program variable and 
assembly-level registers. You can ignore the loop induction variable j . 

7.3.3 [10] <7.2> Loop unrolling was described in Chapter 4. Apply loop unrolling 
to this loop and then consider running this code on a 2-node distributed memory 
message-passing system. Assume thatwe are going to use message passing as described 
in Section 7.4, where we introduce a new operation send (x, y) that sends to node 
x the value y, and an operation receive( ) that waits for the value being sent to it. 
Assume that send operations take a cycle to issue (i.e. , later instructions on the same 
node can proceed on the next cycle), but take 4 cycles to be received on the receiving 
node. Receive instructions stall execution on the node where they are ex.'cuted until 
they receive i.1 message. Produce a schedule for the two nodes; assume an unroll 
factor of 4 for the loop body (i.e., the loop body will appear 4 times). Compute the 
number of cycles it will take for the loop to run on the message-passing system. 

7.3.4 [10] <7.2 > The latency of the interconnect network plays a large role in 
the efficiency of message-passing systems. How fast does the interconnect need to 
be in order to obtain any speed-up from using the distributed system described in 
Exercise 7.3.3? 

Exercise 7.4 

Consider the following recursive mergesort algorithm (another classic divide and 
conquer algorithm). Mergesort was first described by John von Neum ann in 1945. 
The basic idea is to divide an unsorted list x of m elements into two sublists of about 
half the size of the original list. Repeat this operation on each sublist, and continue 
until we have lists of size 1 in length. Then starting with sublists of length 1, "merge" 
the two sublists into a single sorted list. 

~l e r geso r t 1m) 
var list l eft . ri ght. res ult 
if l engthl m) S I 

retu r n m 

el se 
var middl e - lengthlm) I 2 
for eac h x i n m up to midd le 

add x to l eft 
fo r each x in m aft er mi ddl e 

add x to "i ght 
left - Mergeso rt lle ft ) 
right - Mergesortl ri ght) 
res ul t - Mergel l eft. ri ght) 
retur n res ul t 

The merge step is carried out by the following code: 

Me rgel I eft . ri gil t ) 
var li st res ult 

7.15 Exercises 

whi le l engthlleft) > 0 and l engthlrig ht) > 0 
i f fi r stlleft) S fi r stlright) 

el se 

ap pend firstl l eft) t o res ult 
l eft - restlleft) 

appe nd first(r i ght) to resu l t 
rig ht - re s t l ri ght ) 

if l engt hl l eft) > 0 
append r estl l eft) t o res ult 

if le ngt h( r i ght) > 0 
appen d restlrig ht) to res ul t 

ret urn res ul t 

7.4.1 [10] <7.2> Assume that you have Y cares on a multicare processor to run 
MergeSort. Assuming that Y is much smaller than length(m), express the speed-up 
factor you might expect to obtain for values ofY and length(m ). Plot these on a graph. 

7.4.2 [10] <7.2> Next, assume that Y is equal to length (m). How would this affect 
your conclusions in your previous nnswer? If you were tasked \vith obtaining the 
best speed-up factor possible (i.e., strong scaling), explain how you might change 
this code to obtain it. 

Exercise 7.5 

You are trying to bake three blueberry pound cakes. Cake ingredients are as follows: 

I cup butter, softened 
I cup sugar 
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4 large eggs 
1 teaspoon vanilla extract 
1/2 teaspoon salt 
1/4 teaspoon nutmeg 
1 1/2 cups flour 
1 ClIp blueberries 

The recipe for a single cake is as follows: 

Preheat oven to 325'F (160'C). Grease and flour your cake pan. 

In large bowl, beat together with a mixer butter and sugar at medium speed until 
light and fluffy. Add eggs, vanilla, salt, and nutmeg. Beat until thoroughly blended. 
Reduce mixer speed to low and add flour, 112 ClIp at a time, beating just until 
blended. 

Gently fold in blueberries. Spread evenly in prepared baking pan. Bake for 60 
minutes. 

7.5.1 [5[ <7.2> Your job is to cook 3 cakes as efficiently as possible. Assuming 
that you only have 1 oven large enough to hold 1 cake, 1 large bowl, 1 cake pan , 
and I mixer, come up with a schedule to make three cakes as quickly as possible. 
Identify the bottlenecks in completing this task. 

/ 

7.5.2 [5[ <7.2> Assume now that you have 3 bowls, 3 cake pa ns, and 3 mixers. 
How much faster is the process now that you have additional resources? 

7.5.3 [5] <7.2> Assume now that you have 2 friends that will help you cook, and 
that you have a large oven that can accommodate all 3 cakes. How will this change 
the schedule you arrived at in Exercise 7.5. 1 above? 

7.5.4 [5] <7.2> Compare the cake-making task to computing three iterations 
of a loop on a parallel computer. Identify data-level parallelism and task-level 
parallelism in the cake-making loop. 

Exercise 7.6 

Matrix multiplication plays an importa nt role in a number of applications. Two 
matr ices can only be multiplied if the number of columns of the first matrix is 
equal to the number of rows in the second. 

Let's assume we have an III x II matrix A and \ve \\fant to mu ltiply it by an II X P 
matrix B. We can express their product as an III x p matrix denoted by AB(or A· B) . 
If we assign C = AB, and c.. denotes the entry in C at position (i, j), then 

'.j 

" 
C 
~ n. b .= n. ,b, .+ n.,b, .+ .. · + n. b . 

.. := 4 t. r T.J " .J 4. -.J I,ll II., 
'./ 

P" I 
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for each element i and j with 1 !> i !> III and 1 !> j !> p. Now we want to see if we can 
parallelize the computation of C. Assume that matrices are laid out in memory 
sequentially as follows: all' a~" a" , a." . .. , etc. 

, _. '. "t, 

7.6.1 [10] <7.3> Assume that we are going to compute C on both a single core 
shared memory madllne and a 4-core shared memory machine. Compute the speed
up we would expect to obtain on the 4-core machine. ignoring any memory issues. 

7.6.2 [10] <7.3> Repeat Exercise 7.6.1, assuming that updates to C incur a cache 
miss due to false sharing when conseclltive elements are in a row (i.e., index i) are 
updated. 

7.6.3 [10] <7.3> How would you fix the false sharing issue that can occur? 

Exercise 7.7 

Consider the fo llowing portions of two different programs running at the same 
lime on four processors in a symmetric multicore processor (SMP). Assume that 
before this code is run, both x and yare O. 

Core 1: x 2 : 

Core 2: y 2 : 

Core 3: " x + y + 1 : 

Core 4: Z x + y ; 

7.7.1 [10] <7.3> What are all the possible resulting values of w, x, y, and z? For 
each possible outcome, explain how we might arrive at those values. You will need 
to examine all possible interleavings of instructions. 

7.7.2 [51 <7.3> How could you make the execution more deterministic so that 
only one set of values is possible? 

Exercise 7.8 

In a cache-coherent, nonuniform-memory access (CC-NUMA) shared memory 
system, CPUs and physical memory are divided across compute nodes. Each CPU 
has local caches. To maintain the coherency of memory, we can add status bits 
I~to eac~l cache block, or \~e can introduce dedicated memory directories. Using 
directOries, each node proVides a dedicated hardware table for managing the stntu5 
of every block of ,:"emory that is "local" to that node. The size of each directory is 
a functIon of the sIze of the CC-NUMA shared space (an entry is provided for ea.ch 
block of memory local to a node). If we store coherency information in the cache, 
we add this information to every cache in every system (i.e., the amount of storage 
space IS a functIOn of the number of cache blocks ava ilable in all caches) . 
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In the following problems, assu me that all nodes have the same number ofCPUs 
and the same amount of memory (i.e., CPUs and memory are evenly divided 
between the nodes of the CC-NUMA machine). 

7.8.1 [IS] <7.3> If we have PCPUs spread across Tnodes intheCC-NUMA 
system, with each CPU having C memory blocks, and w~ maIntall1 a byte of 
coherency information in each cache block, provide a,n eq~atlOn that expresses the 
amount of memory that will be present in the caches In a sIngle node of the system 
to maintain coherency. Do not include the actual data storage space consumed III 

this equation, only account for space used to store coherency information. 

7.8.2 [1 51 <7.3> If each directory entry maintains a byte of information for each 
CPU, if our CC-NUMA system has a total of 5 memory blocks, and the syste,,:, has 
T nodes, provide an equation that expresses the amount of memory that Will be 

present in each directory. 

Exercise 7.9 
Considering the CC-NUMA system described in Exercise 7.B, assume that the 
system has four nodes, each with a single-core CPU (each CPU has Its own LI data 
cache and L2 data cache). The LI data cache is store-through, though the L2 data 
cache is write-back. Assume that system has a workload where one CPU writes to 
an address, and the other CPUs all read the data that is written. Also assume that 
the address written to is initially only in memory and not in any local cache. Also, 
after the write, assume that the updated block is only present in the LI and L2 
caches of the core performing the write. 

7.9.1 [10] <7.3> For a system that maintains coherency using cache-based block 
status, describe the internode traffic that will be generated as each of the four cores 
writes to a unique address, afte r which each address written to is read from by each 
of the remaining three cores. 

7.9.2 [ 10 I <7.3> For a directory-based coherency mechanism, describe the inter
node traffic generated when executing the same code pattern. 

7.9.3 [201 <7.3> Repeat Exercises 7.9.1 and 7.9.2 assuming that each CPU is now 
a multicore CPU, with four cores per CPU, each maintaining an LI data cache, but 
provided with a shared L2 data cache across the four cores. Each core will perform 
the write, followed by reads by each of the 15 other cores. 

7.9.4 [101 <7.3> Consider the system described in Exercise 7.9.3, now assuming 
that each core writes to two different bytes stored in the same cache block. How 
does this impact bus traffic? Explain. 

7.15 Exercises 

Exercise 7.10 
On a CC-NUMA system, the cost of accessing nonlocal memory can limit our 
ability to utilize multiprocessing effectively. The following table shows the costs 
associated with aCcess data in local memory versus nonlocal memory and the 
locality of our application expresses as the proportion of access that are local. 

Localloadjstore (cycle) Nonlocalloadjstore (cycles) % local accesses 

20 100 50 

Answer the following questions. Assume that memory accesses are evenly distri
buted through the application, and that we can continue processing when a mem 
ory access is active (no true dependencies). Also, assume th at only a single memory 
operation can be active during any cycle. State all assumptions about the ordering 
of local versus nonloc31 memory operations. 

7.10.1 [!OJ <7.3 > If on average we need to access memory once every 75 cycles, 
what is impact on our application? 

7.10.2 [10] <7.3> If on average we need to access memory once every 50 cycles, 
what is impact on our application? 

7.10.3 IIOJ <7.3 > If on average we need to access memory once every 100 cycles, 
whnt is impact 011 aUf npplication? 

Exercise 7.11 

The dining philosopher's problem is a classic problem of synchronization and 
concurrency. The general problem is stated as philosophers sitting at a round table 
doing one of two things: eating or thinking. When they are eati ng, they are not 
thinking, and when they are thinking, they are not eating. There is a bowl of pasta 
in the center. A fork is placed in between each philosopher. The result is that each 
philosopher has one fork to her left and one fork to her right. Given the nature of 
eating pasta, the philosopher needs two forks to eat, and can only use the forks on 
her immediate left and right. The philosophers do not speak to o ne another. 

7.11.1 [!OJ <7.4> Describe the scenario where none of philosophers ever eats (i.e., 
starvation). What is the sequence of events tllat lead up to this problem? 

7.11.2 [10] <7.4> Describe how we can solve this problem by introducing the 
concept of a priority? But can we guarantee that we wi ll treat all the philosophers 
fairly? Explain. 

Now assume we hire a waiter who is in charge of assigning forks to philosophers. 
Nobody can pick up a fork until the waiter says they can. The waiter has global 
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knowledge of all forks. Further, if we impose the poli~y that philosophers will 
always request to pick up their left fork before requestmg to pick up thell' nght 
fork, then we can guarantee to avoid deadlock. 

7.11.3 1101 <7.4> We can implement requests to the waiter as either a queue of 
requests or as a periodic retry of a request. With a queue, requests are handled In 

the order they are received. The problem with using the queue is that we may not 
always be able to service the philosopher whose request is at the head of the queue 
(d ue to the unavailability of resources). Describe a scenario with five philosophers 
where a queue is provided, but service is not granted even though there are fo rks 
available for another philosopher (whose request is deeper in the queue) to eat. 

7.11.4 1101 <7.4> lfwe implement requests to the waiter by periodically repeat
ing our request until the resources become available, will this solve the problem 

described in Exercise 7.11 .3? Explain. 

Exercise 7.12 
Consider the following three CPU organizations: 

CPU SS: A 2-core superscalar microprocessor that provides out-of-order issue 
capabilities on two functional units (FUs). Only a single thread can run on each 

core at a time. 
, 

CPU MT: A fine-grained multithreaded processor that allows instructions from 
two threads to be run concurrently (i.e., there are two functional units), though 
only instructions from a single thread can be issued on any cycle. 

CPU SMT: An SMT processor that allows instructions from two threads to be run 
concurrently (i.e., there are two functional units), and instructions from eIther or 
both threads can be issued to run on any cycle. 

Assume we have two threads X and Y to run on these CPUs that include the 

following operations: 

Thread X 

A1 - takes 2 cycles to execute 

A2 - depends on the result of A1 

A3 - confticts for a functional unit with A2 

A4 depends on the result of A2 

Thread Y 

B1- no dependencies 

82 - conflicts for a functional unit with B1 

83 - no dependencies 

8 4 - depends on the result of 82 

Assume all instructions take a single cycle to execute unless noted otherwise or they 

encounter a hazard. 

7.12.1 I 101 < 7.5> Assume that you have one SS CPU. How many cycles will it take 
to execute these two threads? How many issue slots are wasted due to hazards? 

7.1S Exercises 

7.12.2 [101 < 7.5> Now assume you have I MT CPU. How many cydes will ittake 
to execute these two threads? How many issue slots are wasted due to hazards? 

7.12.3 [101 < 7.5> Assume that you have I SMT CPU. How many cycles will it 
take to execute these two threads? How many issue slots are wasted due to hazards? 

Exercise 7.13 

Virtualization software is being aggressively deployed to reduce the costs of 
managing today's high performance servers. Companies like VMWare, Microsoft, 
and IBM have all developed a range of vi rtualization products. The general concept, 
described in Chapter 5, is that a hypervisor layer can be introduced between the 
hardware and the operating system to allow multiple operating systems to share 
the same physical hardware. The hypervisor layer is then responsible for allocating 
CPU and memory resources, as well as handling services typically handled by the 
operating system (e.g., I/O). 

Virtualization provides an abstract view of the underlying hardware to the hosted 
operating system and application software. This will require us to rethink how 
multicore and multiprocessor systems will be designed in the future to support the 
sharing ofCpUs and memories by a number of operating systems concurrently. 

7.13.1 [30J <7.5> Select two hyperv isors on the market today, and compa re 
and contrast how they virtual ize and manage the underlying hardware (CPUs and 
memory). 

, 
7.13.2 [1 5 J <7.5> Discuss what changes may be necessary in future multicore 
CPU platforms in order to better match the resource demands placed on these 
systems. For instance, can multithreading play an effective role in alleviating the 
c~mpetition for computing resources? 

Exercise 7.14 
We would like to execute the loop below as efficiently as possible. We have two 
different machines, an MIMD machine and an SIMD machine. 

fOI" ( i=O; i < 2000; i++) 
fo r ( j=O; J OOOO ; j++) 

X_array[ i ] [ j] = Y_ar ray[ j] [ i] + 200 ; 

7.14.1 [10 ] <7.6> For a four CPU MIMD machine, show the sequence of MIPS 
instructions that you would execute on each CPU. What is the speed-up fo r this 
MIMD machine? 
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7.14.2 [201 <7.6> For an 8-wide SIMD machine (i.e., 8 parallel SIMD functional 
units ), write an assembly program using your own SIMD extensions to MIPS to 
execute the loop. Compare the number of instructions executed on the SIMD 
machine to the MIMD machine. 

Exercise 7.15 
A systolic array is an example of an MISD machine. A systolic array is a pipeline 
network or "wavefront" of data processing elements. Each of these elements does 
not need a program counter since execution is triggered by the arrival of data. 
Clocked systolic arrays compute in "lock-step" with each processor undertaking 
alternate compute and communication phases. 

7.15.1 [101 <7.6> Consider proposed implementations of a systolic array (you 
can find these on the Internet or in technical publications). Then attempt to 
program the loop provided in Exercise 7.14 using this MISD model. Discuss any 
difficulties you encounter. 

7.15.2 [101 <7.6> Discuss the similarities and differences between an MISD and 
SIMD machine. Answer this question in terms of data-level parallelism. 

Exercise 7.16 
Assume we want to execute the DAXp loop show on page 651 in MIPS assembly 
on the NVIDIA 8800 GTX GpU described in this chapter. In this problem, we 
will assume that all math operations are performed on single precision floating
point numbers (we will rename the loop SAXp). Assume that instructions take the 
following number of cycles to execute. 

Loads Stores Add.S Mult.5 

4 1 2 5 

7.16.1 [201 <7.7> Describe how you will construct warps for the SAXp loop to 
exploit the eight cores provided in a single multiprocessor. 

Exercise 7.17 

Download the CUDA Toolkit and SDK from www.nvidia.com/object/cuda-set.html. 
Make sure to use the "emurelease" (Emulation Mode) version of the code (you will 
not need actual NVIDIA hardware for this assignment). Build the example programs 
provided in the SDK, and confirm that they run on the emulator. 

7.15 Exercises 

7.17.1 [90J <7.7> Using the "template" SDK sample as a starting point, write a 
CUDA program to perform the following vector operations: 

1) n - b (vector-vector subtraction) 

2) a· b (vector dot product) 

The dot product of two vectors n = [nl' n" ... , nlll and b= I bl , b" ... , bill is defined as: 

" 
a . b = In;b; = (/1 bl + (/lb1 + ... + a,lblJ 

j = I 

Submit code for each program that demonstrates each operation and verifies the 
correctness of the results. 

7.17.2 [90] <7.7> If you have GPU hardware available, complete a performance 
analysis of your program, examining the computation time for the GpU and a CPU 
version of your program for a range of vector sizes. Explain any results you see. 

Exercise 7.18 

AMD has recently announced that they will be integrating a graphics processing 
unit with their x86 cores in a single package, though with different clocks for each 
of the cores. This is an example of a heterogeneous multiprocessor system which 
we expect to see produced commericially in the near future. One of the key design 
points will be to allow for fast data communication between the CPU and the GPU. 
Presently communication must be performed between discrete CPU and GpU 
chips. But this is changing in AMD's Fusion architecture. Presently the plan is to 
use multiple (at least 16) PCI express channels to facilitate intercommunication. 
Intel is also jumping into this arena with their Larrabee chip. Intel is considering 
using their QuickPath interconnect technology. 

7.18.1 [251 <7.7> Compare the bandwidth and latency associated with these two 
interconnect technologies. 

Exercise 7.19 

Refer to Figure 7.9b that shows an II-cube interconnect topology of order 3 that 
interconnects eight nodes. One attractive feature of an II-cube interconnectionnct
work topology is its ability to sustain broken links and still provide connectivity. 

7.19.1 [10J <7.8> Develop an equation that computes how many links in the 
II-cube (where II is the order of the cube) can fail and we can still guarantee an 
unbroken link will exist to connect any node in the II-cube. 
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7.19.2 [10 J <7.8> Compare the resiliency to failure of II-cube to a fully-connected 
interconnection network with the same number of nodes. Plot a comparison of 
reliability as a function of the number of links that can fail for the two topologies. 

Exercise 7.20 
Benchmarking is a field of study that involves identifying representative workloads 
to run on specific computing platforms in order to be able to objectively compare 
performance of one system to another. In this exercise we will compare two classes 
of benchmarks: the Whetstone CPU benchmark and the PARSEC benchmark 
suite. Select one program from PARSEC. All programs should be freely available 
on the Internet. Consider running multiple copies of Whetstone versus funning 
the PARSEC benchmark on any of the systems described in Section 7.11. 

7.20.1 [60J <7.9> What is inherently different between these two classes of work
load when run on these multicore systems? 

7.20.2 [60J <7.9,7. 10> In terms of the Roofline Model, how dependent will the 
results you obtain be when running these benchmarks be on the amount of sharing 
and synchronization present in the workload used? 

Exercise 7.21 
\"'hen performing computations on sparse matrices, latency in the memory hierar
chy becomes much more of a factor. Sparse matrices lack the spatial locality in the 
data stream typically found in matrix operations. As a result, new matrix represen
tations have been proposed. 

One of the earliest sparse matrix representations is the Yale Sparse Matl'L, Format. 
It stores an initial sparse 111 x 11 matrix, M in row form using three one-dimensiona l 
arrays. Let R denote the number of nonzero entries in M; we can construct an array 
A of length R that contains all nonzero entries of M (in left-to-right top-to-bottom 
order). We also construct a second array IA of length 111+ I (i .e., one entry per row, 
plus one) . IA(i) contains the index in A of the first nonzero element of row i. Row i 
of the original matrix extends from A(IA(i)) to A(IA(i + 1 )-1). The third array, lA, 
contains the column index of each clement of A, so it also is of length R. 

7.21.1 [15] <7.9> Consider the sparse matrix X below and write C code that 
would store this code in Yale Sparse Matrix Format. 

ROl" 1 [0 . O. O. O. 10J 
RO>l 2 [0 . O. O. o. OJ 
RO\; 3 [8, O. 0 , 0, 6J 
ROI; 4 [0 . 1. 8, 7. OJ 
RO\; 5 [7, O. 0, o. OJ 

7.15 Exercises 

7.21.2 1101 <7.9> In terms of storage space, assuming that each element in matrix 
X is single precision floating-point format. compute the amount of storage used to 
store the matrix above in Yale Sparse Matrix Format. 

7.21.3 1151 <7.9> Perform matrix multiplication of Matrix X by Matrix Y shown 
below. 

[9. 8 . 7. 100. 2 J 

Put this computation in a loop. and time its execution . Make sure to increase 
the number of times this loop is executed to get good resolution in your timing 
measurement. Compare the runtime of using a na'ive representation of the matrix 
and the Yale Sparse Matrix Format. 

7.21.4 [151 <7.9> Can you find a more efficient sparse matrix representation (i n 
terms of space and computational overhead)? 

Exercise 7.22 

In future systems. we expect to see heterogeneous computing platforms con
structed out of heterogeneous CPUs. We have begun to see some appear in the 
embedded processing market in systems that contain both floating-point DSPs and 
microcontroller CPUs in a multichip module package. 

Assume that you have three classes of CPU: 

CPU A-A moderate speed Illulticore CPU (with a floating-point unit) that can 
execute multiple instructions per cycle. 

CPU B-A.fast single-core integer CPU (i.e., no floating-point unit) that can 
execute a single instruction per cycle. 

CPU C-A slow vector CPU (with floating-point capabi lity) that can execute 
multiple copies of the sa me instruction per cycle. 

Assume that our processors run at the following frequencies: 

CPU A CPUB CPUC 

1.5 GHz 3 GHz 500 MHz 

CPU A can execute 2 instructions per cycle, CPU B can execute I instruction per 
cycle, and CPU C ca n execute 8 instructions (though the same instruction) per 
cycle. Assume all operations can complete execution in a single cycle of latency 
without any hazards. 
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All three CPUs have the abi lity to perform integer ar ith metic, though CPU B cannot 
perform floating-point arithmetic directly. CPUs A and B have an instruction set 
similar to a MIPS processor. CPU C can only perform floating-point add and 
subtract operations, as well as memory loads and stores. Assume all CPUs have 
access to shared memory and that synchroniz<1tion has zero cost. 

The task at hand is to compare two matrices X and Y that each contain 1024 x 1024 
floating-point elements. The output should be a cou nt of the number indices where 
the value in X was larger than the value in Y. 

7.22.1 [10j <7.11> Describe how you would partition the problem on the three 
different CPUs to obtain the best performance. 

7.22.2 [10 [ <7. 11 > What kind of instruction would you add to the vector CPU C 
to obtain better performance? 

Exercise 7.23 
Assume a quad-core computer system can process database transactions at a 
steady state rate of requests per second. Also assume that each transaction takes, 
on average, a fixed amount of time to process. The following table shows pairs of 
transaction latency and processing rate. 

Average transaction latency Maximum transaction processing rate 

1 ms I 5000/sec 

2 ms I 5000/ sec 

1 ms I lO,QOO/sec 

2 ms I lO,OOO/sec 

For each of the pairs in the table, answer the follow ing questions: 

7.23.1 [lOr <7.11> On average, how many requests are being processed at any 
given instant? 

7.23.2 [10[ <7.1 1> If moved to an 8-core system, ideally, what wi ll happen to 
the system throughput (i.e., how many transactions/second will the computer 
process)? 

7.23.3 [10 [ <7.11> Discuss why we rarely obtain this kind of speed-up by simply 
incrcilsing the number of cores. 

7 .15 Exercises 

§7.1, page 634: False. lob-level parallelism can help sequential applications and 
sequential applications can be made to run on parallel hardware, although it is 
more challenging. 

§7.2, page 638: False. Wenk scaling can compensate for a serial portion of the 
program that would otherwise limit scalability. 
§7.3, page 6'10: False. Since the shared address is a physicnl address, multiple jobs 
each III theIr own VIrtual address spaces can run well on a shared memory multi 
processor. 

§7.4, page 645: 1. False. Sending and receiving a message is an implici t synch roni 
zatlOll, as well as a way to share data. 2. True. 
§7.5, page 648: I. True. 2. True. 
§7.6, page 653: True. 

§7.7, page 660: False. Graphics DRAM D1MMs are prized for their higher band
width. 

§7.9, page 666: True. We likely need innovation at all levels of the hardware and 
software stack to win the industry's bet on parallel computing. 
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Introduction 

This appendix focuses on the GPU-the ubiquitous graphics processing unit 
in every Pc. laptop, desktop computer, and workstation. In its most basic form , 
the GPU generates 2D and 3D graphics, im ages, and video that enable window
based oper~ting systems, graphical user interfaces, video games, visual imagin g 
applications, and video. The modern GPU that we describe here is a hi gh ly 
parnllel, highly multithreaded multiprocessor optimized for visual computing. 
To provide real-time visual interaction with computed objects via graphics, 
images, and video, the GPU has a un ified graphics and computing architecture 
that serves as both a programmable graphics processor and a scalable pa ralle l 
computing platform. PCs and ga me consoles combine a GPU with a CPU to form 
heterogeneous systems. 

A Brief History of GPU Evolution 

Fifteen years ago, there was no such thing as a GPU. Graphics on a PC were 
performed by a video graphics array (VGA) controller. A VGA controller was 
simply a memory controller and display generator connected to some DRAM. In 
the 1 990s, semiconductor technology advanced sufficiently that more functions 
cou ld be added to the VGA contro ller. By 1997, VGA controllers were beginning 
to incorporate some three-dimensional (3D) acceleration functions, in cl udi ng 

graphics processing 
unit (GPU) A processor 
optimized for 20 and 3D 
graphics. video. visua l 
computing. and display. 

visual computing A mix 
of grnphics processing 
and computing thai lets 
you visually interact with 
computed objects via 
graphics. images, and 
\tideo. 

heterogeneous system 
A system combining 
different processor Iypes. 
A PC is a heterogeneous 
CPU-CPU system. 
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application programming 
interface (API ) A set of 
function and datn structure 
definitions providing an 
interface to It library of 
functions. 

Appendix A Graphics and Computing GPUs 

hardware for triangle setup and rasterization (dicing triangles into individual 
pixels) and texture mapping and shading (applying "decals" or patterns to pixels 
and blending colors). 

In 2000, the single chip graphics processor incorporated almost every detail 
of the traditional high-end workstation graphics pipeline and therefore, deserved 
a new name beyond VGA controller. The term GPU was coined to denote that 
the graphics device had become a processor. 

Over time, GPUs became more programmable, as programmable processors 
replaced fixed function dedicated logic while maintaining the basic 3D graphics 
pipeline organization. In addition, computations became more precise over time, 
progressing from indexed arithmetic, to integer and fixed point, to single precision 
floating-point, and recently to double precision floating-point. GPUs have become 
massively parallel programmable processors with hundreds of cores and thousands 
of threads. 

Recently, processor instructions and memory hardware were added to support 
general purpose programming languages, and a programming environment was 
created to allow GPUs to be programmed using familiar languages, including C 
and c++. This innovation makes a GPU a fully general-purpose, programmable, 
manycore processor, albeit sti ll with some special benefits and limitations. 

GPU Graphics Trends 

GPUs and their associated drivers implement the OpenGL and DirectX m9dels of 
graphics processing. OpenGL is an open standard for 3D graphics programming 
available for most computers. DirectX is a series of Microsoft multimedia pro
gramming interfaces, including Direct3D for 3D graphics. Since these application 
programming interfaces (APls) have well-defined behavior, it is possible to build 
effective hardware acceleration of the graphics processing functions defined by the 
APls. This is one of the reasons (in addition to increasing device density) that new 
GPUs are being developed every 12 to 18 months that double the performance of 
the previous generation on existing applications. 

Frequent doubling of GPU performance enables new applications that were 
not previously possible. The intersection of graphics processing and parallel 
computing invites a new paradigm for graphics, known as visual computing. It 
replaces large sections of the traditional sequential hardware graphics pipeline 
model with programmable elements for geometry, vertex, and pixel programs. 
Visual computing in a modern GPU combines graphics processing and parallel 
computing in novel ways that permit new graphics algorithms to be implemented, 
and open the door to entirely new parallel processing applications on pervasive 
high-performance GPUs. 

Heterogeneous System 

Although the GPU is arguably the most parallel and most powerful processor in 
a typical PC, it is certainly not the only processor. The CPU, now multi core and 
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soon to be manycore. is a complementa ry, primarily serial processor compan ion 
to the massively parallel manycore GPU. Together, these two types of processors 
comprise a heterogeneous multiprocessor system. 

The best performance for many applications comes from using both the CPU 
and the GPU. This appendix wi ll help yo u understand how and when to best split 
the work between these two increasingly parallel processors. 

GPU Evolves into Scalable Parallel Processor 

GPUs have evolved functionally from hardwired, limited capability VGA controllers 
to programmable parallel processors. This evolution has proceeded by changing 
the logical (API-based) graphi cs pipeline to incorporate programmable elements 
and also by making the underlying hardware pipeline stages less specialized and 
more programmable. Eventually, it made sense to merge disparate programmable 
pipeline elements inro one unified array of many programmable processors. 

In the GeForce 8-series generation of GPUs, the geometry, vertex, and pixel 
processing all run on the same type of processor. This unification allows for 
dramatic scalability. More programmable processor cores increase the total system 
throughput. Unifying the processors also delivers very effective load balancing, 
since any processing function can use the whole processor array. At the other end 
of the spectrum, a processo r array can now be built with very few processors. since 
all of the functions can be run 011 the same processors. 

Why CUDA and GPU Computing? 

This uniform and sca lable array of processors invites a new model of programming 
for the GPU. The large amount of floating-point processing power in the GPU 
processor array is very attractive for solving nongraphics problems. Given the large 
degree of parallelism and the range of scalability of the processor array fo r graphics 
applications, the programming model for more general computing must express 
the massive parallelism directly, but allow for scalable execution. 

. GPU computing is the term coined for using the GPU for computi ng via a 
parallel programming language and API, without using the traditional graphics 
API and graphics pipeline model. This is in contrast to the earlier General Purpose 
computation on GPU (GPGPU) approach, which involves programming the GPU 
using a graphics API and graphics pipeline to perform nongraphics tasks. 

Compute Unified Device Architecture (CUDA) is a scalable parallel program
ming model and software platform for the GPU and other parallel processo rs that 
allows the progntmmer to bypass the graphics API and graphics interfaces of the 
GPU and simply program in C or C++. The CUDA programming model has an 
SPMD (single-program multiple data) software style, in which a programmer 
writes a program for one thread that is instanced and executed by many threads 
in parallel on the multiple processors of the GPU. In fact, CUDA also provides a 
facility for programming multiple CPU cores as well , so CUDA is an environment 
for writing parallel programs for the entire heterogeneous computer system. 

A-S 

GPU computing Using 
a GPU for co ll1put ing via 
il parilliel programming 
language and API. 

GPGPU Using. GPU 
for general-purpose 
computation via a 
traditional graphics API 
and graphics pipeline. 

CUDA A scalable para ll el 
programming model 
and language based all 

C/C++. It is a pnrallcl 
progrilll1l11ing platform 
for GPUs and Illulticore 
CPUs. 



A-6 Appendix A Graphics and Computing GPUs 

GPU Unifies Graphics and Computing 
With the addition of CUDA and GPU computing to the capabilities of the GPU, 
it is nolV possible to use the GPU as both a graphics processor and a computing 
processor at the same time, and to combine these lIses In ~lsual com~lltmg 
applications. The underlying processor architecture of the GPU IS exposed 111 two 
ways: first, as implementing the programmable graphics APls, and second, as a 
massively parallel processor array programmable in C/C++ with CUDA. 

Although the underlying processors of the GPU are unified, it is not necess~ry 
rhat all of the SPMD thread programs are the same. The GPU can run graphics 
shader programs for the graphics aspect of the GPU, processing geometry, vertices, 
and pixels, and also run thread programs in CUDA. . ' 

The GPU is truly a versatile multiprocessor architecture, supportmg a van ety of 
processing tasks. GPUs are excellent at graphics and visual computing as they were 
specifically designed for these applications. G PUs are also excellent at many general
purpose thro ughput applications that are "first cousins" of graphics, in that they 
perform a lot of parallel work, as well as having a lot of regular problem structure. 
In general, they are a good match to data-parallel problems (see Chapter 7), 
particularly large problems, but less so for less regular, smaller problems. 

GPU Visual Computing Applications 
Visual computing includes the traditional types of graphics applications plu' many 
new applications. The original purview of a GPU was "anything with pixels," but it 
now includes many problems without pixels but with regular computation and/or 
data structure. GpUs are effective at 2D and 3D graphics, since that is the purpose 
for which they are designed. Failure to deliver this application performance would 
be fata l. 2D and 3D graphics use the GPU in its "graphics modc!~~~ccessing the p.~~; 
cessing power of the GPU through the graphiCS APls, OpenGL ,and DlrectX . 
Games are built on the 3D graphics processing capability. 

Beyond 2D and 3D graphics, image processing and video are important applica
tions for GPUs. These can be implemented using the graphics APls or as compu
tational programs, using CUDA to program the GPU in computing mode. Using 
CUDA, image processing is simply another data-parallel array program. To the 
extent that the data access is regular and there is good locality, the program will 
be efficient. In practice, image processing is a very good application for GPUs. 
Video processing, especially encode and decode (compression and decompression 
according to some standard algorithms) is quite efficient. 

The greatest opportuni ty for visual computing applications on GPUs is to "break 
the graphics pipeline." Early GPUs implemented only specific graphics APls, albeit 
at very high performance. This was wonderful if the API supported the ope rations 
that you wanted to do. If not , the GPU could not accelerate your task, because early 
GPU functionality was immutable. Now, with the advent of GPU computing and 
CUDA, these GPUs can be programmed to implement a different vi rtual pipeline 
by simply writing a CUDA program to describe the computation and data How 
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that is desired. So, all applica tions are now possible, which will stimulate new visual 
computing approaches. 

GPU System Architectures 

In this section, we survey GPU system architectures in common use today. We 
discuss system configurations, GPU functions and services, standard programming 
interfaces, and a basic GPU internal architecture. 

Heterogeneous CPU-GPU System Architecture 

A heterogeneous computer system architecture using a GPU and a CPU can be 
described at a high level by two primary characteristics: first, how many functional 
subsystems and/or chips are used and what are their interconnection technologies 
and topology; and second, what memory subsystems are available to these functional 
subsystems. Sec Chapter 6 for background on the PC 110 systems and chip sets. 

The Historical PC (circa 1990) 

Figure A.2. 1 is a high-level block diagram of a legacy PC, circa 1990. The north 
bridge (see Chapter 6) contains high-bandwidth interfaces, connecting the CPU, 
memory, and PCI bus. The south bridge contains legacy interfaces and devices: 
ISA bus (aud io, LAN), interrupt controller; DMA controller; time/counter. In 
this sys tem, the d isplay was driven by a simple frameb uffer subsystem known 

CPU 

Front Side Bus 

North 
Bridge 

PCI Bus 
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Bridge 

Memory 

VGA 
Display 

Framebuffer 
Memory 

FIGURE A.2.1 Historical PC. VGA cont roller drives graphics disp lay from framcbuffcr memory. 
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as a VGA (video graphics array) which was attached to the PCI bus. Graphics 
subsystems with built-in processin g elements (GPUs) did not exist in the PC 
landscape of 1990. 

Figure A.2.2 illustrates two configurations in common lise today. These are 
characterized by a separate GPU (d iscrete GPU) and CPU with respective memory 
subsystems. In Figure A.2.2a, with an Intel CPU, we see the GPU attached via a 
I G-Iane PCI-E, .. press 2.0 link to provide a peak 16 GB/s transfer rate, (peak of 
8 GB/s in each direction). Similarly, in Figure A.2.2b, with an AMD CPU, the GPU 

(b) 
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GPU 
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Inlel 
CPU 

Front Side Bus 

North 
Bridge 

DDR2 
Memory 

128-bil 
667 MTls 

j='-'::.c..::..J'------, 

South 
Bridge 

AMD _____ ---, 
CPU r-

CPU 
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Inlernal bus 
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128·bit 
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ODR2 
Memory 

FIGURE A.2.2 Contemporary pes with Intel and AMD CPUs. See Chapter 6 for an cxplamuion of 
the componeOl s and illlcrconnccls in th is figure. 
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is attached to the chipset, also via PCI-Express with the same available bandwidth. 
In both cases, the GPUs and CPUs may access each other's memory, albeit with 
less available bandwidth than their access to th e more directly attached memories. 
In the case of the AMD system, the north bridge or memory controller is integrated 
into the same die as the CPU. 

A low-cost variation on these systems, a unified memory architecture (UMA) 
system, uses only CPU system memory, omitting GPU memory from the system. 
These systems have relatively low performance GPUs, since their achieved 
performance is limited by the available system memory bandwidth and increased 
latency of memory access, whereas dedicated GPU memory provides high 
bandwidth and low latency. 

A high performance system variation uses multiple attached GPUs, typically 
two to four working in parallel, with their displays daisy-chained. An example is 
the NVIDIA SLI (scalable link interconnect) multi-GPU system, designed for high 
performance gaming and workstations. 

The next system category integrates the GPU with the north bridge (intel) or 
chipset (AM D) with and without dedicated graphics memory. 

Chapter 5 explains how caches maintain coherence in a shared address space. 
With CPUs and GPUs, there are multiple address spaces. GPUs can access their 
own physical local memory and the CPU system's physical memory using virtual 
addresses that are translated by an MMU on the GPU. The operating system kernel 
manages the GPU's page tables. A system physical page can be accessed using either 
coherent or noncoherent PCI-Express transactions, determined by an attribute 
in the GPU's page table. The CPU can access GPU's local memory through an 
address range (also called aperture) in the PCl- Express address space. 

Game Consoles 

unified memory 
architecture (UMA ) 
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A sys tem architecture in 
which the CPU ill1d CPU 
shnfc a common system 
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Console systems such as the Sony PlayStation 3 and the Microsoft Xbox 360 
resemble the PC system architectures previously described. Console systems 
are designed to be shipped with identical performance and functionality over 
a lifespa n that can last five years or more. During thi s time, a system may be 
reimplemented many times to exploit more advanced silicon manufactu ring 
processes and thereby to provide constant capability at ever lower costs. Co nsole 
sys tems do not need to have their subsystems expanded and upgraded the way PC 
systems do, so the major internal system buses tend to be customized ra ther than 
standardized. AGP An extended 

GPU Interfaces and Drivers 

In a PC today, GPUs are attached to a CPU via PCI- Exp ress. Earlier generations 
used AGP. Gra phics applications call OpenGL /Sega l and Akeley, 200GI or 
Direct3D /Microsoft DirectX Specification] API functio ns that use the GPU as 
a coprocessor. The APls send commands, programs, and data to the GPU via a 
graphics device driver optimized for the particular GPU. 

version of the orig inal PCI 
I/O bus, which provided 
up (a eigh t times the 
bandwidth of the or iginal 
PCI bus to a single card 
sial. Its primary purpose 
was to connect graphics 
subsystems into PC 
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Graphics Logical Pipeline 
The graphics logical pipeline is described in Section A.3. Figure A.2.3 illustrates 
the major processing stages, and highlights the important programmable stages 
(vertex, geometry, and pixel shader stages). 

Venex 
Shader 

Pixel 
Shader 

Raster Operationsl 
Output Merger 

FIGURE A.2.3 Graphics logical pipeline. Programmable graphics shader stages arc blue, and fixed-function blocks are while. 

Mapping Graphics Pipeline to Unified GPU Processors 

Figure A.2A shows how the logical pipeline comprising separate independent 
programmable stages is mapped onto a physical distributed array of processors. 

Basic Unified GPU Architecture 
Unified GPU architectures are based on a parallel array of many programmable 
processors. They unify vertex, geometry, and pixel shader processing and parallel 
computing on the same processors, unlike earlier GPUs which had separate 
processors dedicated to each processing type. The programmable processor array is 
tightly integrated with fixed function processors for texture filtering, rasterization , 
raster operations, anti-aliasing, compression, decompression, display, video 
decoding, and high-definition video processing. Although the fixed-function 
processors significantly outperform more general programmable processors in 
terms of absolute performance constrained by an area, cost, or power budget, we 
will focus on the programmable processors here. 

Compared with multicore CPUs, manycore GPUs have a different architectural 
design point, one focused on executing many parallel threads efficiently on many 

Raster Operations! 
Output Merger 

FIGURE A.2.4 Logical pipeline mapped to physical processors. The programmable shader 
stages execute on tht.' array of unifit.'d processors, and the logical gr;\phi c~ pipeline dataflow recirculates 
through the processors. 

A.2 GPU System Architectures 

processor cores. By using many simpler cores and optimizing for data-parallel 
behavior among groups of threads, more of the per-chip transistor budget is 
devoted to computation, and less to on-chip caches and overhead. 

Processor Array 

A unified GPU processor array contains many processor cores, typically organized 
into mul tithreaded multiprocessors. Figure A.2.5 shows a GPU with an array of 
112 ~treaming processor (SP) cores, organized as 14 multithreaded streaming 
multiprocessors (SM) . Each SP core is highly multithreaded, managing 96 
concurrent threads and their state in hardware. The processors connect with 
four 64 -bit-wide DRAM partitions via an interconnection network. Each SM 
has eight SP cores, two special function units (SFUs), instructio n and constant 
caches, a multithreaded instruction unit, and a shared memory. This is the basic 
Tesla architecture implemented by the NVIDIA GeForce 8800. It has a unifi ed 
architecture in which the traditional graphics programs for vertex, geometry, and 
pixel shading run on the unified SMs and their SP cores, and computing programs 
run on the same processors. 

GPU 

DRAM 

Cornpulo Worll 
Di~lr ibu~oll 

, Display , 
L _________ _ 
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F1G~RE A.2.S Basic unified GP~ archite~ture. Example GPU with 11 2 streaming processor (51') cores organ ized in 14 streaming 
mullJproc~sso rs (5/1.'is); .the ~orcs arc hlghlY . I~lIIltltl~rcaded. It l l:l.~ the basic Tcsla architecture of an NVIDIA GeForce B800. The processors 
C~'1I1cCl.wlth fo.ur 64-hll -w lde DRAM partlllO.ns via an interconnect ion network. Each SM has eight SP corcs, two .~pccial function unit s 
(SFUs), InstructIon and constant cachc.~, a mu ltit hreaded in struction unit, and a shared memory. 
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The processor array architecture is scalable to smaller and larger GPU configu
rations by scaling the number of multiprocessors and the number of memory 
partitions. Figure A.2.S shows seven clusters of t\\'o SMs sharing a texture unit and 
a texture Ll cache. The texture unit delivers filtered results to the SM given a set of 
coordinates into a texture map. Because filter regions of support often overlap for 
successive texture requests, a smail streaming Ll texture cache is effective to reduce 
the number of requests to the memory system. The processor array connects with 
raster operation (ROP) processors, L2 texture caches, external DRAM memories, 
and system memory via a GPU-wide interconnection network. The number of 
processors and number of memories can scale to design balanced GPU systems for 
different performance and market segments. 

II Programm;ng GPU. 

Programming multiprocessor GPUs is qualitatively different than programming 
other multiprocessors like multicore CPUs. GPUs provide two to three orders 
of magnitude more thread and data parallelism than CPUs, scaling to hundreds 
of processor cores and tens of thousands of concurrent threads in 2008. GPUs 
continue to increase their parallelism, doubling it about every 12 to 18 months, 
enabled by Moore's law [1965] of increasing integrated circuit density bnd by 
improving architectural efficiency. To span the wide price and performance range 
of different market segments, different GPU products implement widely varying 
numbers of processors and threads. Yet llsers expect games, graphics. imaging, 
and computing applications to work on any GPU, regardless of how many parallel 
threads it executes or how many parallel processor cores it has, and they expect 
more expensive GPUs (with more threads and cores) to run applications faster. 
As a result, GPU programming models and application programs are designed to 
scale transparently to a wide range of parallelism. 

The driving force behind the large number of parallel threads and cores in a 
GPU is real-time graphics performance-the need to render complex 3D scenes 
with high resolution at interactive frame rates, at least 60 frames per second. 
Correspondingly, the scalable programming models of graphics shading languages 
such as Cg (C for graphics) and HLSL (high-level shading language) are designed 
to exploit large degrees of parallelism via many independent parallel threads and to 
scale to any number of processor cores. The CUDA scalable parallel programming 
model similarly enables general parallel computing applications to leverage large 
numbers of parallel threads and scale to any number of parallel processor cores, 
transparently to the application. 

In these scalable programming models, the programmer writes code for a single 
thread, and the GPU runs myriad thread instances in parallel. Programs thus scale 
transparently over a wide range of hardware parallelism. This simple paradigm 
arose from graphics APls and shading languages that describe how to shade one 
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vertex or one pixel. It has remained an effective paradigm as GPUs have rapidly 
increased their parallelism and performance since the late 1990s. 

This section briefly describes programming GPUs for real-time graphics 
applications using graphics APIs and programming languages. It then describes 
programming GPUs for visual computing and general parallel computing 
applications using the C language and the CUDA programming model. 

Programming Real·Time Graphics 

APIs have played an important role in the rapid, successful development of GPUs 
and processors. There are two primary standard graphics APIs: OpenGL and 
Direct3D, one of the Microsoft DirectX multimedia programming interfaces. 
OpenGL, an open standard, was originally proposed and defined by Silicon 
Graphics Incorporated. The ongoing development and extension of the OpenGL 
standard [Segal and Akeley, 2006]. [Kessenich, 2006] is managed by Khronos, 
an industry consortium. Direct3D [Blythe, 2006]. a de facto standard, is defined 
and evolved forward by Microsoft and partners. OpenGL and Direct3D are 
similarly structured, and continue to evolve rapidly with GPU hardware advances. 
They define a logical graphics processing pipeline that is mapped onto the GPU 
hardware and processors, along with programming models and languages for the 
programmable pipeline stages. 

Logical Graphics Pipeline 

Figure A.3.1 illustrates the Direct3D 10 logical graphics pipeline. OpenGL has a 
similar graphics pipeline structure. The API and logical pipeline provide a streaming 
dataflow infrastructure and plumbing for the programmable shader stages, shown in 
blue. The 3D application sends the GPU asequence of vertices grouped into geometric 
primitives~points, lines, triangles, and polygons. The input assembler collects 
vertices and primitives. The vertex shader program executes per-vertex processing, 
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including transforming the vertex 3D position into a screen position and lighting the 
vertex to determine its color. The geometry shader program executes per-primitive 
processing and can add or drop primitives. The setup and rasterizer unit generates 
pixel fragments (fragments are potential contributions to pixels) that are covered by 
a geometric primitive. The pixel shader program performs per-fragment processing, 
including interpolating per-fragment parameters, texturing, and coloring. PLxel 
shaders make extensive use of sampled and filtered lookups into large I D, 2D, or 
3D arrays called textures, using interpolated floating-point coordinates. Shaders use 
texture accesses for maps, functions, decals, images, and data. The raster operations 
processing (or output merger) stage performs Z-buffer depth testing and stencil 
testing, which may d iscard a hidden pixel fragment or rep lace the pixel's depth with 
the fragment's depth, and performs a color blending operation that combines the 
frag ment color lVith the pLxel color and writes the pixellVith the blended color. 

The graphics API and graphics pipeline provide input, output, memory objects, 
and infrastructure for the shader programs that process each vertex, primitive. and 
pixel fragment. 

Graphics Shader Programs 

Real-time graphics applications use m any different shader programs to model 
how light interacts with different materials and to render complex lighting and 
shadows. Shading languages are based on a dataflow or streaming programming 
model that corresponds with the logical graphics pipeline. Vertex shader prdgrams 
map the position of triangle vertices on to the screen, altering their posi tion, colof, 
or orientatio n. Typically a vertex shader thread inputs a fl oating-point (x, y, z, w) 
vertex position and computes a floating-point (x, y, z) screen position. Geometry 
shader programs operate on geometric primitives (such as lines and triangles) 
defined by multiple vertices, changing them or generating additiona l primitives. 
Pixel fragment shaders each "shade" one pixel, computing a floating-point red, 
green, blue, alpha (RGBA) color contribution to the rendered image at its pixel 
sample (x, y) image position. Shaders (and GPUs) use floating-point arithmetic 
for a ll pixel color calculations to eliminate visible artifacts while computing the 
extreme range of pixel contribution values encountered while rendering scenes \vith 
complex light ing, shadows, and high dynamic range. For all three types of graph ics 
shaders, many program instances can be run in parallel, as independent parallel 
threads, because each works on independent data, produces independent results, 
and has no side effects. Independent vertices, primitives, and pixels further enable 
the same graphics program to run on differently sized GPUs that process different 
numbers of vertices, primitives, and pixels in parallel. Graph ics programs thllS scale 
transparently to GPUs with different amounts of parallelism and performance. 

Users program all three logical graphics threads with a common targeted high
level language. HLSL (high-level shading language) and Cg (C for graphics) are 
commo nly used . They have C-like syntax and a rich set of library functions for 
matrix operations, trigo nometry, interpolation, and texture access and filtering, 
but are far from general computing languages: they currently lack general memory 

A.3 Programming OPUs 

access, pointers, fi le 1/0, and recursion. HLSL and Cg assume that programs live 
within a logical graphics pipeline, and thus 1/0 is impli cit. For example, a pixel 
Ii'agment shader may expect the geometric normal and multiple texture coordinates 
to have been interpolated fro m vertex values by upstream fixed-function stages and 
can simply assign a value to the COLOR output parameter to pass it downstream 
to be blended with a pixel at an im plied (x, y) position. 

The GPU hardware creates a new independent thread to execute a vertex, geometry, 
or pixel shader program for every vertex, every primitive, and every pixel fragment. In 
video games, the bulk of threads execute pixel shader programs, as there are typically 
10 to 20 times or more pLxel !i'agments than vertices, and complex lighting and 
shadows require even larger ratios of pLxel to vertex shadel' threads. The graphics 
shader programming model drove the GPU architectlll'e to efficien tly execute 
thousands of independent fine-grained threads on many parallel processor cores. 

Pixel Shader Example 

Consider the following Cg pixel shader program that implements the "environment 
mapping" rendering technique. For each pixel thread, this shader is passed five 
parameters, including 2D floating-point texture image coordinates needed to 
sample the surface color, and a 3D floating-point vector giving the reflection of 
the view direction off the surface. The other three "uniform" parameters do not 
va ry from one pLxel instance (th read) to the next. The shader looks up color in 
two texture images: a 2D texture access for the surface colof, and a 3D texture 
access into a cube map (six images corresponding to the faces of a cube) to obtain 
the external world color corresponding to the reflection direction. Then the final 
fom-component (red, green, blue, alpha ) floating-point color is computed using" 
weighted average called a "Ierp" or linear interpolation function. 

. void renection( 
fioat2 
fioat3 
out noat4 
uniform no at 
uni form sa mp ler2D 
uni form sa mpl erC UBE 

texCoord 
renection di r 
co l or 
slliny . 
sur f aceMap. 
envMap) 

TEXCOORDO. 
TEXCDORD1. 
COLOR, 

II Fetc ll til e surface co lor from a text ure 
fioat4 surfaceCo l or - tex2 D(surfac eMap, texCoord): 

II Fetcll refi ected colo r by sampling a cube map 
noa t4 refiectedCo lor - texCUBE (env i ronmentl1ap , renect i on_d i r) ; 

II Output is weigllted average of tile two co l or s 
color - l erp(s ur faceCo l or , refiectedColor. sll iny) ; 
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Although this shader program is only three lines long. it activates a lot of GPU 
hardware. For each texture fetch. the GPU texture subsystem makes multiple 
memory accesses to sample image colors in the vicinity of the sampling coo rdinates. 
and then interpolates the final result with floating-point filtering arithmetic. The 
multithreaded GPU executes thousands of these lightweight Cg pixel shader threads 
in parallel. deeply interleaving them to hide texture fetch and memory latency. 

Cg focuses the programmer's view to a single vertex or primitive or pixel , which 
the GPU implements as a single thread; the shader program transparently scales to 
exploit thread parallelism on the available processors. Being application-specific. Cg 
provides a rich set of useful data types. library functions. and language constructs 
to express diverse rendering techniques. 

Figure A.3.2 shows skin rendered by a fragment pixel shader. Real skin appears 
quite different from flesh-color paint because light bounces around a lot before 
re-emerging. In this complex shader. three separate skin layers. each with unique 
subsurface scattering behavior. are modeled to give the ski n a visual depth and 
translucency. Scattering can be modeled by a blurring convolution in a fl attened 
"texture" space. with red being blurred more than green. and blue blurred less. 

FIGURE A.3.2 GPU·rendered image. To give the skin visual depth and translucency, the pixel shader 
progfilm models three separate skin layers, each with unique subsurface sca ttering behavior. II executes [400 
instructions to fender the red, green, blue, and alpha color components of each skin pixel fragment. 
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The compiled Cg shader executes 1400 instructions to compute the color of one 
skin pixel. 

As GPUs have evolved superio r floating-point performance and very high 
stream ing memory bandwidth for real-time graphics. they have attracted highly 
parallel applications beyond trad itional graphics. At first. access to this power 
was avai lable only by couching an application as a graphics-rendering algorithm. 
but this GPGPU approach was often awkward and limiting. More recentl y. 
the CU DA programming model has provided a far easier way to exploit the 
scalable high-performance floatin g-point and memory bandwidth of GPUs with 
the C programming language. 

Programming Parallel Computing Applications 

CUDA. Brook. and CAL are programming interfaces for GPUs that are focused on 
data parallel computation rather than on graphics. CAL (Compute Abstraction 
La)'er) is a low-level assembler language interrace for AMD GPUs. Brook is a 
streaming language adapted for GPUs by Buck. et. al. 12004J . CUDA. developed by 
NVID IA 120071. is an extension to the C and C++ languages for scalable parallel 
program ming of manycore GPUs and multico re CPUs. The CUDA programming 
model is described below. adapted from an article by Nickolls. Buck. Garland. and 
Skadron 12008J . 

With the new model the GPU excels in data para llel and throughput computing. 
executing high performance computing applications as well as graphics applications. 

Data Parallel Problem Decomposition 

To map large computin g problems effectively to a highly pa rall el processing 
architecture, the programmer or compiler decomposes the problem into many 
sma ll problems that can be solved in parallel. For example. the progra mm er par
tition s a large result data array into blocks and rurther partiti ons each block into 
el¢ments. such th at th e result blocks ca n be co mputed independently in parallel. 
and the elemen ts within each block are computed in parallel. Figure A.3.3 shows 
a decomposi tion of a result data array into a 3 x 2 grid o f blocks. where each 
block is further decomposed into a 5 x 3 array of elements. The two-level parallel 
decompos ition maps naturally to the GPU architecture: parallel multiprocessors 
compute result bl ocks. and parall el threads compute result elements. 

The programmer wri tes a program that co mputes a seq uence of result data 
grids. partitioning each result grid into coarse-grained result blocks that can be 
computed independently in parallel. The program computes each result block with 
an array of fin e-grai ned parallel threads. partitioning the work among threads so 
that each computes one or more resu lt elements. 

Scalable Parallel Programming with CUDA 

The CUDA scalable parallel programming model extends the C and C++ 
languages to exploit large deg rees of parallelism for general applications on highly 
parallel multiprocesso rs. particularly GPUs. Early experien ce with CUDA shows 
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Sequence 

Slep 1: Result Data Grid 1 

Slep2: 

FIGURE A.3.3 Decomposing result data into a grid of blocks of elements to be computed 
I in parallel. 

that many sophisticated programs can be readily expressed with a few eas il y 
understood abstractions. Since NVIDIA released CUDA in 2007, developers have 
rapidly developed scalable pa rallel programs for a wide range of applications, 
including seismic data processing, computational chemistry, linear algebra, sparse 
matri.x solvers, sorting, searchin g. physics models, and visual computing. These 
applications scale transparently to hundreds of processor cores and thousands of 
concurrent threads. NYID IA GPUs with the Tesla unified graphics and computing 
architecture (described in sections AA and A.7) run CUDA C programs, and are 
widely available in laptops, PCs, workstations, and servers. The CUDA model is 
also applicable to other shared memory parallel processing architectures, including 
multicore C PUs [Stratton, 2008 1. 

CU DA provides three key abstractions-a hiemrchy of thrend grollps, shnred 
memories. and barrier SYll chrollizatioll-that provide a clear parallel structure to con
ventional C code for one thread of the hierarchy. Multiple levels of threads, memory, 
and synchronization provide fin e-grained data parallelism and thread parallelism, 
nes ted within coarse-grained data para llelism and task parallelism. The abstractions 
guide the programmer to partition the problem into coarse subproblems that can 
be solved independently in parallel, and then into finer pieces that can be solved in 
parallel. The programming model scales transparently to large numbers of proces
sor cores: a compiled CUDA program executes on any number of processors, and 
only the runtime system needs to know the physical processor count. 

A.3 Programming GPUs 

The CUDA Paradigm 

CUDA is a minimal extension of the C and C++ programming languages. The 
programmer writes a serial program that calls parallel kernels , which may be simple 
functions or full programs. A kernel executes in parallel across a set of parallel 
threads. The programmer organizes these threads into a hierarchy of thread blocks 
and grids of thread blocks. A thread block is a set of concurrent threads that can 
coopera te among th emselves through barrier synchronizat ion and th rough shared 
access to a memory space private to the block. A grid is a set of thread blocks that 
may each be executed independently and thus may execute in parallel. 

When invoki ng a kernel, the programmer specifies the number of threads per 
block and the number of blocks comprising the grid. Each thread is given a unique 
Ihrend ID number t 111"ea d I dx within its thread block, numbered O. 1. 2. . .. , 
bloc kD i m-I, and each thread block is given a un ique block ID number bloc k J dx 
within its grid. CUDA supports thread blocks con tain ing up to 512 th reads. For 
convenience, thread blocks and grids may have 1,2, or 3 dimensions. accessed via 
. x .. y . and. z index fields. 

As a very simple exa mple of parallel programming, suppose that we are given 
two vec tors x and )' of II floating-point numbers each and that we wish to compute 
the result of y = nx+ y for some scalar value n. This is the so-called SAXPY kernel 
defined by the BLAS linear algebra library. Figure A.3,4 shows C code fo r perfo rm
ing this computation on both a serial processor and in parallel using CUDA. 

The _ gl oba1_ declaration specifier indicates that the procedure is a kernel 
entry point. CUDA programs launch parallel kernels with the extended function 
call syntax: 

kerne1 «< dimGrid, dimB 1oc k»>( ... parameter li st ... ) ; 

where d i rnG rid and d i rnB 1 0 c k are three-elemen t vectors ofrype d i m3 that specify 
the dimensions of the grid in blocks and the dimensions of the blocks in threads, 
respectively. Unspecified dimensions default to one. 

In Figure A.3A, we launch a grid of 11 threads that assigns one thread to each 
element of the vectors and puts 256 threads in each block. Each individual thread 
computes an element index from its thread and block IDs and then performs the 
desired calculation on the corresponding vector elements. Comparing the serial and 
parallel versions of this code, we see that they are strikingly similar. This rep resen ts 
a fa irly common pattern. The serial code consists of a loop where each iteration is 
independent of all the others. Such loops can be mechanically transformed into 
parallel kernels: each loop iteration becomes an independent thread. By assigning 
a single thread to each outp ut element, we avoid the need for any synchronization 
among threads when writin g results to memory. 

The text of a CUDA kernel is simply a C fun ction for one sequential thread. 
Thus, it is generally stra ightforward to write and is typically sim pler than writing 
parallel code for vector operations. Parallelism is determined clearly and explicitly 
by specifying the dimensions of a grid and its thread blocks when launching a 
kernel. 
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Computing Y = ax + y with a serial loop: 

void saxpy-se rial(int n, fioat alplla, fioa t 'kX, fioat *y) 

I 
for(int i ~ 0; i<n ; ++i) 

y[ i] ~ alph a *x [ i] + y[i] ; 

II Invoke seri al SAXP Y kernel 
saxpy_serial( n, 2 .0, x , y) ; 

Computing Y = ax + y In parallel using CUDA: 

_9 1obal _ 
vo i d saxpy_parall e l(int n, fio at al pha , fioa t *x , fio at *y) 

I 

i nt blockIdx . x* blockDim,x + threadIdx . x ; 

if( i <n y[ i ] ~ a l pha*x [i] + y[i]; 

/ / Invoke par a ll e l SAXPY kernel (256 threads pel
int nblocks ~ (n + 255) / 256; 
sa xpy-parallel «< nblock s , 256 >)) (n , 2 .0, x , y) ; 

bl ock ) 
I 

FIGURE A.l.4 Sequential code (top) In C versus parallel code (bottom) in CUDA for SAXPY 
(see Chapter 7). CUDA par;lIld thrc .. ds replace the C scrialloop-c:ldl thread computes the S,ltnC result as 
one loop iteration. The parallel code computes II results with II threads organized in blocks of 256 threads. 

Parallel execution and thread management is automatic, All thread creation, 
scheduling, and termination is handled for the programmer by the underlying sys
tem. Indeed, a Tesla architecture GPU performs all thread management dIrectly III 
hardware. The threads of a block execute concurrently and may synchronize at a 
synchronization barrier by calling the _ sy nc threads ( ) intrinsic. This guar
antees that no thread in the block can proceed until all threads in the block have 
reached the barrier. After passing the barrier, these threads are also guaranteed to 
see all writes to memory performed by threads in the block before the barrier. 
Thus, threads in a block may communicate with each other by writing and reading 
per-block shared memory at a synchronization barrier. .' . 

Since threads in a block may share memory and synchrol1lze via barners, they 
wi ll reside together on the same physical processor or multiprocessor. The number 
of thread blocks can, however, greatly exceed the number of processors. The CUDA 
thread programming model virtualizes the processors and gives the programmer the 
tlexibility to parallelize at whatever granularity is most convenient. Vlrtuahzatlon 

A.3 Programming GPUs 

into threads and thread blocks allows intuitive problem decompositions, as the 
number of blocks can be dictated by the size of the data being processed rather 
than by the number of processors in the system. It also allows the same CUDA 
program to scale to widely varying numbers of processor cores. 

To manage this processing element vir tualization and provide scalab ility, CUDA 
requires that thread blocks be able to execute independently. It must be possible to 
execute blocks in any order, in parallel or in series. Different blocks have no means of 
direct communication, although they may coordillote their activities using atomic 
memory operations on the global memory visible to all threads-by atomically 
incrementing queue pointers, for example. This independence requirement allows 
thread blocks to be scheduled in any order across any number of cores, making 
the CUDA model scalable across an arbitrary number of cores as well as across a 
variety of parallel architectures. It also helps to avoid the possibility of deadlock. 
An application may execute multiple grids either independently or dependently. 
Independent grids may execute concurrently, given sufficient hardware resources. 
Dependent grids execute sequentially, with an implicit interkernel barrier between 
them, thus guaranteeing that all blocks of the first grid complete before any block 
of the second, dependent grid begins. 

Threads may access data from multiple memory spaces during their execution. 
Each thread has a private local memory. CUDA uses local memory for thread
private variables that do not fit in the thread's registers, as well as for stack frames 
and register spilling. Each thread block has a shared memory, visible to all threads 
of the block, which has the same lifetime as the block. Finally, all threads have 
access to the same global memory. Programs declare variables in shared and 
global memory with the _slla red_ and _dev i ce_ type qualifiers. On a 
Tesla architecture GPU, these memory spaces correspond to physically separate 
memories; per-block shared memory is a low-latency on-chip RAM, while global 
memory resides in the fast DRAM on the graphics board. 

Shared memory is expected to be a low-latency memory Ilear each processor, 
much like an Ll cache. It can therefore provide high-performance communication 
and data sharing among the threads of a thread block. Since it has the same lifetime 
as its corresponding thread block, kernel code wi ll typically initialize data in 
shared variables, compute using shared variables, and copy shared memory results 
to global memory. Thread blocks of sequentially dependent grids commu nicate 
via global memory, using it to read in put and write results. 

Figure A.3.S diagrams the nested levels of threads, thread blocks, and grids of 
thread blocks. It further shows the corresponding levels of memory sha ring: local, 
shared, and global memories for per-thread, per-thread-block, and per-application 
data sharing. 

A program manages the global memory space visible to kernels through calls 
to the CUDA runtime, such as cu dal~ al l oc() and cudaFree( ). Kernels may 
execute on a physically separate device, as is the case when running kernels on 
the GPU. Consequently, the application must use cudaMemc py( ) to copy data 
between the allocated space and the host system memory. 
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Thread 

t---l ~·,,,.M~._ 
Thread Block 

fffffffffff I ! 
per·Block 

Shared Memory 

Grid 0 

- - - Inter-Grid Synchronization -
Grid 1 

~ __________ ~Sequence 

Global Memory 

FIGURE A.3.S Nested granularity levels-thread, thread block, and grid-have corresponding 
memory sharing levels-local, shared, and global. Per-thread loca l memory is private to the thread. 
Per-block shared memory is shared by all threads of the block. Pcr-applicl1inn gJoba llllcrnoTY is shared by all 
threads. 

The CUDA programming model is similar in style to the familiar single. program 
multiple data (SPMD ) model--it expresses parallelism explicitly, and each kernel 
executes on a fixed number of threads. However, CUDA is more flexible than most 
realizations ofSPMD, because each kernel call dynamically creates a new grid with 
the right number of thread blocks and threads for that application step. The pro· 
grammer can use a convenient degree of parallelism for each kernel, rather than 
having to design all phases of the computation to use the same number of threads. 
Figure A.3 .6 shows an example of an SPMD·like CUDA code sequence. It first 
instantiates kerne 1 F on a 2D grid of3 x 2 blocks where each 2D thread block con
sists of 5 x 3 threads. It then instantiates ke r ne 1 G on a I D grid of four I D thread 
blocks with six threads each . Because ker ne 1 G depends on the results of ke l'ne 1 F, 
they are separated by an interkernel synchronization barrier. 

The concurrent threads of a thread block express fine.grained data paral · 
lelism and thread parallelism. The independ ent thread blocks of a grid express 
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Sequence kernelF 20 Grid is 3 x 2 thread blocks; each block is 5 x 3 threads 

l:e rne lF<<«3 , 2) , ( 5 . 3 ) ) ( pa r il ms ) ; 

--
Block 1, 1 

n ut'old O,O 1 '"'TO nucod 2. 0 n"To I '"'TO f f 
'""1" I '"'T ' 

ThrOlld2. , 

'''''1' ' I '"T ~ r 
n'T' 1 '"'T ' "'''1'' 1 '""1" 1 '"T' 

------------------ Inlerkernel Synchronizalion Barrier -------- __________ _ 

kernelG 10 Grid is 4 thread blocks, each block is 6 threads 

kern e iG«<4.6») (pa r am s ) : 

Block 2 

FIGURE A.3.S Sequence of kernel Flnstantlated on a 20 grid of 20 thread blocks, an Interkernel 
synchronization barrier, followed by kernel G on a 10 grid of 10 thread blocks. 

coarse· grained data parallelism. Independent grids express coarse-gra ined task 
parallelism. A kernel is simply C code for one thread of the hierarchy. 

Restrictions 

For efficiency, and to simplify its implementation, the CUDA programming model 
has some restrictions. Threads and thread blocks may only be created by invoking 
a parallel kernel, not from within a parallel kern el. Together with the required 
independence of thread blocks, this makes it possible to execute CUDA programs 
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with a simple scheduler that introduces minimal runtime overhead. In fa~t, the 
Tesla GPU architecture implements hnrriIVnre management and scheduling of 
threads and thread blocks. 

Task parallelism can be expressed at the thread block level but is difficult to 
express within a thread block because thread synchronizat ion barriers operate on 
all the threads of the block. To enable CUDA programs to run on any number of 
processors, dependencies among thread blocks within the same kernel grid are not 
allowed-blocks must execute independently. Since CUDA requires that thread 
blocks be independent and allows blocks to be executed in any order, combining 
results generated by multiple blocks must in general be done by launching a second 
kernel on a new grid of thread blocks (although thread blocks may caorrillwte their 
activities using atomic memory operations on the global memory visible to all 
threads-by atomically incrementing queue pointers, for example). 

Recursive function calls are not currently allowed in CUDA kernels. Recursion 
is unattractive in a massively parallel kernel, because providing stack space for the 
tens of thousands of threads that may be active would require substantial amounts 
of memory. Serial algorithms that are normally expressed using recursion, such as 
quicksort, are typically best implemented using nested data parallelism rather than 
explicit recursion. 

To support a heterogeneous system architecture combining a CPU and a 
GPU, each with its own memory system, CUDA programs must copy data and 
results between host memory and device memory. The overhead of CPIJ-GPU 
interaction and data transfers is minimized by using DMA block transfer engines 
and fast interconnects. Compute-intensive problems large enough to need a GPU 
performance boost amortize the overhead better than small problems. 

Implications for Architecture 
The parallel programming models for graphics and computing have driven 
GPU architecture to be different than CPU architecture. The key aspects of GPU 
programs driving GPU processor architecture are: 

• Extellsive lise oj jille-grnilled rintn pnrnllelislll: Shader programs describe how 
to process a single pixel or vertex, and CUDA programs describe how to 
compute an individual result. 

• Highl)' threnried progrnllllllillg 1Il0riei: A shader thread program processes a 
single pixel or vertex, and a CUDA thread program may generate a slllgie 
result. A GPU must create and execute millions of such thread programs per 
frame, at 60 frames per second. 

• Senlnbilit)" A program must automatically increase its performance when 
provided with additional processors, without recompiling. 

• Illtellsive flontillg-poillt (or illteger) cOlllp"tntiol. 

• Sllpport oj high throllghput computations. 

II 
A.4 Multithreaded Multiprocessor Architecture 

Multithreaded Multiprocessor 
Architecture 

To address different market segments, GPUs implement scalable numbers of 
multiprocessors-in fact, GPUs are multiprocessors composed of multiprocessors. 
Furthermore, each multiprocessor is highly multithreaded to execute many fine
grained vertex and pixel shader threads efficiently. A quality basic GPU has two to 
four multiprocessors, while a gaming enthusiast's GPU or computing platform has 
dozens of them. This section looks at the architecture of one such multithreaded 
multiprocessor, a simplified version of the NVIDIA Tesla streaming multiprocessor 
(SM) described in Section A.7. 

Why use a multiprocessor, rather than several independent processors? The 
parallelism within each multiprocessor provides localized high performance and 
supports extensive multithreading for the fine-grained parallel programming 
models described in Section A.3. The individual threads of a thread block execute 
together within a multiprocessor to share data. The multithreaded multiprocessor 
design we describe here has eight scalar processor cores in a tightly coupled archi
tecture, and executes up to 512 threads (the SM described in Section A.7 executes 
up to 768 threads). For area and power efficiency, the multiprocessor shares large 
complex units among the eight processor corcs, including the instruction cache, 
the multithreaded instruction unit, and the shared memory RAM. 

Massive Multithreading 

GPU processors are highly multithreaded to achieve several goals: 

• Cover the latency of memor), loads and texture fetches from DRAM 

• Support fine-grained parallel graphics shader programming models 

' . Suppo rt fine-grained parallel computing programming models 

• Virtual ize the physical processors as threads and thread blocks to provide 
transparent scalability 

• Simplify the parallel programming model to writing a serial program for one 
thread 

Memory and texture fetch latency can require hundreds of processor clocks, 
because GPUs typically have small streaming caches rather than large working-set 
caches like CPUs. A fetch request generally requires a full DRAM access latency 
plus interco nnect and buffering latency. Multithreading helps cover the latency 
with useful computing- while one thread is waiting for a load or texture fetch 
to complete, the processor can execute another thread. The fine-grained parallel 
programming models provide li terally thousands of independent threads that can 
keep many processors busy despite the long memory latency seen b)' individual 
threads. 
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A graphics vertex or pixel shader program is a program for a single thread that 
processes a vertex or a pixel. Similarly, a CUDA program is a C program for a 
single thread that computes a result. Graphics and computing programs instantiate 
many parallel threads to render complex images and compute large result arrays. 
To dynamically balance shifting vertex and pixel shader thread workloads, each 
multiprocessor concurrently executes multiple different thread programs and 
different types of shader programs. 

To support the independent vertex, primitive, and pixel programming model of 
graphics shading languages and the single-thread programming model of CUDA 
CIC++, each GPU thread has its own private registers, private per-thread memory, 
program CQunter, and thread execution state, and can execute an independent code 
path. To efficiently execute hundreds of concurrent lightweight threads, the GPU 
multiprocessor is hardware multithreaded-it manages and executes hundreds 
of concurrent threads in hardware without scheduling overhead. Concurrent 
threads within thread blocks can synchronize at a barrier with a single instruction. 
Lightweight thread creation, zero-overhead thread scheduling, and fast barrier 
synchronization efficiently support very fine-grained parallelism. 

Multiprocessor Architecture 

A unified graphics and computing multiprocessor executes vertex, geometry, and 
pixel fragment shader programs, and parallel computing programs. As Figure AA.I 
shows, the example multiprocessor consists of eight scalar processor (sri) cores 
each with a large multithreaded register file (RF), two special function units (SFU), 
a multithreaded instruction unit, an instruction cache, a read-only constant cache, 
and a shared memory. 

The 16 KB shared memory holds graphics data buffers and shared computing 
data. CUDA variables declared as _sha red_ reside in the shared memory. To 
map the logical graphics pipeline workload through the multiprocesso r multiple 
times, as shown in Section A.2, vertex, geometry. and pixel threads have independent 
input and output buffers, and workloads arrive and depart independently of thread 
execution. 

Each SP core contains scalar integer and floating-point arithmetic units that 
execute most instructions. The SP is hardware multithreaded, supporting up to 
64 threads. Each pipelined SP core executes one scalar instruction per thread per 
clock, which ranges from 1.2 GHz to 1.6 GHz in different GPU products. Each 
SP core has a large register file (RF) of 1024 general-purpose 32-bit registers, 
partitioned among its assigned threads. Programs declare their register demand, 
typically 16 to 64 scalar 32-bit registers per thread. The SP can concurrently run 
many threads that lise a few registers or fewer threads that use more registers. The 
compiler optimizes register allocation to balance the cost of spilling registers versus 
the cost of fewer threads. Pixel shader programs often use 16 or fewer registers, 
enabling each SP to run up to 64 pixel shader threads to cover long-latency texture 
fetches. Compiled CUDA programs often need 32 registers per thread, limiting 
each SP to 32 threads, which limits such a kernel program to 256 threads per thread 
block on this example multiprocessor, rather than its maximum of 512 threads. 

A.4 Multithreaded Multiprocessor Architecture 

Multithreaded Multiprocessor 

Work Interface 

FIGURE A.4.1 Multithreaded multiprocessor with eight scalar processor (SP) cores. The 
eight SP corc~ each have a large mult ithreaded register fill' (Rf-) and share an instruction cache, multithreaded 
instru ction issue unit, constant cache, two special function units (SFUs), interconnection network, and a 
llluitibank shared memory. 

The pipelined SFUs execute thread instructions that compute special functions 
and interpolate pixel attributes from primitive vertex attributes. These instructions 
can.'execute concurrently with instructions on the SPs. The SFU is described later. 

The multiprocessor executes texture fetch instructions on the texture unit via the 
texture interface, and uses the memory interface for external memory load, store, 
and atomic access instructions. These instructions can execute concurrently with 
instructions on the SPs. Shared memory access uses a low-latency interconnection 
network between the SP processors and the shared memory banks. 

Single-Instruction Multiple-Thread (SIMT) 

To manage and execute hundreds of threads funning several different programs 
efficiently, the multiprocessor employs a single-instruction multiple-thread 
(SIMT) architecture. It creates, manages, schedules, and executes concurrent 
threads in groups of parallel threads called warps. The term warp originates from 
weaving, the first parallel thread technology. The photograph in Figure AA.2 shows 
a warp of parallel threads emerging from a loom. This example multiprocessor 
uses a SIMT warp size of 32 threads, executing four threads in each of the eight 
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lime 

FIGURE A.4.2 SIMT multithreaded warp scheduling. The scheduler selects a rcady warp and issues 
an instruction synchronously to the parallcltbrcads compming the warp. Because warps arc independent, 
the scheduler may select ,I different warp each time. 

SP cores over four clocks. The Tesla SM multiprocessor described in Section A.7 
also uses a warp size of 32 parallel threads, executing four threads per SP core for 
efficiency on plentiful pixel threads and computing threads. Thread blocks consist 
of one or more warps. 

This example SIMT multiprocessor manages a pool of 16 warps, a total of 512 
threads. Individual parallel threads composing a warp are the same type and start 
together at the same program address, but are otherwise free to branch and execute 
independently. At each instruction issue time, the SIMT multithreaded instruction 
unit selects a warp that is ready to execute its next instruction, then issues that 
instruction to the active threads of that warp. A SIMT instruction is broadcast 
synchronously to the active parallel threads of a warp; individual threads may be 
inactive due to independent branching or predication. In this multiprocessor, each 
SP scalar processor core executes an instruction for four individual threads of a 
warp using four clocks, reflecting the 4: I ratio of warp threads to cores. 

SIMT processor architecture is akin to single-instruction multiple data (S IMD) 
design, which applies one instruction to multiple data lanes, but differs in that 
SIMT applies one instruction to multiple independent threads in parallel, not just 
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to multiple data lanes. An instruction for a SIMD processor controls a vector of 
multiple data lanes together, whereas an instruction for a SIMT processor controls 
an individual thread, and the SIMT instruction unit issues an instruction to a warp 
of independent parallel threads for efficiency. The SIMT processor finds data-level 
parallelism among threads at runtime, analogous to the way a superscalar processor 
finds instruction-level parallelism among instructions at runtime. 

A SIMT processor realizes full efficiency and performance when all threads 
of a warp take the same execution path. If threads of a warp diverge via a data
dependent conditional branch, execution serializes for each branch path taken, and 
when all paths complete, the threads converge to the same execution path. For equal 
length paths, a divergent if·e1se code block is 50% efficient. The multiprocessor uses 
a branch synchronization stack to manage independent threads that diverge and 
converge. Different warps execute independently at full speed regardless of whether 
they are executing common or disjoint code paths. As a result, SIMT GPUs are 
dramatically more efficient and flexible on branching code than earlier GPUs, as 
their warps are much narrower than the SIMD width of prior GPUs. 

1n contrast with SIMD vector architectures, SIMT enables programmers to write 
thread-level parallel code for individual independent threads, as well as data-parallel 
code for many coordinated threads. For program correctness, the programmer can 
essentially ignore the SIMT execution attributes of warps; however, substantial 
performance improvements can be realized by taking care that the code seldom 
requires threads in a warp to diverge. In practice, this is analogous to the role of 
cache lines in traditional codes: cache line size can be safely ignored when designing 
for correctness but must be considered in the code structure when designing for 
peak performance. 

SIMT Warp Execution and Divergence 

The SIMT approach of scheduling independent warps is more flexible than the 
scheduling of previous GPU architectures. A warp comprises parallel threads 
of the same type: vertex, geometry, pixel, or compute. The basic unit of pixel 
fragment shader processing is the 2-by-2 pixel quad implemented as four pixel 
shader threads. The multiprocessor controller packs the pixel quads into a warp. It 
similarly groups vertices and primitives into warps, and packs computing threads 
into a warp. A thread block comprises one or more warps. The SIMT design shares 
the instruction fetch and issue unit efficiently across parallel threads of a warp, but 
requires a full warp of active threads to get full performance efficiency. 

This unified multiprocessor schedules and executes multiple warp types 
concurrently, allowing it to concurrently execute vertex and pixel warps. Its warp 
scheduler operates at less than the processor clock rate, because there are four thread 
lanes per processor core. During each scheduling cycle, it selects a warp to execute 
a SlMT warp instruction, as shown in Figure AA.2. An issued warp-instruction 
executes as four sets of eight threads over four processor cycles of throughput. The 
processor pipeline uses several clocks of latency to complete each instruction. If the 
number of active warps times the clocks per warp exceeds the pipeline latency, the 
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programmer can ignore the pipeline latency. For this multiprocessor, a round-robin 
schedule of eight warps has a period of 32 cycles between successive instructions 
for the same warp. If the program can keep 256 threads active per multiprocessor, 
instruction latencies up to 32 cycles can be hidden from an individual sequent ial 
thread. However, with few active warps, the processor pipeline depth becomes 
visible and may cause processors to stall. 

A challenging design problem is implementing zero-overhead warp sched uling 
for a dynamic mix of different warp programs and program types. The instruction 
scheduler must select a warp every four clocks to issue one instruction per clock 
per thread, equivalent to an IPC of 1.0 per processor core. Because warps are 
independent, the only dependencies are among sequential instructions from the 
same warp. The scheduler uses a register dependency scoreboard to qualify warps 
whose active threads are ready to execute an instruction. It prioritizes all slIch ready 
warps and selects the highest priority one for issue. Prioritization must consider 
warp type, instruction type, and the desire to be fair to all active warps. 

Managing Threads and Thread Blocks 

The multiprocessor controller and instruction unit manage threads and thread 
blocks. The controller accepts work requests and input data and arbitrates access 
to shared resources, including the texture unit, memory access path, and I/O paths. 
For graphics workloads, it creates and manages three types of graphics threads 
concurrently: vertex, geometry, and pixel. Each of the graphics work ty~es have 
independent input and output paths. It accumulates and packs each of these input 
work types into SIMT warps of parallel threads executing the same thread program. 
It allocates a free warp, allocates registers for the warp threads, and starts warp 
execution in the multiprocessor. Every program declares its per-thread register 
demand; the controller starts a warp only when it can allocate the requested register 
count for the warp threads. When all the threads of the warp exit, the controller 
unpacks the results and frees the warp registers and resources. 

The controller creates cooperative thread arrays (CTAs) which implement 
CUDA thread blocks as one or more warps of parallel threads. It creates aCTA 
when it can create all CTA warps and allocate all CTA resources. In addition to 
threads and registers, a CTA requi res allocating shared memory and barriers. T he 
program declares the required capacities, and the controller waits until it can 
allocate those amounts before launching the CTA. Then it creates CTA wa rps at the 
warp scheduling rate, so that a CTA program starts executing immediately at full 
multiprocesso r performance. The controller monitors when all threads of a eTA 
have exited, and frees the CTA shared reso urces and its warp resources. 

Thread Instructions 

The SP thread processors execute scalar instructions for individual threads, unlike 
earlier GPU vector instruction architectures, which executed four-component 
vector instructions for each vertex or pixel shader program. Vertex programs 
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generally compute (x, y, z, w) position vectors, while pixel shader programs 
compute (red, green, blue, alpha ) color vectors. However, shader programs are 
becom ing longer and more scalar, and it is increasingly difficult to fully occupy 
even two components of a legacy GPU four-component vector architecture. In 
effect, the SIMT architecture parallelizes across 32 independent pixel threads, 
rather than parallclizing the four vecto r components within a pixel. CUDA C/C++ 
programs have predo minantly sca lar code per thread. Previous GPUs employed 
vector packing (e.g. , combining subvectors of work to gain emciency) but that 
complicated the scheduling hardware as well as the compiler. Scalar instructions 
are simpler and compiler friendly. Texture instructions remain vector based, taking 
a source coordinate vector and returning a filtered color vector. 

To support multipl e GPUs with different binary microinstruction for mats, 
high-l evel graph ics and computing language compilers generate intermediate 
assembler-level instructions (e.g., Direct3D vector instructions or PTX scalar 
instructions), which are then optimized and translated to binary GPU microin
structions. The NVIDIA PTX (pa rallel thread execution) instruction set definition 
[2007) provides a stable target ISA for compilers, and provides compatibility over 
several generations of GPUs with evolving binary microinstruction-set architec
tures. The optimizer readily expands Direct3D vector instructions to multiple sca
lar binary microinstructions. PTX scalar instructions translate nearly one to one 
with scalar binary microinstructions, although some PTX instructions expand to 
multiple binary microi nstructions, and multiple PTX instructions may fold into 
one binary microinstruction. Because the intermediate nssembler-level instruc
tions use virtual registers, the optimizer analyzes data dependencies and allocates 
real registers. The optimizer eliminates dead code, fold s instructio ns together when 
feasible, and opti mi zes SIMT branch diverge and converge points. 

Instruction Set Architecture (ISA) 

The thread ISA described here is a simplified version of the Tesla architecture PTX 
ISA, a register-based scalar instruction set comprising floa ting-point, integer, logical, 
conversion, special functions, flow control, memory nccess, and texture operations. 
Figure A.4.3 lists the basic PTX GPU thread instructions; see the NVlDIA PTX 
specification [20071 for details. The instruction format is: 

opcode . type d. a . b. c ; 

where d is the destination operand, a, b, c nrc source operands, and. ty pe is one of: 

.type Specifier 

Untyped bits 8, 16, 32. and 64 bits .b8, .bi6 .. b32 .. bG4 

Unsigned integer S.16, 32, and 64 bits .uS, .u16, .u32, .u64 

Signed integer 8,16.32, and 64 bits .s8, .516 .. 532 . . 564 

Aoating·point 16. 32. and 64 bits .fi6 . .f32 • .fG4 
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Basic PiX GPU Thread Instruct ions 

Instruction Example Meaning comments 

arithmetic .type . s32 . . u32 . . f 32 . . 564 . .u 64 . .f 64 
add.type add . f32 d . a . b d - a + b ; 

sub. type 5ub .f32 d . a. b d - a b; 

muUype rnul .f3 2 d. a . b d - a * b ; 

mad. type rna d . f 32 d . a, b. ( d - a * b + ( ; multiply·add 

div.type di v . f 32 d . a , b d - a b ; mul tiple microinstructions 

rem.type rem.u 32 d. a , b d - a % b ; in teger remainder 

abs.type abs . f3 2 d. a d - a ; 

neg.type neg . f32 d . a d - 0 a; 

min. type ! rnin . f32 d . a. b d - ( a < b)? a: b; floating selects non-NaN 

max. type max . f32 d , a . b d - (a > b)? a: b ; floatingselects non·NaN 

setp.cmp. type I se t p. 1 t. f32 p . a. b p .. (a < b) ; compare and set predicate 

numeric.cmp= eQ . ne , I t , le , gt , ge;unordered cmp -eQ u. neu , ltu , l eu, gt u. geu . num . nan 

mav.type ni DI,' . b32 d . a d - a; move 

P d - p? a; b ; selp.type se l p. f 32 d , a . b, selectwilhpredicate 

d - co nve rt(a) ; cvLdtype.atype c v t . f 3 2 . s 3 2 d , a convert atype to dtype 

special .type = . f32 (some. f64 ) 
rcp .type r cp. f32 d , (I d - II il ; reciprocal 

sqrt.type sq r t. f 32 d . a d - sqrt(a) ; square root 

rsqrUype r sqrt.f32 d , a d - lIsqr t( a) ; reciprocal square root 

sin. type sin. f32 d , il d'" sin(a) ; sine 

cos. type cos . f32 d . a Id - (os(a) ; co sine 

Ig2.type 192. f32 d . a d - 10g(,)/ 10g(2 ) binary logarithm 

ex2 .type ex2 . f3 2 d . a d - 2 ** a ; binary exponential 

logic. type . pred .. b32 . . b64 
and. type and . b32 d . a , b d - a & b ; 
or. type or .b32 d . a . b d - a b; 

xor.type xo r .b32 d . a . b d .. a b; 

not. type not. b32 d . a , b d - -(I ; one's complement 

enoL type cno t. b32 d . a . b d - (a--O)? 1 ; 0 ; C logica l not 

shLtype sh1. b32 d . ii, b d - a« b; shi ft left 

shr.type shr . s32 d. a . b d - a » b: shift right 

memory .space _ . glo bal , . shared . . local .. co nst : . type = . bB , . uS. , s8 . . bI6 .. b32 . . b64 
Id.space.fype l d.g lobal.b32 d . (a+of f] d - * ( a+off) : load from memory space 

st. space.type st.shared . b32 ( d+offJ . a *( d+off) ". a : 

tex.nd.dtyp.btype tex . 2d. v4 .f32.f32 d . a . b d - tex2d(a . b) ; 

atom.spc.op.type atorn . globa l. add.u32 d . [a ). b atomic ( d " *a : 
atom . globa l . cils . b32 d . [ a] , b , c *a - op(*a , b) : 

atom.op- and . or , xo r , add . mi n. max . exc h. cas ; .spC- . gl obal : .type 

branch @p bra tar get i f (p ) got o 
ta rget ; 

store to memory space 

texture lookup 
atomic read-modify·write 

I operation 

.b32 
conditional branch 

calt cal l ( ret) , fu nc . (par ams) r et - fu nc( pa r am s) ; call function 

ret ret r et urn : return from function call 

bar.sync bar . sync d \~a i t fo r t hre ads barrier synchronization 

exit exit ex i t ; terminate thread execution 

FIGURE A.4.3 Basic PYX GPU thread instructions. 
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Source opernnds are scalar 32 -bit or 64-bit vnlues in registers, nn immediate 
vnlue, or a constant; predicate operands are I-bit Boolean values. Destinntions are 
registers, except for store to memory. Instructions are p redicated by prefi xing them 
with @p or @! p, where p is n predicate register. Memory and texture instructions 
transfer scalars or vectors of two to four components, up to 128 bits total. PTX 
instructions specify the behavior of one thread. 

The PTX arithmetic instructio ns operate on 32-bit and 64-bit fl oating-point, 
signed integer, and unsigned integer types. Recent GPUs support 64-bit double 
precision floating-point; see Section A.6. On current GPUs, PTX 64-bit integer 
and logical instructions are translated to two or mo re binary microinstructions 
that perform 32-bit operations. The GPU special fun ction instructions are limited 
to 32-bit fl oating-point. The thread control flow instruction s are condi tional 
b r a nc h, function call and r et u rn, thread exit , and ba r. sy nc (barrier 
synchronization ). The conditional branch instruction @p b r a ta rg e t uses a 
predicate register p (or ! p) previously set by a compare and set predicate set p 
instruction to determine whether the thread takes the branch or not. O ther 
instructions can also be predicated on a predicate register being true or fal se. 

Memory Access Instructions 

The tex instruction fetch es and filters texture samples from ID, 2D, and 3D 
texture arrays in memory via the texture subsystem. Texture fetches generally use 
interpolated fl oating-point coordinates to address a texture. Once a graphics pixel 
shader thread co mputes its pixel fragment color, the raster operations processor 
blends it with the pixel color at its assigned (x, y) pixel position and writes the fin al 
color to memory. 

To support computing and C/C++ language needs, theTesla PTX ISA implements 
memory load/store instruct ions. They use integer byte addressing with register plus 
offset address arithmetic to facilitate conventional compiler code optimizations. 
IvIemory loa'd/s tore instructions are common in processors, but are a significant 
new capabil ity in the Tesla architecture GPUs, as prior GPUs provided o nly the 
texture and pixel accesses required by the graph ics APls. 

For computing, the load/store instructions access three read/write memory 
spaces that implement the corresponding CUDA memory spaces in Section A.3: 

• Local memory for per- thread private addressable temporary data (imple
mented in external DRAM ) 

• Shared memory for low-latency access to data shared by cooperating threads 
in the sa me CTA/thread block (implemented in on-chip SRAM ) 

• Global memory for large data sets shared by all threads of a computing 
application (implemented in external DRAM ) 

The memory load/store instructions 1 d . 9 1 o ba 1, s t. 9 1 oba 1, 1 d . s il a r ed, 
st . s il a r e d, 1 d . 1 oca 1, and s t. 1 oca 1 access the global, shared, and local mem
ory spaces. Computing programs lise the fast barrier synchronization instruction 
ba r . sy nc to synchronize threads within a CTA/thread block that communicate 
with each other via shared and global memory. 
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To improve memory bandwidth and reduce overhead, the local and global load/ 
store instructions coalesce individual parallel thread requests from the same SIMT 
warp together into a single memory block request when the addresses fa ll in the 
same block and meet alignment criteria. Coalescing memory requests provides a 
significant performance boost over separate requests from individual threads. The 
multiprocessor's large thread count, together with support for many outsta nding 
load requests, helps cover load -to-use latency for local and global memory imple
mented in external DRAM. 

The latest Tesla architecture GPUs also provide efficient atomic memory opera
tions on memory with the a tom. op . u 32 instructions, including in teger operations 
add, mi n, ma x, a nd, or, XOI" ex cilange , and cas (co mpare-and-swap) opera
tions, facilitatin g parallel reductions and parallel data structure management. 

Barrier Synchronization for Thread Communication 

Fast barrier synchroniza tion permits CUDA programs to commun icate frequently 
via shared memory and global memory by simply calling _ sync til r e ad s ( ) ; as 
part of each interthread communication step. The synchroniza tion intrinsic func
tion generates a single ba r. sy nc instruction. However, implementing fas t barrier 
synchronization among up to 512 threads per CUDA thread block is a challenge. 

Grouping threads into SIMT warps of 32 threads reduces the synchronization 
difficulty by a factor of 32. Threads wait at a barrier in the SIMT thread scheduler 
so they do not consume any processor cycles while waiting. When a thread ~xecl1tes 
a ba r . sync instruction. it increments the barrier's thread arrival cou nter and the 
scheduler marks the thread as waiting at the barrier. Once all the CTA threads 
arrive, the barrier counter matches the expected terminal count, and the scheduler 
releases all the threads waiting at the barrier and resumes executing threads. 

Streaming Processor (SP) 
The multithreaded streaming processor (SP) core is the primary thread instruction 
processor in the multiprocesso r. Its register file (RF) provides 1024 scalar 
32-bit registers for up to 64 threads. It executes all the fundamental fl oating-point 
operations, including add . f32, mul . f32 , mad. f3 2 (floating multiply-add), 
mi n . f32, ma x . f32 , and set p. f32 (fl oating compare and set predicate). The 
floating-point add and multiply operations are compatible with the IEEE 754 
standard for single precision FP numbers, including not-a-number (NaN) and 
infinity values. The SP core also implements all of the 32-bit and 64 -bit integer 
arithmetic, comparison, conversion, and logical PTX instruction s in Figure AA.3. 

The floating-point add and mu 1 operations employ IEEE round-to-nearest-even 
as the default rounding mode. The mad . f32 floating-point multiply-add operation 
performs a multiplication with truncat ion, followed by an addition with round
to-nearest-even. The SP flushes input denormal operands to sign-preserved-zero. 
Results that underflow the target output exponent range are flushed to sign
preserved-zero after rounding. 
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Special Function Unit (SFU) 

Certain thread instructions can execute on the SFUs, concurrently with other 
thread instructions executi ng on the SPs. The SFU implements the special function 
instructions of Figure A.4.3, which compute 32-bit floatin g-point approximations 
to reciprocal, reciprocal square root, and key transcendental func ti ons. It also 
implements 32-bit floating-point planar attribute interpola tion for pixel shaders, 
providing accurate interpolation of attributes such as colof, dept h, and tex ture 
coordinates. 

Each pipelined SFU genera tes one 32-bit floating-point special fun ction result 
per cycle; the two SFUs per multiprocessor execute special function instructions 
at a quarter the si mple instruction rate of the eight SPs. The SFUs also execu te the 
mul . f32 multiply instruction concurrently with the eight SPs, increasing the peak 
computa tion ratc up to 50% for threads with a suitable instruction mi xture. 

For functional evaluat ion, the Tesla architecture SFU employs quadratic 
interpolation based on enhanced minimax approximations for approximating the 
reciprocal, rec iprocal square-root, log,x, 2x

, and sin/cos functions. The accuracy of 
the funct ion estimates ranges from 22 to 24 ma ntissa bits. See Section A.6 for more 
details on SFU arithmetic. 

Comparing with Other Multiprocessors 

Compared with SIMD vector architectures such as x86 SSE, the SIMT multipro
cessor can execute in dividual threads independently, rather than always executing 
them together in synchronous groups. SIMT hardware find s data parnllelism among 
independent threads, whereas SIMD hardware requires the softwa re to exp ress data 
parallelism explicitly in each vector instructio n. A SIMT machine executes a warp 
of 32 threads synch ronously when the threads take the same execution path, ye t 
can execute each thread independently when they diverge. The advantage is signi 
ficant because SIMT programs and instructions simply describe the behavio r of a 
single independent thread, rather than a SIMD data vector of fo ur or more data 
lanes. Yet the SIMT multiprocessor has SIMD-like effi ciency, spreading the area 
and cost of one instruction unit across the 32 threads of a wa rp and across the eight 
strea ming processor cores. SIMT provides the performance of SIMD together with 
the productivity of multithreading, avoiding the need to explicitly code SIMD vec
tors for edge conditions and partial divergence. 

The SIMT multiprocesso r imposes little overhead because it is hardware 
multithreaded with hardware barrier synchronizat ion. That al lows graphics 
shaders and CUDA threads to express very fine-grained parallelism. Graphics and 
CUDA programs use threads to express fin e-grained data parallelism in a per
thread program, rather than forc ing the programmer to express it as SIM D vector 
instructions. It is simpler and more productive to develop sca lnr single-thread code 
than vector code, and the SIMT multiprocessor executes the code with SIMD-like 
efficiency. 
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Coupling eight streaming processor cores together closely into a multiprocessor 
and then implementing a scalable number of slich multiprocessors makes a two
level multiprocessor composed of multiprocessors. The CUDA programming model 
exploits the two-level hierarchy by providing individual threads for fine-grained 
parallel computations, and by providing grids of thread blocks for coarse-grained 
parallel operations. The same thread program can provide both line-grained and 
coarse-grained operations. In contrast, CPUs with SIMD vector instructions must 
use two different programming models to provide fine-grained and coarse-grained 
operations: coarse-grained parallel threads on different cores, and SIMD vector 
instructions for fine-grained data parallelism. 

Multithreaded Multiprocessor Conclusion 

The example GPU multiprocessor based on the Tesla architecture is highly 
multithreaded, executing a total of up to 512 lightweight threads concurrently to 
support fine-grained pixel shaders and CUDA threads. It uses a variation on SIMD 
architecture and multithreading called SIMT (single-instruction multiple-thread) 
to efficiently broadcast one instruction to a warp of 32 parallel threads, while 
permitting each thread to branch and execute independently. Each thread executes 
its instruction stream on one of the eight streaming processor (SP) cores, which are 
multithreaded up to 64 threads. 

The PTX ISA is a register-based load/store scalar ISA that describes the ,execution 
of a single thread. Because PTX instructions are optimized and translated to binary 
microinstructions for a specific GPU, the hardware instructions can evolve rapidly 
without disrupting compilers and software tools that generate PTX instructions. 

II Parallel Memory System 

Outside of the GPU itself, the memory subsystem is the most important determiner 
of the performance of a graphics system. Graphics workloads demand very high 
transfer rates to and from memory. Pixel write and blend (read-modify-write) 
operations, depth buffer reads and writes, and texture map reads, as well as 
command and object vertex and attribute data reads, comprise the majority of 
memory traffic. 

Modern GPUs are highly parallel, as shown in Figure A.2.5. For example, the 
GeForce 8800 can process 32 pixels per clock, at 600 MHz. Each pixel typically 
requires a color read and write and a depth read and write of a 4-byte pixel. Usually 
an average of two or three texels of four bytes each are read to generate the pixel's 
color. So for a typical case, there is a demand of 28 bytes times 32 pixels = 896 bytes 
per clock. Clearly the bandwidth demand on the memory system is enormous. 

A.S Parallel Memory System 

To supply these requirements, GPU memory systems have the following 
characteristics: 

• They are wide, meaning there are a large number of pins to convey data 
between the GPU and its memory devices, and the memory array itself 
comprises many DRAM chips to provide the full total data bus width. 

• They are fast, meaning aggressive signaling techniques are used to maximize 
the data rate (bits/second) per pin. 

• GPUs seek to use every available cycle to transfer data to or from the memory 
array. To achieve this, GPUs specifically do not aim to minimize latency 
to the memory system. High throughput (utilization efficiency) and short 
latency are fundamentally in conflict. 

• Compression techniques are used, both lossy, of which the programmer 
must be aware, and lossless, which is invisible to the application and 
opportunistic. 

• Caches and work coalescing structures are used to reduce the amount of 
off-chip traffic needed and to ensure that cycles spent moving data are used 
as fully as possible. 

DRAM Considerations 

GPUs must take into account the unique characteristics of DRAM. DRAM chips 
arelllternally arranged as multiple (typically four to eight) banks, where each bank 
includes a power-of-2 number of rows (typically around 16,384), and each row 
contains a power-of-2 number of bits (typically 8192). DRAMs impose a variety of 
timing requirements on their controlling processor. For example, dozens of cycles 
are required to activate one row, but once activated, the bits within that row are 
randomly accessible with a new column address every four clocks. Double-data 
raie (DDR) synchronous DRAMs transfer data on both rising and falling edges 
of the interface clock (see Chapter 5). So a 1 GHz clocked DDR DRAM transfers 
data at 2 gigabits per second per data pin. Graphics DDR DRAMs usually have 
32 bidirectional data pins, so eight bytes can be read or written from the DRAM 
per clock. 

GPUs internally have a large number of generators of memory traffic. 
Different stages of the logical graphics pipeline each have their own request 
streams: command and vertex attribute fetch, shader texture fetch and load/ 
store, and pixel depth and color read-write. At each logical stage, there are often 
multiple independent units to deliver the parallel throughput. These are each 
independent memory requestors. \oVhen viewed at the memory system, there 
are an enormous number of uncorrelated requests in flight. This is a natural 
mismatch to the reference pattern preferred by the DRAMs. A solution is for 
the GPU's memory controller to maintain separate heaps of traffic bound for 
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different DRAM banks, and wait until enough traffic for a particular DRAM 
row is pending before activating that row and transferring all th e traffic at once. 
Note that accumulating pending requ ests, while good for DRAM row locality 
and thus efficient use of the data bus, leads to longer average latency as seen by 
the requestors whose requests spend time waiting for others. The design must 
take care that no particular request wai ts too long, otherwise some process ing 
units can starve waiting for data and ultimately cause neighboring processors to 
become idle. 

GPU memory subsystems are arranged as multiple memory pnrtiliolls, each of 
which comprises a fully independent memory controller and one or two DRAM 
devices that are fully and exclusively owned by that partition. To achieve the best 
load balance and therefore approach the theoretical performance of II partitions, 
addresses are finel y interleaved evenly across all memory partit ions. The partition 
interleaving stride is typically a block of a few hundred bytes. The number of 
memory partitions is designed to balance the number of processors and other 
memory requesters. 

Caches 

GPU worldoads typically have very large working sets-on the order of hundreds 
of megabytes to generate a single graphics frame. Unlike with Cp Us, it is not 
practical to construct caches on chips large enough to hold anything close to the 
full working set of a graphics application. Whereas CPUs can assume Jery high 
cache hit rates (99.9% or more), GPUs experience hit rates closer to 90% and must 
therefore cope with many misses in flight. While a CPU can reasonably be designed 
to halt while waiting for a rare cache miss, a GPU needs to proceed with misses and 
hits intermingled. We call this a strenlllillg enche m·chitect"re. 

GPU caches must deliver very high-bandwidth to their clients. Consider the case 
of a texture cache. A typical texture unit may evaluate two bilinear interpolations 
for each of four pixels per clock cycle, and a GPU may have many such texture 
units all operating independently. Each bilinear interpolation requires four 
separate texels, and each texe! might be a 64-bit value. Four 16-bit components 
are typical. Thus, total bandwidth is 2 x 4 x 4 x 64 ~ 2048 bits per clock. Each 
separate 64-bit texel is independently addressed, so the cache needs to handle 
32 unique addresses per clock. This naturally favors a multibank andlor multipart 
arrangement of SRAM arrays. 

MMU 

Modern GPUs are capable of translating virtual addresses to physical addresses. 
On the GeForce 8800, all processing units generate memory addresses in a 
40-bit virtual address space. For computing, load and store thread instructions use 
32-bit byte addresses, which are extended to a 40-bit virtual address by adding a 
40-bit offset. A memory management unit performs virtual to physical address 
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translation; hardware reads the page tables from local memory to respond to misses 
on behalf of a hierarchy of translation look aside buffers spread out among the 
processors and rendering engines. In addition to physical page bits, GPU page table 
entries specify the compressio n algorithm for each page. Page sizes range from 4 to 
128 kilobytes. 

Memory Spaces 

As introduced in Section A.3, CUDA exposes different memory spaces to allow the 
programmer to store data va lues in the most performance-optimal way. For the 
following discussion, NV IDI A Tesla architecture GPUs are assumed. 

Global memory 

Global memory is stored in external DRAM; it is not local to anyone physical 
streaming multiprocessor (SM) because it is meant for communication among 
different CTAs (thread blocks) in different grids. In fact, the many CTAs that 
reference a location in global memory may not be executing in the GPU at the 
same time; by design, in CUDA a programmer does not know the relative order 
in which CTAs are executed. Because the address space is evenly dist ributed 
among all memory partitions, there must be a readlwrite path from any streaming 
multiprocessor to any DRAM partit ion. 

Access to global memory by different threads (and different processors) is not 
guaranteed to have sequentia l consistency. Thread programs see a relaxed memory 
ordedng model. Within a thread, the order of memory reads and writes to the same 
address is preserved, but the order of accesses to different addresses may not be 
preserved. Memory reads and writes requested by different threads are unordered. 
Within a CTA, the barrier synchronization instruction ba r . s yn c can be used 
to obtain sfrict memory ordering among the threads of the CTA. The memba ,
thread instruction provides a memory barrier/fence operation that commits prior 
memory accesses and makes them visible to other threads before proceeding. 
Threads can also use the atomic memory operations described in Section AA to 
coordinate work on memory they share. 

Shared memory 

Per-CTA shared memory is only visible to the threads that belong to that eTA, 
and shared memory only occup ies storage from the time a CTA is created to the 
time it terminates. Shared memory can therefore reside on-chip. This approach has 
many benefits. First, shared memory traffic does not need to compete with limited 
off-chip bandwidth needed for global memory references. Second, it is practical to 
build very high-bandwidth memory structures on-chip to support the readlwrite 
demands of each streaming multiprocessor. In fact, the shared memory is closely 
coupled to the streaming multiprocessor. 
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Each streaming multiprocessor contains eight physical thread processors. 
During one shared memory clock cycle, each thread processor can process two 
threads' worth of instruc tions, so 16 threads' worth of shared memory requests 
must be handled in each clock. Because each thread can generate its own addresses, 
and the addresses are typically unique, the shared memory is built using 16 
independently addressable SRAM banks. For CO~1I11On access patterns, 16 banks are 
sufficient to maintain throughput, but pathologIcal cases are posSIble; fo r example, 
all 16 threads might happen to access a di fferent address on one SRAM bank. It 
must be possible to route a request from any thread lane to any bank of SRAM, so 
a 16-by- 16 interconnection network is required. 

Local Memory 
Per-thread local memory is private memory visible only to a single thread. Local 
memory is architecturally larger than the thread 's register file, and a program 
can compute addresses into local memory. To support large allocatIons of local 
memory (recall the total allocation is the per-thread allocatIOn tImes th e numbel 
of active threads), local memory is allocated in external DRAM. 

Although global and per-thread local memory reside off-chip, they are well-

suited to being cached on-chip. 

Constant Memory 
Constant memory is read-only to a program funning on the SM (it can ?c written 
via commands to the GPU). It is stored in external DRAM and cached 111 the SM. 
Because commonly most or all threads in a SIMTwarp read fron; the same address 
in constant memory, a single address lookup per clock IS suffiCIent. The constant 
cache is designed to broadcast scalar values to threads m each warp. 

Texture Memory 
Texture memory holds large read-only arrays of data. Textures for co~lputing have 
the same attributes and capabilities as textures used WIth 3D graphIcs. Although 
textures are commonly two-dimensional images (2D arrays of pixel values), I D 
(linear) and 3D (volume) textures are also available. 

A compute program references a texture using a tex ins~ ruction. Operands 
include an identifier to name the texture, and 1, 2, or 3 coordlllutcs based on the 
textu re dimensionality. The floating-point coordinates include a fractio nal portion 
that specifies a sample location often in between texel locatIOns. Nonll1teger 
coordinates invoke a bilinear weighted interpolation of the four closest values (fOl 
a 2D texture) before the result is returned to the program. . . 

Texture fetches are cached in a streaming cache hierarchy designed to optImIze 
throughput of texture fetches from thousands of co ncurrent threads. Some programs 
use texture fetches as a way to cache global memory. 

A.6 Floating-point 

Surfaces 
Swfnce is a generic term for a one-dimensional, two-dimensional, or thrcc
dimensional array of pi.xel values and an associated format. A variety of formats 
are defined; for example, a pixel may be defined as fo ur 8-bit RGBA integer 
components, or four 16-bit fl oa ting-point components. A program kernel does 
not need to know the surface type. A tex instruction recasts its result values as 
floatin g-point, depending on the surface fo rmat. 

Load/Store Access 
Load/store instructions with integer byte add ressing enable the writing and com 
piling of programs in conventional languages like C and c++. CUDA programs use 
load/store instructions to access memory. 

To improve memory bandwidth and reduce overhead, the local and global load/ 
store instructions coalesce individual parallel thread requests fro m the same warp 
together into a single memory block request when the addresses fall in the sa me 
block and meet alignment criteria. Coalescing individual small memory requests 
into large block requests provides a significant perform<1nce boost over scparnte 
requests. The large thread count, together with support for many outstandi ng load 

• requests, helps cover load-to-use latenc), for local and global memory implemented 
in external DRAM. 

ROP 

As shown in Figure A.2.5, NVIDIA Tesla architecture GPUs comprise a scalable 
streaming processor array (SPA), which performs all of the GPU's programmable 
calculations, and a scalable memory system, which comprises external DRAM 
control and fixed function Raster Operation Processors (J~OPs) that perform color 
and depth framebuffer operations directly on memory. Each ROP unit is paired 
with a specific memor), partition. ROP partitions are fed fro m the SMs via an 
intercOlinection network. Each ROP is responsible for depth and stencil tests and 
updates, as well as color blending. The ROP and memory co ntrollers cooperate 
to implement lossless color and depth compression (up to 8:1) to reduce external 
bandwidth demand . ROP units also perform atomic operations on memory. 

Floating-point Arithmetic 

GPUs today perform most arithmetic operations in the programmable processor 
cores using IEEE 754-co mpatible single precision 32-bit floating-point operations 
(see Chapter 3). The fi xed-point arithmetic of early GPUs was succeeded by 16-bi t, 
24-bit, and 32-bit floating-point , then IEEE 754-compatible 32-bit floating-point. 
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Some fixed -function logic within a GPU, such as texture-filtering hardware, 
continues to use proprietary numeric formats. Recent GPUs also provide IEEE 754 
compatible double precision 64-bit floating-point instructions. 

Supported Formats 
The IEEE 754 standard for floating-point arithmetic 12008] specifies basic and 
storage formats . GPUs use two of the basic formats for computation, 32-bit and 
64-bit binary floating-point, commonly called single precision and double pre
cision. The standard also specifies a 16-bit binary storage floating-point format, 
half precision. GPUs and the Cg shading language employ the narrow 16-bit 
half data format for efficient data storage and movement, while maintaining high 
dynamic range. GPUs perform many texture filtering and pixel blending computa
tions at half precision within the texture filtering unit and the raster operations 
unit. The OpenEXR high dynamic-range image file format developed by Industrial 
Light and Magic 12003] uses the identical half format for color component values 
in computer imaging and motion picture applications. 

Basic Arithmetic 
Common single precision floating-point operations in GPU programmable cores 
include addition, multiplication, multiply-add. minimum, maximum, compare, 
set predicate, and conversions between integer and floating-point numbers. 
Floating-point instructions often provide source operand modifiers for negation 
and absolute value. 

The floating-point addition and multiplication operations of most GPUs today 
are compatible with the IEEE 754 standard for single precision FP numbers, includ
ing not-a-number (NaN) and infinity values. The FP addition and multiplica
tion operations use IEEE round-to-nearest-even as the default rounding mode. 
To increase floating-point instruction throughput, GPUs often use a compound 
multiply-add instruction (ma d) . The multiply-add operation performs FP multipli
cation with truncation, followed by FP addition with round-to-nearest-even. It 
provides two floating-point operations in Olle issuing cycle, without requiring the 
instruction scheduler to dispatch two separate instructions, but the computation 
is not fused and truncates the product before the addition. This makes it different 
from the fused multiply-add instruction discussed in Chapter 3 and later in this 
section. GPUs typically flush denormalized source operands to sign-preserved zero, 
and they flush results that underflow the target output exponent range to sign
preserved zero after rounding. 

Specialized Arithmetic 
GPUs provide hardware to accelerate special function computation, attribute 
interpolation, and texture filtering. Special function instructions include cosine, 
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sine, binary exponential, binary logarithm, reciprocal, and reciprocal square root. 
Attribute interpolation instructions provide efficient genera tion of pixel attr ibutes, 
derived from plane equation evaluation. The special function unit (SFU) 
introduced in Section A.4 computes special functions and interpolates planar 
attributes IOberman and Siu, 2005]. 

Several methods exist for evaluating special functions in hardware. It has been 
shown that quadratic interpolation based on Enhanced Minimax Approximations 
is a very efficient method for approximating functions in hardware, including 
reciprocal, reciprocal square-root, log2x, 2\ sin, and cos. 

We can summarize the method of SFU quadratic interpolation. For a binary 
input operand X with II-bit significand, the significand is divided into two parts: 
Xu is the upper part containing III bits, and XI is the lower part containing II - ll/ bits. 
The upper III bits Xu are used to consult a set of three lookup tables to return three 
finite-word coefficients Co' C" and C,. Each function to be approximated requires 
a unique set of tables. These coefficients are used to approximate a given function 
f(X) in the range Xu <= X < Xu + Tn! by evaluating the expression: 

f(X ) = Co+ C1 XI + C, XI' 

The accuracy of each of the function estimates ranges from 22 to 24 significand 
bits. Example fu nction statistics are shown in Figure A.6.1. 

The IEEE 754 standard specifies exact-rounding requirements for division 
and square root, however, for many GPU applications, exact compliance is not 
required. Rather, for those applications, higher computational throughput is more 
important than last-bit accuracy. For the SFU special functions, the CUDA math 
library provides both a full accuracy function and a fast function with the SFU 
instruction accuracy. 

Another specialized arithmetic operation in a GPU is attribute interpolation. 
Key nttriblltes are usually specified for vertices of primitives that make up a scene 
to be rendered. Example attributes are color, depth, and texture coordinates. These 
attributes must be interpolated in the (x, y) screen space as needed to determine the 

1/x 11 , 2) 24.02 0.98 87 Yes 

l /sqrt(x) 11. 4) 23.40 1.52 78 Yes 

2' 10.1) 22.51 1.41 74 Yes 

!og2x 11.2) 22.57 N/ A" N/ A Yes 

sin/cos 10, -,;/2) 22.47 N/A N/ A No 

'ULP: unit in tile last place .•. N/ A: not applicable. 

AGURE A.G.l Spe cial function approximation statistics. for the NVID IA GeForcc 8ROO special 
runction unit (SFU) . 
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values of the attributes at each pixel location. The value of a given attribute U in an 
(x, y) plane can be expressed using plane equations of the form: 

U(x, y) = Aux + BuY + Cu 

where A, B, and C are interpolation parameters associated with each attribute U. 
The interpolation parameters A, B, and C are all represented as single precision 
Aoating-point numbers. 

Given the need for both a function evaluator and an attribute interpolator in a 
pixel shader processo r, a single SFU that performs both functions for efficiency can 
be designed. Both functions use a sum of products operation to interpolate results, 
and the number of terms to be summed in both functions is very similar. 

Texture Operations 

Texture mapping and filtering is another key set of specialized Aoating-point 
arithmetic operations in a GPU. The operations used for texture mapping include: 

1. Receive texture address (s, t) for the current screen pixel (x, y), where sand t 
arc single precision floating-point numbers. 

2. Compute the level of detail to identify the correct texture MIP-map level. 

3. Compute the trilinear interpolation fraction. 

4. Scale texture address (s, t) for the selected MIP-map level. 

5. Access memory and retrieve desired texels (texture elements). 

6. Perform filtering operation on texels. 

Texture mapping requires a significant amount of floating-poi nt computation 
for full-speed operation, much of which is done at 16-bit half precision. As an 
example, the GeForce 8800 Ultra delivers about 500 GFLOPS of proprietary format 
floating-point computation for texture mapping instructions, in addition to its 
conventional IEEE single precision floating-point instructions. For more details on 
texture mapping and filtering, see Foley and van Dam [1995[. 

Performance 

The Aoating-point addition and multiplication arithmetic hardware is fully 
pipelined, and latency is optimized to balance delay and area. While pipelined, the 
throughput of the special function s is less than the Aoating-point addition and 
multiplication operations. Quarter-speed throughput for the special functions 
is typical performance in modern GPUs, with one SFU shared by four SP cores. 
In contrast, CPUs typically have significantly lower throughput for similar 
functions, such as division and square root, albeit with more accurate results. The 
attribute interpolation hardware is typically full y pipelined to enable full- speed 
pixel shaders. 
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Double precision 

NewerGPUs such as the Tesla TIOP also support IEEE 754 64-bit double precision 
operatIOns. 111 hardware. Standard floating-point arithmetic operations in double 
preCISion lI1c1ude addition, multiplication, and conversions between different 
floating-point and integer formats. The 2008 IEEE 754 Aoating-point standard 
IIlciudes speCIficatIOn for the fused -multiply-add operation (FMA), as discussed in 
Chapter 3 .. The FMA operation performs a Aoating-point multiplication followed 
by an .addItIOn: WIth a slllgie ~·ounding. The fused multiplication and addition 
operatIons retmn full accuracy In intermediate calculations. This behavior enables 
more .accllr~te floating-point computations involving the accumulation of prod
ucts, IIlcludlllg dot products, matrix multiplication, and polynomial evaluation. 
The FMA ~nstructlOn also enables efficient software implementations of exactly 
rounded diVISion and square root, removing the need for a hardware division or 
square root unit. 

A double precision hardware FMA unit implements 64-bit addition, multipli
catIon, conversions, and the FMA operation itself. The architecture of a double 

FI~URE A.6.2 Double precision fused·multiply·add (FMA) unit. Hardware to implement noating
pom! A x B + C ror double precision. 
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preCISIOn FMA unit enables full-speed denormalized number support on both 
inputs and outputs. Figure A.6.2 shows a block diagram of an FMA unit. 

As shown in Figure A.6.2. the significands of A and B are multiplied to form 
a 106-bit product. with the results left in carry-save form. In parallel. the 53-bit 
addend C is conditionally inverted and aligned to the I 06-bit product. The sum and 
carry results of the 106-bit product are summed with the aligned addend through a 
161-bit -wide carry-save adder (CSA). Thecarry-saveoutpu t is then summed together 
in a carry-propagate adder to produce an unrounded result in nonredundant. two's 
complement form. The result is conditionally recomplemented. so as to return a 
result in sign-magnitude form. The complemented result is normalized. and then 
it is rounded to fit within the target format. 

Real Stuff: The NVIDIA GeForce 8800 

The NVIDIA GeForce 8800 GPU. introduced in November 2006. is a unified vertex 
and pixel processor design that also supports parallel computing applications 
written in C using the CUDA parallel programming model. [t is the first imple
mentation of the Tesla unified graphics and computing architecture described in 
Section A.4 and in Lindholm. Nickolls. Oberman. and Montrym [2008 ]. A family 
of Tesla architecture GPUs addresses the different needs of laptops. desktops /work

stations, and servers. 

Streaming Processor Array (SPA) 
The GeForce 8800 GPU shown in Figure A.7.1 contains 128 streaming processor 
(SP) cores organized as 16 streaming multiprocessors (SMs). Two SMs share 
a texture unit in each texture/processor cluster (TPC). An array of eight TPCs 
makes up the streaming processor array (SPA). which executes all graphics shader 

programs and computing programs. 
The host interface unit communicates with the host CPU via the PC[-Express 

bus. checks command consistency. and performs context switching. The input 
assembler collects geometric primitives (points. lines. triangles) . The work distri
bution blocks dispatch vertices. pixels. and compute thread arrays to the TPCs in 
the SPA. The TPCs execute vertex and geometry shader programs and computing 
programs. Output geometric data is sent to the viewport/clip/setuplraster/zcull 
block to be rasterized into pixel fragments that are then redistributed back into the 
SPA to execute pixel shader programs. Shaded pLxels are sent across the intercon
nection network for processing by the ROP units. The network also routes tex
ture memory read requests from the SPA to DRAM and reads data from DRAM 
through a level-2 cache back to the SPA. 
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GPU 

F!GURE ~.7.1 NVI~IA Te5.18 unified ~aphlcs an~ c~mputing GPU architecture. This GcForcc 8800 has 128 sircaming processor 
(SP ) corcs In 16 streaming mulllProcessors (SM), arranged In eIght texture/processor dusters (TPC). The praces.m rs connect with six 611-bil-widc 
DHJ~~I partitions vi;) all interconnection netwo rk. Other GPUs impleme nting the Tcsla architccture V.lry thc number of SP corcs, SMs, DRAM 
partitions, and other uni ts. 

Texture/Processor Cluster (TPC) 
EachTPC contains a geometry controller. an SM controller (SMC). two streaming 
multIprocessors (SMs). and a texture unit as shown in Figure A.7. 2. 

The geometry controller maps the logical graphics vertex pipeline into recir
culation on the physical SMs by directing all primitive and vertex attribute and 
topology flow in the TPC. 

The SMC controls multiple SMs. arbitrating the shared texture unit. load/store 
path. and I/O path. The SMC serves three graphics workloads simultaneously: 
vertex. geometry. and pixel. 

The texture unit processes a texture instruction for one vertex, geometry, or pixel 
quad, or fOUl" compute threads per cycle. Texture instruction sources are textu re 
coordinates. and the outputs are weighted samples. typically a four-component 
(RGBA) floating-point color. The texture unit is deeply pipelined. Although it 
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FIGURE A.7.2 Texture/processor cluster (TPC) and a streaming multiprocessor (SM). Each SM has eight streaming processor 
(SP) cures, two SF Us, and a shared memory. 

contains a streaming cache to capture filtering locality, it streams hits mixed with 
misses without stalling. 

Streaming Multiprocessor (SM) 

The SM is a unified graphics and computing multiprocessor that executes vertex, 
geometry, and pixel-fragment shader programs and parallel computing programs. 
The SM consists of eight SP thread processor cores, two SFUs, a multithreaded 
instruction fetch and issue unit (MT issue), an instruction cache, a read-only constant 
cache, and a 16 KB read/write shared memory. It executes scalar instructions for 
individual threads. 

The GeForce 8800 Ultra clocks the SP cores and SFUs at 1.5 GI-Iz, for a peak of 
36 GFLOPS per SM. To optimize power and area efficiency, some SM nondatapath 
units operate at half the SP clock rate. 

A.7 Real Stuff: The NVIDIA GeForce 8800 

To efficiently execute hundreds of parallel threads while running several 
different programs, the SM is hardware multithreaded. It manages and executes up 
to 768 concurrent threads in hardware with zero scheduling overhead. Each thread 
has its own thread execution state and can execute an independent code path. 

A warp consists of up to 32 threads of the same type-vertex, geometry, pixel, 
or compute. The SIMT design, previously described in Section A.4, shares the SM 
instruction fetch and issue unit efficiently across 32 threads but requires a full warp 
of active threads for full performance efficiency. 

The SM schedules and executes multiple warp types concurrently. Each issue 
cycle, the scheduler selects one of the 24 warps to execute a SIMT warp instruction. 
An issued warp instruction executes as four sets of 8 threads over four processor 
cycles. The SP and SFU units execute instructions independently, and by issuing 
instructions between them on alternate cycles, the scheduler can keep both fully 
occupied. A scoreboard qualifies each warp for issue each cycle. The instruction 
scheduler prioritizes all ready warps and selects the one with highest priority for 
issue. Prioritization considers warp type, instruction type, and "fairness" to all 
warps executing in the SM. 

The SM executes cooperative thread arrays (CTAs) as multiple concurrent 
warps which access a shared memory region allocated dynamically for the CTA. 

Instruction Set 

Threads execute scalar instructions, unlike previous GPU vector instruction 
architectures. Scalar instructions are simpler and compiler friendly. Texture 
instnktions remain vector based, taking a source coordinate vector and returning 
a filtered color vector. 

The register-based instruction set includes all the floating-point and integer 
arithmetic, transcendental, logical, flow control, memory load/store, and texture 
instructions listed in the PTX instruction table of Figure AA.3. Memory load/store 
instructio·ns use in teger byte addressing with register-plus-offset address arithmetic. 
For computing, the load/store instructions access three read-write memory spaces: 
local memory for per-thread, private, temporary data; shared memory for low
latency per-CTA data shared by the threads of the CTA; and global memory for 
data shared by all threads. Computing programs use the fast barrier synchroniza
tion ba r . sy n c instruction to synchronize threads within a CTA that communicate 
with each other via shared and global memory. The latest Tesla architecture GPUs 
implement PTX atomic memory operations, which facilitate parallel reductions 
and parallel data structure management. 

Streaming Processor (SP) 

The multithreaded SP core is the primary thread processor, as introduced in 
Section AA. Its register file provides to24 scalar 32-bit registers for up to 96 
threads (more threads than the example SP of Section AA). Its floating-point 
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add and multiply operations are compatible with the IEEE 754 sta ndard for 
single precision FP numbers, including not-a-number (NaN) and infinity. The 
add and multiply operations use IEEE round-to-nearest-even as the default 
rounding mode. The SP core also implements all of the 32-bit and 64-bit integer 
arithmetic, comparison, conversion, and logical PTX instructions in Figure AA.3. 
The processor is fully pipelined, and latency is optimized to balance delay 
and area. 

Special Function Unit (SFU) 

The SFU supports computation of both transcendental functions and planar 
attribute interpolation. As described in Section A.6, it uses quadratic interpola
tion based on enhanced minima..x approximations to approximate the reciprocal, 
reciprocal square root, log2.x, 2"', and sin/cos functions at one result per cycle. The 
SFU also supports pixel attribute interpolation such as color, depth, and texture 
coordinates at four samples per cycle. 

Rasterization 

Geometry primitives from the SMs go in their original round-robin input order 
to the viewport/clip/setup/raster/zcull block. The viewport and clip units clip 
the primitives to the view frustum and to any enabled user clip planes, and then 
transform the vertices into screen (pixel) space. I 

Surviving primitives then go to the setup unit, which generates edge equations 
for the rasterizer. A coarse-rasterization stage generates all pixel tiles that are at 
least partially inside the primitive. The zcull unit maintains a hierarchical z surface, 
rejecting pixel tiles if they are conservatively known to be occluded by previously 
drawn pixels. The rejection rate is up to 256 pixels per clock. Pixels that survive 
zcull then go to a fine-rasterization stage that generates detailed coverage informa
tion and depth values. 

The depth test and update can be performed ahead of the fragment shader, or 
after, depending on cu rrent state. The SMC assembles surviving pixels into warps 
to be processed by an SM running the current pixel shader. The SMC then sends 
surviving pixel and associated data to the ROP. 

Raster Operations Processor (ROP) and Memory System 

Each ROP is paired with a specific memory partition. For each pixel fragment 
emitted by a pixel shader program, ROPs perform depth and stencil testing and 
updates, and in parallel, color blending and updates. Lossless color compression (up 
to 8: I) and depth compression (up to 8: I ) are used to reduce DRAM bandwidth. 
Each ROP has a peak rate of four pixels per clock and supports 16-bit floating
point and 32-bit floating-point HDR formats. ROPs support double-rate-depth 
processing when color writes are disabled. 

A.7 Real Stuff: The NVIDIA GeForce 8800 

Antialiasing support includes up to 16x multisampling and supersampling. The 
coverage-sampling antialiasing (CSAA) algorithm computes and stores Boolean 
coverage at up to 16 samples and compresses redundant color, depth, and stencil 
information into the memory footprint and a bandwidth of four or eight samples 
for improved performance. 

The DRAM memory data bus width is 384 pins, arranged in six independent 
partitions of 64 pins each. Each partition supports double-data-rate DDR2 and 
graphics-oriented GDDR3 protocols at up to 1.0 GHz, yielding a bandwidth of 
about 16 GB/s per partition, or 96 GB/s. 

The memory controllers support a wide range of DRAM clock rates, protocols, 
device densities, and data bus widths. Texture and load/store requests can occur 
between any TPC and any memory partition, so an interconnection network routes 
requests and responses. 

Scalability 

The Tesla unified architecture is designed for scalability. Varying the number of 
SMs, TPCs, ROPs, caches, and memory partitions provides the right balance for 
different performance and cost targets in GPU market segments. Scalable link 
interconnect (SLl) connects multiple GPUs, providing further scalabili ty. 

Performance 

The GeForce 8800 Ultra clocks the SP thread processor cores and SFUs at 1.5 GHz, 
fora theoretical operation peak of 576 GFLOPS. The GeFo rce 8800 GTX has a 
1.35 GHz processor dock and a corresponding peak of 51 8 GFLOPS. 

The following three sections compare the performance of a GeForce 8800 GPU 
with a multicore CPU on three different applications- dense linear algebra, fast 
Fourier transforms, and sorting. The GPU programs and libraries are compiled 
CUDA C code. The CPU code uses the single precision multithreaded Intel MKL 
10.0 library to leverage SSE instructions and multiple cores. 

Dense Linear Algebra Performance 

Dense linear algebra computations are fundamental in many applications. Volkov 
and Demme112008] present GPU and CPU performance results for single precision 
dense matrix-matrix multiplication (the SGEMM routine) and LU, QR, and 
Cholesky matrix factorizations. Figure A.7.3 compares GFLOPS rates on SGEMM 
dense matrix-matrix multiplication for a GeForce 8800 GTX GPU with a quad-core 
CPU. Figure A.7.4 compares GFLOPS rates on matrix factorization for a GPU with 
a quad-core CPU. 

Because SGEMM matrix-matrix multiply and similar BLAS3 routines are the 
bulk of the work in matrix factori zation, their performance sets an upper bound on 
factorization rate. As the matrix order increases beyond 200 to 400, the factorization 
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FIGURE A.1.3 SGEMM dense matrix-matrix multiplication performance rates. The graph 
shows single precision GROPS rates achieved in mUltiplying square NxN matrices (solid lines) and thin 
Nx64 and 64xN matrices (dashed lines). Adapted from Figure /1 ofVolkov and Demmel120081. The black 
lines arc a 1.35 Gl-lz GcForcc 8800 GTX using Volkoy's SGEMM code (now in NVIlJIA CUULAS 2.0) on 
matrices in GPU memory. The blue lines are a quad-core 2.4 CHI'. Intel Corel Quad Q6600, 64 -b;\ Linux, 
IntcllvlKL 10.0011 matrices in CPU memory. 
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RGURE A.7.4 Dense matrix factorization performance rates. The graph shows GFLOPS rates 
achieved in matrix factorizations using the GPU and using the CPU alone. Adapted from Figure 7 of Valko v 
and Demmel [20081. The black lines arc a 1.35 Gl-lz NVIDIA GeForce 8800 GTX, CUDA 1.1, Windows XP 
attached to a 2.67 GHz Intel Core2 Duo E6700 \<\'indows XP, including all CPU- GPU data transfer times. The 
blue lines are a quad-core 2.4 GHz Intel Corel Quad Q6600, 64-bit Linux, Intel MKL 10.0. 

A.7 Real Stuff: The NVIDIA GeForce 8800 

problem becomes large enough that SGEMM can leverage the GPU parallelism and 
overcome the CPU-GPU system and copy overhead. Volkov's SGEMM matrix
matrix multiply achieves 206 GFLOPS, about 60% of the GeForce 8800 GTX 
peak multiply-add rate, while the QR factorization reached 192 GFLOPS, about 
4.3 times the quad-core CPU 

FFf Performance 

Fast Fourier Transforms are used in many applications. Large transforms and 
multidimensional transforms are partitioned into batches of smalier I D transforms. 

Figure A.7.5 compares the in-place ID complex single precision FFT perfor
mance of a 1.35 GHz GeForce 8800 GTX (dating from late 2006) with a 2_8 GHz 
quad-Core Intel Xeon E5462 series (code named "!-larpertown," dating from late 
2007). CPU performance was measured using the Intel Math Kernel Library (MKL) 
10.0 FFT with four threads. GPU performance was measured using the NVIDIA 
CUFFT 2.1 library and batched 1 D radix-16 decimation-in-frequency FFTs. Both 
CPU and GPU throughput performance was measured using batched FFTs, batch 
size was 22

'1/ 11, where 11 is the transform size. Thus, the workload for every trans
form size was 128 MB. To determine GFLOPS rate, the number of operations per 
transform was taken as 511 log2 11. 
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FIGURE A.7.S Fast Fourier Transform throughput performance. The grapb compares the 
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a quad-core 2.8 GHz Intel Xeon E5462 series (code named "Harpertown"), 6MB L2 C;Jcite, '1GB Memory, 
1600 FSI3, Red Hal Unux, Intel MKL 10.0. 
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A.S Real Stuff: Mapping Applications to GPUs 

from this graph that the GPU radix sort achieved the highest sorting rate for all 
sequences of SK-elements and larger. In this range, it is on average 2.6 times faster 
than the quicksort-based routine and roughly 2 times faster than the radix sort rou
tines, all of which were using the eight available CPU cores. The CPU radix sort per
formance varies widely, likely due to poor cache locality of its global permutations. 

II Real Stu'" Mapp;ng Appl;caUon. to GPU. 

The advent of multicore CPUs and manycore GPUs means that mainstream 
processor chips are now parallel systems. Furthermore, their parallelism continues 
to scale with Moore's law. The challenge is to develop mainstream visual compuling 
and high-performance computing applications that transparently scale their 
parallelism to leverage the increasing number of processor cores, much as 3D 
graphics applications transparently scale their parallelism to GPUs with widely 
varying numbers of cores. 

This section presents examples of mapping scalable parallel computing 
applications to the GPU using CUDA. 

Sparse Matrices 

A wide variety of parallel algorithms can be written in CUDA in a fairly 
str~iightforward manner, even when the data structures involved are not simple 
regular grids. Sparse matrix-vector multiplication (SpMV) is a good example of 
an important numerical building block that can be parallelized quite directly using 
the abstractions provided by CUDA. The kernels we discuss below, when combined 
with the provided CUBLAS vector routines, make writing iterative solvers such as 
the conjugate gradient method straightforward. 

A sparse 11 X II matrix is one in which the number of nonzero entries 111 is on ly 
a small fraction of the total. Sparse matrix representations seek to store only the 
nonzero clemen ts of a matrix. Since it is fairly typical that a sparse 11 X 11 matrix will 
contain only 111 == 0(11) nonzero elements, this represents a substantial savings in 
storage space and processing time. 

One of the most common representations for general unstructured sparse 
matrices is the compressed spa rse row (CSR) representation. The III nonzero 
elements of the matrix A are stored in row-major order in an array A v. A second 
array Aj records the corresponding column index for each entry of Av . Finally, an 
array Ap of 11 + I elements records the extent of each row in the previous arrays; the 
entries for row i in Aj and Av extend from index Ap[ i 1 up to, but not including, 
index Ap[ i + 1]. This implies that Ap [ 0 1 will always be 0 and Ap [ n 1 will always 
be the number of nonzero elements in the matrix. Figure A.S.1 shows an example 
of the CSR representation of a simple matrix. 
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~3010] o 0 0 0 
A= 0 241 

1 0 0 1 

a. Sample matrix A 

Av[7] 

Aj [ 7;] -=-~===--,====2::::::~==-: 
Ap ['5] I 0 2 2 5 7 

b. eSA representation of matrix 

FIGURE A.S.1 Compressed sparse row (CSR) matrix. 

floa t mul tip ly_rowl unsig ned i nt 
unsig ned i nt 
fl oat *Av , 
float *x) 

fl oat s um ~ 0 : 

rOl'IS i ze, 
*Aj , II col umn i ndi ces for row 

II nonz ero entri es for row 
II the RHS vector 

fo r i uns i gned int column~O: co lumn<r ows i ze : ++co lumn) 
sum +~ Av [ co lumn] * x[ Aj [colu mn ]l : 

return s um: 

FIGURE A.B.2 Serial C code for a single row of sparse matrix-vector multiply. 

Given a matrix A in CSR form and a vector x, we can compute a single row of 
the product y = Ax using the mu l t i pI y_rowl ) procedure shown in Figure A.S.2. 
Computing the full product is then simply a matter of looping over all rows and 
computing the result for that row using mu 1 ti p 1 Y _row I ) , as in the serial C code 
shown in Figure A.S.3. 

This algorithm can be translated into a parallel CUDA kernel quite easily. We 
simply spread the loop in c s rm u l_se ri a 1 I ) over many parallel threads. Each 
thread will compute exactly one row of the output vector }'. The code for this kernel 
is shown in Figure A.SA. Note that it looks extremely similar to the serial loop 
used in the c s rrnul _ s e ria I I ) procedure. There are really only two points of 
difference. First, the I'O W index for each thread is computed from the block and 
thread indices assigned to each thread, eliminating the for-loop. Second, we have a 
conditional that only evaluates a row product if the row index is with in the bounds 
of the matrix (this is necessary since the number of rows /I need not be a multiple 
of the block size used in launching the kernel) . 
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void cs rm ul _ se ria llu ns igned int *Ap , unsigned int *Aj, 
float *Av , un s ign ed i nt num_rows , 
f l oat *x , f l oa t *y) 

f ori uns i gned i nt row~O: row< nu m_ rows: ++ row ) 
I 

un sig ned i nt r ow_beg i n 
unsigned int row_end 

Ap [ row] : 
Ap[ I'ow+l ] : 

y[ I'O \;] ~ multip l y_ rowll'OI,_end-ro\,_ begi n, Aj+ I'o \'I_b eg in , 
Av+ r o\',_begi n, x) : 

FIGURE A.S.l Serial code for sparse matrix,vector multiply. 

_global _ 
void cs rmu l_kerne l lu nsig ned i nt *A p, un si gned in t *Aj , 

float *Av , uns i gned int num_rOl'IS, 
fl oa t *x , floa t *y) 

uns i gned int r ow blockl dx . x*b l ockD im. x + threadldx . x : 

'i fl I'o,, <num_rows 
I 

unsig ned i ll t rOli_beg in 
unsi gned i nt ro,,_elld 

Ap [ row] : 
Ap [ r o,,+ 11: 

y[ rOl, ] ~ multip l y_ rOl,lrow_end-rOl,_ begin , Aj+ r o\',_beg in, 
Av+rOl,_begill , x) : 

RGURE A.S.4 CUDA version of sparse matrix-vector multiply. 

Assuming that the matrix data structures have already been cop ied to the GPU 
device memory, launching this kernel will look like: 

unsigned int bl ocksize ~ 128 : II or any size up to 512 
unsigned i llt nbl ocks ~ Illum_r o\vs + blocksiz e - 1) I bloc ksize : 
cs r mul_ke r ne l «< nbl oc ks ,bl oc ksi ze>>>IAp , Aj , Av, num_ro.,s , x , y) : 
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The pattern that we see here is a very common one. The original serial 
algorithm is a loop whose iterations are independent of each other. Such loops 
can be parallelized quite easily by simply assigning one or more iterations of the 
loop to each parallel thread. The programming model provided by CUDA makes 
expressing this type of parallelism particularly straightforward. 

This general strategy of decomposing computations into blocks of independent 
work, and more specifically breaking up independent loop iterations, is not unique 
to CUDA. This is a common approach used in one form or another by various 
parallel programming systems, including OpenMP and Intel's Threading Building 
Blocks. 

Caching in Shared memory 
The SpMV algorithms outlined above are fairly simplistic. There are a number of 
optimizations that can be made in both the CPU and GPU codes that can improve 
performance, including loop unrolling, matrL" reordering, and register blocking. 
The parallel kernels can also be reimplemented in terms of data parallel smll 
operations presented by Sengupta, et al. [2007J. 

One of the important architectural features exposed by CUDA is the presence 
of the per-block shared memory, a small on-chip memory with very low latency. 
Taking advantage of this memory can deliver substantial performance improve
ments. One common way of doing this is to use shared memory as a sofhvare
managed cache to hold frequently reused data. Modifications using shared m~mory 
are shown in Figure A.B.s. 

In the context of sparse matrix multiplication, we observe that several rows of 
A may use a particular array element x [i ].In many common cases, and particularly 
when the ma trix has been reordered, the rows using x [ i ] will be rows near row i. 
We can therefore implement a simple caching scheme and expect to achieve some 
performance benefit. The block of threads processing rows i through j will load 
x [ i ] through x [ j ] into its shared memory. We will unroll the mu 1 ti p 1 y _ ro" ( ) 
loop and fetch elements of x from the cache whenever possible. The resulting 
code is shown in Figure A.8.s. Shared memory can also be used to make other 
optimizations, such as fetching Ap [ rOl;+ I ] from an adjacent thread rather than 
refetching it from memory. 

Because the Tesla architecture provides an explicitly managed on-chip shared 
memory, rather than an implicitly active hardware cache, it is fairly common to add 
this sort of optimization. Although this can impose some additional development 
burden on the programmer, it is relatively minor, and the potential performance 
benefits can be substantial. In the example shown above, even this fairly simple 
lise of shared memory returns a roughly 20% performance improvement on 
representative matrices derived from 3D surface meshes. The availabil ity of an 
explicitly managed memory in lieu of an implicit cache also has the advantage 
that caching and prefetching policies can be specifically tailored to the application 
needs. 
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_g l obal _ 
void csrmul _c ached(un si gned int *Ap . unsig ned int *Aj , 

float *Av, unsigned int num_ r o" s . 
co nst f loat ox, float *y) 

II Cache the r o"s of x [ ] co rresponding to this b l oc k. 
_ sha r ed_ fl oat cac I1 e[b l ocksize]: 

un signed int block_ beg in 
unsigne d in t block_end 
unsigned int ro" 

blockldx.x * blockDim.x: 
block_begin + blockDim. x : 
bl ock_begin + threadldx.x : 

II Fetch and cac he ou r "i ndo" o f xC]. 
i f( r o\'/ <num_r o\'/s) cache[threadldx.x] 
_synct I1l"eads ( ): 

i f( row<num_ rows 
I 

uns ign ed int rOl·/_ begin 
unsi gned i nt row_end 
floa t s um ~ 0, x_ j: 

Ap [ rOl;) : 
Ap [ rOl·/+I ]: 

x [rOl'!] : 

for(unsigned int col~row_begin: col <r"ow_end: ++co1) 
I 

un signed i nt j ~ Aj[col]: 

II Fetc h x_j from our cache whe n poss ibl e 
i f ( j > ~b l ock_beg i n && j <block_end 

x_ j cache[j-block_begi n]: 
else 

x_j x [j ] : 

sum +~ Av[col] * x_j: 

y[ rOl; ] s um: 

FIGURE A.8.S Shared memory version of sparse matrix~vector multiply. 
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These are fairly simpl e kernels whose purpose is to illustrate basic techniques 
in writing CUDA programs, rather than how to achieve maximal performance. 
Numerous possible avenues for optimization arc available, several of which are 
explored by Williams, et al.120071 on a handful of different multicore architectures. 
Nevertheless, it is still instructive to examine the comparative performance of 
even these simplistic kernels. On a 2 GHz Intel Core2 Xeon E5335 processor, 
the cs rm ul _ se ri al () kernel runs at roughly 202 million nonzeros processed 
per second , for a collection of Laplacian matrices derived from 3D triangulated 
surface meshes. Parallelizing this kernel with the pua l l e l _ for construct 
provided by Intel's Threading Building Blocks produces parallel speed·ups of 2.0, 
2.1 , and 2.3 running on two, fouf, and eight cores of the machine, respectively. 
On a GeForce 8800 Ultra, the csrmu l_kel"ll e l () and cs "mul_c ac hed() 
kernels achieve processin g rates of roughly 772 and 920 million nonzeros per 
second , corresponding to parallel speed-ups of 3.8 and 4.6 times over the serial 
performance of a single CPU core. 

Scan and Reduction 
Parallel SCnI ' ,' also known as parallel prefix 5/111/, is one of the most important 
building blocks for data· parallel algorithms IBlelloch, 19901· Given a sequence n 
of /I elements: 

and a binary associative operator EEl, the 5 C a 11 function computes the sequence: 

As an example, if we take (j) to be the usual addition operator, then applying scan 

to the input array 

n = 13 1 7041631 

will produce the sequence of partial sums: 

scan(n, +) = 134 II II 15 16 22251 

This scan operator is an illclusive scan. in the sense that element j of the ou tpu t 
sequence incorporates element nj of the input. Incorpora ting only previolls 
elements would yield an excll/sive scan operator) also known as a prefix-slll1l 
operation. 

The serial implementatio n of this operation is extremely simple. It is simply a 
loop that iterates once over the entire sequence. as shown in Figure A.S.6. 

At first glance, it might appear that this operation is inherently serial. However, 
it can actually be implemented in parallel efficien tly. The key observation is that 
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t empl at e ( clas s T) 
_hos t _ T pl us_ s can<T *x . uns ig ned int n) 
I 

f or ( un s igned i nt i ~l; i ( n; ++i ) 
x l i ] ~ x[i - 1] + xl i] ; 

RGURE A.B.G Template for serial plus-scan. 

te ln pl ate(c l ass T> 
_device_ T pl us_sca n(T *x) 

un s i gn ed i nt t hreadJd x. x ; 
unsigned i nt n - bloc kDim . x: 

for(u ns i gned in t offse t - I; offseten ; offset *- 2) 
I 

T t ; 

if( i)=offset ) t xli -offset] : 
_ sy nctilrea dsl) : 

i fli)=offset) x[ i ] t + x[ i ] : 
_ sy nc t ilreads( ) ; 

. ,'et urn xl i 1 : 

FIGURE A.B.7 CUDA template for parallel plus-scan. 

because addition is associative. we are free to change the order in which elements are 
added together. For instance, we can imagine adding pairs of consecutive elements 
in parallel, and then adding these partial SUlns, and so on. 

One simple scheme for doing this is from Hillis and Steele 11 9891. An 
implementation of their algorithm in CUDA is shown in Figure A.8.7. It assumes 
that the inpu t array x [ ] contains exactly one element per thread of the thread 
block. It performs log2 1/ iterations of a loop collecting partial sums together. 

To understand the action of this loop, consider Figure A.8.8, which illustrates 
the simple case fo r 1/ = 8 threads and elements. Each level of the diagram represents 
one step of the loop. The lines indicate the location from which the data is being 
fetched. For each element of the output (i.e., the final row of the diagram) we are 
building a summation tree over the input elements. The edges highlighted in blue 
show the form of this summation tree for the final element. The leaves of this tree 
are all the initial elem ents. Tracing back from any output element shows that it 
inco rporates all input values up to and including itself. 
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x[iJ +=x[i - 1]; 

xliJ +=x [i-2]; 

x[iJ +=x[i - 4J; 

FIGURE A.S.S Tree·based parallel scan data references. 

WhiJe simple. this algorithm is not os efficient as we would like. Examining 
the serial implementation. we see that it performs 0 (11) additions. The parallel 
implementation. in contrast, performs 0(11 log 11) additions. For this reaspn, it 
is not work efficient, since it does more work than the serial implementation to 
compute the same result. Fortunately. there are other techniques for implementing 
s can that are work efficient. Details on more efficient implementation techniques 
and the extension of this per-block procedure to multiblock arrays are provided by 
Sengupta. et a!. [2007]. 

In some instances, we may only be interested in computing the sum of all elements 
in an array. rather than the sequence of all prefix sums returned by s ca n. This is the 
parallel reductioll problem. We could simply use a scan algorithm to perform this 
computation. but reduction can generally be implemented more efficiently than scan. 

Figure A.S.9 shows the code for computing a reduction using addition. In 
this example. each thread simply loads one element of the input sequence (i.e .• 
it initially sums a subsequence of length I). At the end of the reduction. we want 
thread 0 to hold the sum of all elements initially loaded by the threads of its block. 
The loop in this kernel implicitly builds a summation tree over the input elements. 
much like the scan algorithm above. 

At the end of this loop. thread 0 holds the sum of all the values loaded by this 
block. If we want the final value of the location pointed to by to t a I to contain the 
total of all elements in the array. we must combine the partial sums of all the blocks 
in the grid. One strategy to do this would be to have each block write its partial 
Stll11 into a second array and then launch the reduction kernel again. repeating 
the process until we had reduced the sequence to a single value. A more attractive 
alternative supported by the Tesla GPU architecture is to use the a to mi cAdd() 
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_globa l _ 

void pl us_ reduce(int *i nput . un sig ned int N. i nt *tota l ) 
I 

unsigned int ti d 
uns i gned i nt 

tilreadIdx . x ; 

blockI d x . x* bl ock Dim. x + thread Id x . x ; 

II Eac il b l ock load s i ts elements in to sila red memory. paddin g 
II wi th 0 i f N i s not a multipl e o f blocks i ze 
_ sha r ed_ int x [bl ocksize ]; 
x [ ti d] - ( i (N) ? i nput[ i] : 0 ; 
_syn c t h read s ( ); 

II Eve ry threa d now il o l ds I i nput va lue i n x [] 
II 
II Build s ummatio n t re e over e l ements . 
f or ( i nt s-blockDim. x/2 ; s ) O; s-s/2) 
I 

i f ( t i d ( s) x[t i d ] +- x[ tid + s ]; 
_ sy nc th rea d s ( ) ; 

II Thread 0 now il o l ds til e s um of all i nput va l ues 
II to t hi s bl ock . Have i t add t ha t Sum to the running tota l 
if ( tid - - 0) a tom icAdd(tota l. x [ ti d ]) ; 

FIGURE A.8.9 CUDA implementation of pius-reduction. 

primitive. an efficient atomic read-modify-write primitive supported by the 
memory su bsystem. This eliminates the need for additional temporary arrays and 
repeated kernel launches. 

. Parallel reduction is an essential primitive for parallel programming and 
hIghlIghts the Importance of per-block shared memory and low-cost barri ers in 
making cooperation among threads efficient. This degree of data shuffling among 
threads would be prohibitively expensive if done in off-chip global memory. 

Radix Sort 

One important application of scan primitives is in the implementation of sorting 
r?utllles. The code in Figure A.B. 10 implements a radix sort of integers across a 
~lIlgle thread block. It accepts as input an array va I ues containing one 32-bit 
IIlteger for each thread of the block. For efficiency. this array should be stored in 
per-block shared memory. but this is not required for the sort to behave correctly. 

This is a fairly simple implementation of radix sort. It assumes the availability 
of a procedure pa rt it i on_ by_ bit ( ) that will partition the given array such that 

A-63 



A-64 Appendix A Graphics and Computing GPUs 

void radi x_s artI unsig ned in t ·values) 

forlint b i t-O : bit( 32: ++bit) 
I 

partit ion_bLbit(va lues . bit): 
_ synct hreadsl) : 

RGURE A.S.10 CUDA code for radix sort. 

_ devic e vo i d pa rtiti on_by_bit lu nsigned i nt 'va lues . 
unsi gned i nt bit) 

unsi gn ed i n t 
unsign ed in t si ze 
unsigned i nt x i 
uns ig ned in t p- i 

val ues[ il - p_ i : 
_ sy ncthreads(): 

threadJd x . x : 
bl ockDim.x : 
value s[ il: 
I x i » bit) & I: 

I 
II Compu te num ber of T bits up t o and in c lu di ng p_i. 
II Recor d t he tota l number of F bits as well. 
unsigned i nt T_ before 
unsign ed int T_ total 
uns i gned i n t F_total 
_ synct hr e ad s () : 

plus_ sc an(values): 
values[s i ze-ll : 
s i ze - T tot al: 

II Wri t e every x_I to i t s pro pe r p l ac e 
if( p_i ) 

value s [T_befo re-1 + F_ tota ll - x_i: 
else 

valu es [ i - T_ beforel - x_ i : 

RGURE A.S.l1 CUDA code to partition data on a bit.IJy-bit basis, as part of radix sort. 

all values with a 0 in the designated bit will come before all values with a I in that 
bit. To produce the correct output, this partitioning must be stable. 

Implementing the partitioning procedure is a simple application of scan. Thread 
i holds the value xi and must calculate the correct output index at which to write 
this value. To do so, it needs to calculate ( I ) the number of threads j < i for which 
the designated bit is I and (2) the total number of bits for which the designated bit 
is O. The CUDA code for pa r tit ion_ by _ bit I ) is shown in Figure A.S. II. 
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A simi lar strategy can be applied for implementing a radix sort kernel that sorts 
an array of large length, rather than just a one-block ar ray. The fundam ental step 
remains the scan procedure, although when the computation is partitioned across 
multiple kernels, we must double·buffer the array of values rather than doing the 
partitioning in place. Details on performing radix sorts on large arrays efficiently 
are provided by Satish, Harris, and Garland 12008 1. 

N-Body Applications on a GPU1 

Nyland, I'Jarris, and Prins 120071 describe a simple yet useful computational 
kernel with excellent GPU performance-the nll.pnirs N·body algorithm. It is a 
time-consuming component of many scientific applications. N-body simulations 
calculate the evolution of a system of bodies in which each body continuously 
interacts with every other body. One example is an astrophysical simulation in 
which each body represents an individual star, and the bodies gravitationally attract 
each other. Other examples are protein folding, where N-body simula tion is used 
to calculate electrostatic and van der Waals forces; turbulent fluid flow simulation: 
and global illumination in computer graphics. 

The all·pairs N-body algorithm calculates the total force on each body in the 
system by computing each pair. wise force in the system, summing for each body. 
Many scientists consider this method to be the most accurate, with the only loss of 
precision coming from the floating·point hardware operations. The drawback is its 
0(11') co mputational complexity, which is far too large for systems with more than 
lO° bodies. To overcome this high cost, several simplifications have been proposed 
to yield 0(11 log II) and 0(11) algorithms; examples are the Barnes-Hut algorithm, 
the Fast Multipole Method and Particle·Mesh-Ewald summation. All of the [nst 
methods still rely on the all.pairs method as a kernel for accurate computation of 
short-range. forces: thus it continues to be important. 

N·Body Mathematics 

For gravitationa l simulation, calcu late the body-body force using elementary 
physics. Between two bodies indexed by i and j, the 3D fo rce vector is: 

IIljlllj Tij 
f.·=G - -x 

I) IIrijU1 IIr;jll 

The force magnitude is calculated in the left term, while the direction is computed 
in the right (unit vector pointing from one body to the other). 

Given a list of interacting bodies (a n entire system or a subset), the calculation 
is simple: for all pairs of interactions, compute the force and sum for each body. 
Once the total forces are calculated, they are used to update each body's position 
and velocity, based on the previous position and velocity. The calculation of the 
forces has complexity 0 ( 11'), while the update is 0 (11). 

I Adnpled (rom Nyland. I-Janis and Prins 120071, "Fast N-Body Simulation with CU DA ," 
Chapter 31 or CPU Gems 3. 
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The serial fo rce·calculation code uses two nested for·loops iterating over pairs 
of bodies. The outer loop selects the body for which the total force is being calcu· 
lated, and the inner loop iterates over all the bodies. The inner loop calls a function 
that computes the pair-wise force, then adds the force into a running sum. 

To compute the forces in parallel, we assign one thread to each body, since the 
calculation of force on each body is independent of the calculat ion on all other 
bodies. O nce all of the forces are computed, the positions and velocities of the 
bodies can be updated. 

The code for the serial and parallel versions is shown in Figure A.S.12 and 
Figure A.S.13. The serial version has two nested for· loops. The conversion to CUDA, 
like many other examples, converts the serial outer loop to a per·thread kernel 
where each thread computes the total force on a single body. The CUDA kernel 
computes a global thread lD for each thread, replacing the iterator variable of the 
serial outer loop. Both kernels finish by storing the total acceleration in a global 
array used to compute the new position <lnd velocity values in a subsequent step. 

void accel_on_ all_bodies() 
I 

in t i . j : 
fl oat 3 acc(O.O f . O. Of. O. Of): 

for ( i - 0: 
fa r (j 

acc -

i ( N: i ++)1 
O:j < N: j++) 
body_body_ in terac tion(acc. 

acc e l[ iJ - acc: 

body[iJ . body[jJ): 

FIGURE A.S.12 Serial code to compute all pair·wise forces on N bodies. 

__ glo bal __ void acce l_on_o ne_ body() 
I 

in t i - t hreadld x . x + block Di m. x * bl ock ld x . x : 
in t j : 
float3 acc (O.O f . O.Of. O. Of): 

fo I' ( j 
acc 

0: j ( N: j++) I 
body_ body_interaction(acc . body[iJ. body[jJ) : 

accel[iJ - acc : 

AGURE A.S.13 CUDA thread code to compute the total force on a single body. 
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The outer loop is replaced by a CU DA kernel grid that lau nches N threads, o ne for 
each body. 

Optimization for GPU Execution 

The CUDA code shown is functio nally correct, but is not efficient, as it ignores 
key architectural features. Better performance can be achieved with three main 
optimizations. Fi rst, shared memory can be used to avoid identical memory reads 
between threads. Second, using mul tip le threads per body improves performance 
for small values of N. Third, loop unrolling reduces loop overhead. 

Using Shared memory 

Shared memory can hold a subset of body positions, much like a cache, eliminating 
redundant global memory requests between threads. We optimize the code shown 
above to have each of p threads in a thread,block load olle position into shared 
memory (for a total of p positions). Once all the threads have loaded a value into 
shared memo ry, ensured by __ sy n ct h read s ( ) , each thread ca n then perform p 
interactions (using th e data in shared memory). This is repeated Nip times to 
complete th e force calculat ion for each body, which reduces the number of requests 
to memory by a factor of p (typically in the range 32- 128). 

The function called acc e l _o n_ o ll e_ bo dy ( ) requ ires a few changes to support 
this optimiza tion. The modified code is shown in Figure A.8. 14. 

shared float4 shPos it io n[256J: 

__ global __ vo i d acc e l _ on_ olle_body () 
I 

i nt i - thr e ad ldx . x + block Dim. x * b l ockld x . x : 
i n t j , k : 
i nt .p - b l ockDi m. x : 
flo at3 acc( O. Of . O. Of . 0 . 0f) : 
float4 myBody body[ iJ: 

fO l' (j - 0 : j < N: j +- p) 
s hP osition[threa dl dx . xJ 
__ sY ll cthreads() : 

1/ Outer l oops jump s by p each time 
body[j+t hreadldx . x J: 

fo r (k 0 : k < p : k++) II I nner l oop a ccesses p positions 
acc - bodLbody_ i nt eraction(acc . myB ody . shPosition [ kJ): 

__ synctll read s ( ) : 

accel[iJ - acc : 
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FIGURE A.8.14 CUDA code to compute the total force on each body. using shared memory to improve performance. 
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The loop that formerly iterated over all bodies now jumps by the block 
dimension p. Each iteration of the outer loop loads p successive positions into 
shared memory (one position per thread). The threads synchronize, and then 
p force calculations are computed by each thread. A second synchronization is 
required to ensure that new values are not loaded into sha red memory prior to all 
threads completing the fo rce calculations with the current data. 

Using shared memory reduces the memory bandwidth required to less than 
10% of the total bandwidth that the GPU can sustain (using less than S GB/s) . 
This optimization keeps the application busy performing computation rather than 
waiting on memory accesses, as it would have without the use of shared memory. 
The performance for varying values of N is shown in Figure A.8.IS. 

Using Multiple Threads per Body 

Figure A.8.IS shows performance degradation for problems with small values of N 
(N < 4096) on the GeForce 8800 GTX. Many research efforts that rely on N-body 
calculations focus on small N (for long simulation times), making it a target of 
our optimization efforts. Our presumption to explain the lower performance was 
that there was simply not enough work to keep the GPU busy when N is small. 
The solution is to allocate more threads per body. We change the thread-block 
dimensions from (p, 1, 1) to (p, q, 1), where q threads divide the workof a single body 
into equal parts. By allocating the additional threads within the same thread block, 
partial results can be stored in shared memory. When all the force calculations are 
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FIGURE A.S.1S Performance measurements of the N-body application on a GeForce 8800 
GTX and a GeForce 9600. The 8800 bas 128 stream processors at 1.35 GHz, while the 9600 has M at 
O.RO GHz (about 30% of the 8800). Tlw PCilk perrormance is 242 GFLOPS. For a GPU with more processors, 
the problem needs to be bigger to achieve full performance (the 9600 peak is around 2048 bodies, while the 
8800 doesn't reach its peak unliI1 6,38'1 boJies). For sma ll N, more than one thread per body can significantly 
improve performance, but eventually incurs a performance penalty as N grows. 
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done, the q partial results can be collected and summed to compute the final result. 
Using two or four threads per body leads to large improvements for small N. 

As an example, the performance on the 8800 GTX jumps by 11 0% when N= 1024 
(one thread achieves 90 GFLOPS, where four achieve 190 GFLOPS) . Performance 
degrades slightly on large N, so we only use this optimization for N smaller than 
4096. The performance increases are shown in Figure A.8.IS for a GPU with 128 
processors and a smaller GPU with 64 processors clocked at two-thirds the speed. 

Performance Comparison 

The performance of the N-body code is shown in Figure A.8. IS and Figure A.8.1 6. 
In Figure A.8.I S, perfo rmance of high- and medium-performance GPUs is shown, 
along with the performance improvements achieved by using multiple threads 
per body. The performance on the faster GPU ranges from 90 to just under 2S0 
GFLOPS. 

Figure A.8.1 6 shows nearly identical code (C++ versus CUDA) running on Intel 
Core2 CPUs. The CPU performance is about 1 % of the GPU, in the range of 0.2 to 
2 GFLOPS, remaining nea rly constant over the wide range of problem sizes. 
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FIGURE A.S.16 Performance measurements on the N·body code on a CPU. The grilph shows 
single precision N-body performance using Intel Corel CPUs, denoted by their CPU model number. No te 
the dramatic reduction in GFLOPS performance (shown in GFLOPS on the y-axis), dernonstrilting how 
much faster the GPU is compared to the CPU. The performance all the CPU is generally independent of 
problem size, except for an anomalollsly low performance when N=16,384 on Ihe X9775 CPU. The graph 
also shows the resu lts of running the CUDA version of the code (usi ng the CUDA-for-CPU compiler) on a 
single CPU core, where it olltperforms the C·!--!- code by 24%. As a programming language, CUDA exposes 
parallelism and locality that il compiler can exploit. The Intel CPUs arc a 3.2 GHz Extreme X9775 (code 
named "Penryn"), a 2.66 GHz E8200 (code named "Wolfdale" ), a desktop, pre-Penryn CPU, and a 1.83 GHz 
T2400 (code named "Yonah"), a 2007 laptop CPU. The Penryn version of the Core 2 architecture is particu
larly interesting for N-body calculations with its 'i-bit divider, allowing division and square root opera tions 
to execute four times fa .~ ter than previous Intel CPUs. 
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The graph also shows the results of compiling the CUDA version of the code 
for a CPU, where the performance improves by 24%. CUDA, as a programming 
language, exposes parallelism, allowing the compiler to make better use of the SSE 
vector unit on a single core. The CUDA version of the N-body code naturally maps 
to multicore CPUs as well (with grids of blocks), where it achieves nearly perfect 
scaling on an eight-core system with N = 4096 (ratios of 2.0,3 .97, and 7.94 on two, 
four, and eight cores, respectively). 

Results 
With a modest effort, we developed a computational kernel that improves GPU 
performance over multicore CPUs by a factor of up to 157. Execution time for 
the N-body code running on a recent CPU from Intel (Penryn X9775 at 3.2 GHz, 
single core) took more than 3 seconds per frame to run the same code that runs at a 
44 Hz frame rate on a GeForce 8800 GPU. On pre-Penryn CPUs, the code requires 
6-16 seconds, and on older Core2 processors and Pentium IV processor, the time 
is about 25 seconds. We must divide the apparent increase in performance in half, 
as the CPU requires only half as many calculations to compute the same result 
(using the optimization that the forces on a pair of bodies are equal in strength and 

opposite in direction). 
How can the GPU speed up the code by sllch a large amount? The answer 

requires inspecting architectural details. The pair-wise force calculation re!=luires 
20 floating-point operations, comprised mostly of addition and muItiplibtion 
instructions (some of which can be combined using a multiply-add instruction ), 
but there are also division and square root instructions for vector normaliza
tion. Intel CPUs take many cycles for single precision division and square root 
instructions,2 although this has improved in the latest Penryn CPU family with 
its faster 4-bit divider.3 Additionally, the limitations in register capacity leads to 
many MOV instructions in the x86 code (presumably to/from LI cache) . In con
trast, the GeForce 8800 executes a reciprocal square-root thread instruction in four 
clocks; see Section A.6 for special function accuracy. It has a larger register file (per 
thread) and shared memory that can be accessed as an instruction operand . Finally, 
the CUDA compiler emits 15 instructions for one iteration of the loop, compared 
with more than 40 instructions from a variety of x86 CPU compilers. Greater 
parallelislll, fa ster execution of complex instructions, more register space, and an 
efficient compiler all combine to explain the dramatic performance improvement 
of the N-body code between the CPU and the GPU. 

:! The x86 SSE instructions reciprocal-sguare-root (RSQ RT') and reciprocal (RCP -- ) were not 
considered, as their accuracy is too low to be comparable. 
J Intel Corporation, lwd 64 alld 11\-32 ArcllitccflIrcs Optilllization Referellcc MntJ//a/. November 
2007. Order Number: 248966-016. Also ava ilable at www3.intd.com/design/proccssor/rnanuals/ 
2,t8966.pdf. 

A.8 Real Stuff: Mapping Applications to GPUs 

On a GeForce 8800, the all-pairs N-body algori thm delivers more than 240 
GFLOPS of performance, compared to less than 2 GFLOPS on recent sequential 
processors. Compiling and executing the CUDA version of the code on a CPU 
demonstrates that the problem scales well to mul ticore CPUs, but is sti ll significantly 
slower than a single GPU. 

We coupled the GPU N-body simulation with a grap hical display of the motion, 
and can interactively display 16K bodies interacting at 44 frames per second. 
This allows astrophysical and biophysical events to be displayed and navigated at 
interactive rates. Additionally, we can parameterize many settings, such as noise 
reduction, da mping, and integration techniques, immediately d isplaying their 
effects on the dynamics of the system. This provides scientists with stunning 
visual imagery, boosting their insights on otherwise invisible systems (too large 
or small, too fast or too slow), allowing them to create better models of physical 
phenomena. 

Figure A.8.17 shows a time-series display of an astrophysical simulation 
of 16K bodies, with each body acting as a galaxy. The initial configuration is a 

RGURE A.8.17 12 Images captured during the evolution of an N·body system with 16,384 bodies. 
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spherical shell of bodies rotating about the z-axis. One phenomenon of interest 
to astrophysicists is the clustering that occurs, along with the merging of galaxies 
over time. For the interested reader, the CUDA code for this application is available 
in the CUDA SDK from www.nvidia.com/CUDA. 

Fallacies and Pitfalls 

GPUs have evolved and changed so rapidly that many fallacies and pitfalls have 
arisen. We cover a few here. 

Fallacy: GPUs are just SIMD vector multiprocessors. It is easy to draw the false 
conclusion that GPUs are simply S[MD vector multiprocessors. GPUs do have a 
SPMD-style programming model, in that a programmer can write a single pro
gram that is executed in multiple thread instances with multiple data. The execu
tion of these threads is not purely S[MD or vector, however; it is single-instruction 
multiple-thread (SIMT), described in Section AA. Each GPU thread has its own 
scalar registers, thread private memory, thread execution state, thread 10, indepen
dent execution and branch path, and effective program counter, and can address 
memory independently. Although a group of threads (e.g., a warp of 32 thfeads) 
executes more efficiently when the PCs for the threads are the same, this is not 
necessary. So, the multiprocessors are not purely SIMD. The thread execution 
model is M[MD with barrier synchronization and S[MT optimizations. Execution 
is more efficient if individual thread load/store memory accesses can be coalesced 
into block accesses, as well. However, this is not strictly necessary. [n a purely S[MD 
vector architecture, memory/register accesses for different threads must be aligned 
in a regular vector pattern. A GPU has no such restriction for register or mem
ory accesses; however, execution is more efficient if warps of threads access local 
blocks of data. 

[n a further departure from a pure S[MD model, an S[MT GPU can execute 
more than one warp of threads concurrently. In graphics applications, there may 
be multiple groups of vertex programs, pixel programs, and geometry programs 
running in the multiprocessor array concurrently. Computing programs may also 
execute different programs concurrently in different warps. 

Fallacy: GPU performance cannot grow faster than Moore's law. Moore's law 
is simply a rate. It is not a "speed of light" limit for any other rate. Moore's law 
describes an expectation that over time, as semiconductor technology advances 
and transistors become smaller, the manufacturing cost per transistor will decline 
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exponentially. Put another way, given a constant manufacturing cost, the number 
of transistors will increase exponentially. Gordon Moore [1965 J predicted that 
this progression would provide roughly two times the number of transistors for 
the same manufacturing cost every year, and later revised it to doubling every 
two years. Although Moore made the initial prediction in 1965 when there were 
just 50 components per integrated circuit, it has proved remarkably consistent. The 
reduction of transistor size has historically had other benefits, such as lower power 
per transistor and faster clock speeds at constant power. 

This increasing bounty of transistors is used by chip architects to build proces
sors, memory, and other components. For some time, CPU designers have used 
the extra transistors to increase processor performance at a rate similar to Moore's 
law, so much so that many people think that processor performance growth of two 
times every 18-24 months is Moore's law. In fact, it is not. 

lv[icroprocessor designers spend some of the new transistors on processor cores, 
improving the architecture and design, and pipelining for more clock speed. The 
rest of the new transistors are used for providing more cache, to make memory 
access faster. In contrast, GPU designers use almost none of the new transistors to 
provide more cache; most of the transistors are used for improving the processor 
cores and adding more processor cores. 

GPUs get faster by four mechanisms. First, CPU designers reap the Moore's law 
bounty directly by applying exponentially more transistors to building more parallel, 
and thus faster, processors. Second, GPU designers can improve on the architecture 
over time, increasing the efficiency of the processing. Third, Moore's law assumes 
constant cost, so the Moore's law rate can clearly be exceeded by spending more for 
larger" chips with more transistors. Fourth, GPU memory systems have increased 
their effective bandwidth at a pace nearly comparable to the processing rate, by 
using faster memories, wider memories, data compression, and better caches. The 
combination of these four approaches has historically allowed GPU performance 
to doubleregularly, roughly every 12 to IS months. This rate, exceeding the rate 
of Moore's law, has been demonstrated on graphics applications for approximately 
ten years and shows no sign of significant slowdown. The most challenging rate 
limiter appears to be the memory system, but competitive innovation is advancing 
that rapidly too. 

Fallacy: GPUs only render 3D graphics; they can't do general computation. 
GPUs are built to render 3D graphics as well as 2D graphics and video. To meet 
the demands of graphics software developers as expressed in the interfaces and 
performance/feature requirements of the graphics AP[s, GPUs have become mas
sively parallel programmable floating-point processors. [n the graphics domain, 
these processors are programmed through the graphics AP[s and with arcane 
graphics programming languages (GLSL, Cg, and HLSL, in OpenGL and Direct3D). 
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However, there is nothing preventing GPU architects from exposing the parallel 
processor cores to programmers without the graphics API or the arcane graphics 
languages. 

In fact, the Tesla architecture family of GPUs exposes the processors through 
a software environment known as CUDA, which allows programmers to develop 
general application programs using the C language and soon c++. GPUs are 
Turing-complete processors, so they can run any program that a CPU can flIn , 
although perhaps less well. And perhaps faster. 

Fallacy: GPUs cannot run double precision floating-point programs fast. In the 
past, GPUs could not run double precision floating-point programs at all, except 
through software emulation. And that's not very fast at all. GPUs have made the 
progression from indexed arithmetic representation (lookup tables for colors) to 
8-bit integers per color component, to fixed-point arithmetic, to single precision 
floatin g-point, and recently added double precision. Modern GPUs perform 
virtually all calculations in single precision IEEE floating-point arithmetic, and are 
beginning to use double precision in addition. 

For a small additional cost, a GPU can support double precision floating-point 
as well as single precision floating-point. Today, double precision runs more slowly 
than the single precision speed, about five to ten times slower. For incremental 
additional cost, double precision performance can be increased relative to single 
precision in stages, as more applications demand it. I 

Fallacy: GPUs don't do floating-point correctly. GPUs, at least in the Tosla archi
tecture family of processors, perform single precision floating-point processing at 
a level prescribed by the IEEE 754 floating-point standard. So, in terms of accuracy, 
GPUs are the equal of any other IEEE 754-compliant processors. 

Today, GPUs do not implement some of the specific features described in the 
standard, such as handling denormalized numbers and providing precise floating
point exceptions. However, the recently introduced Tesla nop GPU provides full 
IEEE rounding, fused-multiply-add, and denormalized number support for double 
precision. 

Pitfall: Just use more threads to cover longer memory latencies. CPU cores are 
typically designed to run a single thread at full speed. To run at full speed, every 
instruction and its data need to be available when it is time for that instruction to 
run. If the next instruction is not ready or the data required for that instruction is 
not available, the instruction cannot run and the processor stalls. External memory 
is distant from the processor, so it takes many cycles of wasted execution to fetch 
data from memory. Consequently, CPUs require large local caches to keep running 
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without stalling. Memory latency is long, so it is avoided by striving to run in the 
cache. At some point, program working set demands may be larger than any cache. 
Some CPUs have used multithreading to tolerate latency, but the number of threads 
per core has generally been limited to a small number. 

The GPU strategy is different. GPU cores are designed to run many threads 
concurrently, but only one instruction from any thread at a time. Another way to 
say this is that a GPU runs each thread slowly, but in aggregate runs the threads 
efficiently. Each thread can tolerate some amount of memory latency, because 
other threads can run. 

The downside of this is that multiple-many multiple threads-are required 
to cover the memory latency. In addition, if memory accesses are scattered or not 
correlated among threads, the memory system will get progressively slower in 
responding to each individual request. Eventually, even the multiple threads will 
not be able to cover the latency. So, the pitfall is that for the "just use more threads" 
strategy to work for covering latency, you have to have enough threads, and the 
threads have to be well-behaved in terms of locality of memory access. 

Fallacy: 0(11) algorithms are difficult to speed up. No matter how fast the GPU is 
at processing data, the steps of transferring data to and from the device may limit 
the performance of algorithms with 0(11) complexity (with a small amount of work 
per datum ). The highest transfer rate over the pere bus is approximately 48 GBI 
second when DMA transfers are used, and slightly less for nonDMA transfers. The 
CPU, in contrast, has typical access speeds of 8-12 GB/second to system memory. 
Example problems, such as vector addition, will be limited by the transfer of the 
inputs to the GPU and the returning output from the computation. 

There are three ways to overcome the cost of transferring data. First, try to leave 
the data on the GPU for as long as possible, instead of moving the data back and 
forth for different steps of a complicated algorithm. CUDA deliberately leaves data 
alone in the GPU between launches to support this. 

Second, the GPU supports the concurrent operations of copy-in, copy-out and 
computation, so data can be streamed in and out of the device while it is computing. 
This model is useful for any data stream that can be processed as it arrives. Examples 
are video processing, network routing, data compression/decompression, and even 
simpler computations such as large vector mathematics. 

The third suggestion is to use the CPU and GPU together, improvingperformance 
by assigning a subset of the work to each, treating the s),stem as a heterogeneous 
computing platform. The CUDA programming model supports allocation of work 
to one or more GPUs along with continued use of the CPU without the use of 
threads (via asynchl'Onous GPU functions), so it is re latively simple to keep all 
GPUs and a CPU working concurrentl), to solve problems even faster. 
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II ConcludIng Remarks 

GPUs are massively parallel processors and have become widely used, not only 
for 3D graphics, but also for many other applications. This wide application 
was made possible by the evolution of graphics devices into programmable 
processors. The graphics application programming model for GPUs is usually an 
API such as DirectX™ or OpenGLI"". For more general-purpose computing, the 
CUDA programming model uses an SPMD (single-program multiple data) style, 
executing a program with many parallel threads. 

GPU parallelism will continue to scale with Moore's law, mainly by increasing 
the number of processors. Only the parallel programming models that can readily 
scale to hundreds of processor cores and thousands of threads will be successful 
in supporting manycore GPUs and CPUs. Also, only those applications that have 
many largely independent parallel tasks will be accelerated by massively parallel 
manycore architectures. 

Parallel programming models for GPUs are becoming more flexible, for both 
graphics and parallel computing. For example, CUDA is evolving rapidly in the 
direction of full CIC++ functionality. Graphics APls and programming models will 
likely adapt parallel computing capabilities and models from CUDA. Its SPMD
style threading model is scalable, and is a convenient, succinct, and easily fearned 
model for expressing large amounts of parallelism. 

Driven by these changes in the programming models, GPU architecture is in 
turn becoming more flexible and more programmable. GPU fixed-function units 
are becoming accessible from general programs, along the lines of how CUDA 
programs already llse texture intrinsic functions to perform texture lookups using 
the GPU texture instruction and texture unit. 

GPU architecture will continue to adapt to the usage patterns of both graphics 
and other application programmers. GPUs will continue to expand to include more 
processing power through additional processor cores, as well as increasing the thread 
and memory bandwidth available for programs. In addition, the programming 
models must evolve to include programming heterogeneous manycore systems 
including both GPUs and CPUs. 
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A.l1 Historical Perspective and FUrther Reading 

Historical Perspective and Further 
Reading 

This sectio~, which appears on the CD, surveys the history of programmable real
lime graplllcspro~essmg units (GPUs) from the early [980s through today as 
they declined 1I1 pnce by two orders of magnitude and increased in performance 
~y two orders of magllltude. It traces the evolution of the GPU from fixed func
IOn pl~ehnes ~o program:nable graphICS processors, with perspectives on GPU 

computing, unIfied graphiCS and computing processors, visual computing and 
scalable GPUs. ' 
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Introduction 

Encoding instructions as binary numbers is natural and efficient for computers. 
Humans, however, have a great deal of difficult)' understanding and manipulating 
these numbers. People read and write symbols (words) much better than long 
sequences·of digits. Chapter 2 showed that we need not choose between numbers 
and words, because computer instructions can be represented in many ways. 
Humans can write and read symbols, and computers can execute the equivalent 
binary numbers. This appendix describes the process b), wh ich a human-readable 
program is translated into a form that a computer can execute, provides a few hints 
about writing assembly programs, and explains how to run these programs on 
SP IM, a simulator that executes MIPS programs. UN IX, Windows, and Mac OS X 
versions of the SPIM simulator are ava ilable on the CD. 

Asse/llbly Inllgllnge is the symbolic representation of a computer's binar), 
encod ing-the machine language. Assembly language is more readable than 
machine language, because it uses symbols instead of bits. The symbols in assembly 
language name common I)' occurring bit patterns, such as opcodes and register 
specifiers, so people can read and remember them. In addition, assembly language 

machine language 
Binary representation 
used for communication 
within a computer 
system. 
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assembler A program 
thilt translates a symbolic 
version of instruction into 
the binary version. 

macro A paltcrn
mntching and replacement 
facility that provides a 
simple mechanism to name 
a frequently llsed sequence 
of instructions. 

unresolved reference 
A reference that requires 
morc information from 
an outside source to be 
com plete. 

linker Also called 
link editor. A systems 
progrnm that combines 
independently assembled 
machine language 
programs and resolves all 
undefined labels into an 
executable me. 
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file 

Source 
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FIGURE B.l.1 The process that produces an executable file. An assembler translates :l file of 
assembly language into an object file, which is linked with other files and libraries into an execut able file. 

permits programmers to use Inbe/s to identify and name particular memory words 
that hold instructions or data. 

A tool called an assembler translates assembly language into binary instruc
tions. Assemblers provide a fri endlier representation than a computer's Os and 
Is, which simplifies writing and reading programs. Symbolic names for opera
tions and locations are one facet of this representation. Another facet is program
ming facilities that increase a program's clarity. For example, macros, discussed in 
Section 8.2, enable a programmer to extend the assembly language by defining new 
operations. 

An assembler reads a single assembly language sOllree file and produces an 
object file containing machine instructions and bookkeeping information that 
helps combine several object files into a program. Figure B.l.l illustrates how a 
program is built. Most programs consist of several files-al so called 11I0dllle~ 
that are written, compiled, and assembled independently. A program may also use 
prewritten routines supplied in a progrnllllibmry. A module typically contains ref
erellees to subroutines and data defined in other modules and in libraries. The code 
in a module cannot be executed when it contains unresolved references to labels 
in other object files or librar ies. Another tool, called a linker, combines a collection 
of object and library files into an exew fnble file, which a computer can run. 

To see the advantage of assembly language, consider the followin g sequence of 
figures, all of which contain a short subroutine that computes and prints the sum of 
the squares of integers from 0 to 100. Figure 8.1.2 shows the machine language that 
a MIPS computer executes. With considerable effort, you could use the opcode and 
instruction format tables in Chapter 2 to translate the instructions into a symbolic 
program sim ilar to that shown in Figure 8.1.3. This form of the routine is much 

0010011110111 10111111111111 00000 
10101111 101 11111 00000000000101 00 
10101 111 101001 000000000000100000 
10101 111101001010000000000100 100 
10101 11110 100000000000000001 1000 
101 0111 110100000000000000001 1100 
10001 11110101 110000000000001 1100 
10001 1111 01110000000000000011 000 
0000000111001 11 0000000000001 100 1 
001 001 01110 0100000 00000000000001 
00101001000000010000000001 10 01 01 
1010111110 101 00000000000000111 00 
000000000000000001 11100000010010 
000000110000 11111100100000100001 
0001010000 1000001111111111110111 
10101111101 1100 10000000000011000 
001111 00000 001000001000000000 000 
1000 11111 01001 0100000000000 11000 
000011000001000000000000111 011 00 
0010010010000 100000001000011 000 0 
10001 11110111111 0000000000010100 
0010011 1101 1110 10000000000100000 
0000001 1111000000000000000001000 
00000000000000000001000000100001 
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RGURE B.1.2 MIPS machine language code for a routine to compute and print the sum 
of the squares of integers between 0 and 100. 

easier to read, because operations and operands are written with symbols rather 
than with bit patterns. However, this assembly language is still difficult to follolY, 
because memory locations are named by their address rather than by a symbolic 
labeL 

Figilre B.IA sholYs assembly language that labels memory addresses with mne
monic names. Most programmers prefer to read and write this form. Names that 
begin with a period, for example . data and . g l ob 1, are assembler directives 
that tell the assembler how to translate a program but do not produce machine 
instructions. Names followed by a colon, such as 5 t r : or rna i ll: , are labels that 
name the next memory location. This program is as readable as most assembly 
language programs (except for a glaring lack of comments) , but it is still difficult 
to follow, because many simple operations are required to accomplish simple tasks 
and because assembly language's lack of control flow constructs provides few hints 
about the program's operation. 

By contrast, the C routine in Figure B.1.5 is both shorter and clearer, since vari
ables have mnemonic names and the loop is explicit rather than constructed with 
branches. In fact, the C routine is the only one that we wrote. The other forms of 
the program were produced by a C compiler and assembler. 

In general, assembly language plays two roles (see Figure 8.1.6). The first role 
is the output language of compilers. A e011lpiler translates a program written in a 
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addiu 129 . 129 . -32 
5>/ 13 1. 20( 129) 
5>/ Stl , 32(129) 
5 \'/ \5. 36(129) 
5>/ 10 . 24(129) 
S>I 10. 2B( 129 ) 
hi 114 . 2B(129) 
hi 124 . 2'1 ( 129) 
mul lu 114 . 114 
addi u lB . 114 . 1 
s1t i I I. lB . 101 
5 1'/ lB. 2B( 129) 
nnl0 \ 15 
addu 125 . 124 . 115 
bne I I. 10 . -9 
51-' ~ 25 . 24( 129) 
1 u i 14. 11096 
1\, $5. 24(129) 
jal 104881 2 
addiu 14 . 14. 1012 
h/ 13 1. 20($29) 
addiu 129. 129 . 32 
jr >3 1 
move 12. 10 

FIGURE B.l.3 The same routine written in assembly language. However, (he code Cor tilt: 

roulint! docs not lahel registers or memory locations nor include comments. 

high-levellnllgllnge (such as C or Pascal) into an equivalent program in machine or 
assembly language. The high-level language is called the source language, ahd the 
compiler's output is its mrget lnllgllnge. 

Assembly language's other ro le is as a la nguage in which to write programs. This 
role lIsed to be the dominant one. Today, however, because of larger main memo
ries and better compilers, most programmers write in a high-level language and 
rarely, if ever, see the instructions that a computer executes. Nevertheless, assembly 
language is sti ll important to write programs in which speed or size is critical or to 
exploit hardware features that have no analogues in high-level languages. 

Although this appendix focuses on MIPS assembly language, assembly pro
gramming on most other machines is very similar. The add itiona l instructions and 
address modes in CISC machines, such as the VAX., can make assembly programs 
shorter but do not change the process of assembling a program or provide assembly 
language with the advantages of high- level languages, such as type-checking and 
structured control flow. 

B.l Introduction 

. text 
· a I i gn 1 
. gl obl mai n 

in1lin : 
5ubu ssp , Ssp . 32 
s\·/ Sra, 20(\sp) 
sd 'taO. 32tlsp) 
5\'/ 10 . 24 ('t sp) 

'" 10. 28(\s p ) 
l oop : 

h/ It6 . 2B(lsp) 
mul Ill . 1t6 . H6 
11'1 ItB . 211{S 5p) 
add u 1t9 . stB , Itl 
5 1'/ 1t9 . 24(lsp) 
addu stO . 1t6 , I 
5 1'1 itO . 2B( IS~) 
b1e $tO . 100, oop 
1" SilO , str 
11, \al . 24( ISp) 
ja I pri nt f 
move 'tvO . 10 
hi 'tra, 20( l sp) 
addu ss p , Ssp . 32 
jr Ira 

· da t 11 
· a I i gil 0 

str : 
.1I sc 11z "The sum from 0 .. 100 is % d \ l l ~ 

FIGURE B.l .4 The same routine written in assembly language with labels, but no com
ments. Thecommands that start with periods arc assemblerdircctil'cs (sce pagcs 8-47-49) .. tex t irulicatcs 
that sllcceeding lines comain instructions .. da ta indicates that ther co ntain da ta . . 111 i gn 11 indi ca tes that 
the items on the succeeding lines should be .lligned 0 11 a 2'J brte boundary. Hence, . ill i gn 2 means thc next 
item shl?uld be on a word boundary . . glob 1 mil i n declares tha t ilia i n is a global s)'lnhoJ thaI should be 
visible to code stored in other files. Finally, . liS C; i Z stores a null -terminated string in memory. 

When to Use Assembly Language 

The primary reaso n to program in assembly language, as opposed to an available 
high-level language, is because the speed or size of a program is critically importan 1. 
For exampJe, consider a computer that controls a piece of machi nery, such as a 
car's brakes. A computer that is incorporated in anot her device, such as a car. is 
called an elllbedded compl/ter. This type of computer needs to respo nd rapidly 
and predictably to events in the outside world. Because a compiler introduces 
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Uinclude <st di o .h > 

int 
main (int argc , clla r *argv[) 
I 

i nt i ; 
fnt slim - 0 ; 

For (i - 0; j (- 100 ; i .. i + l) sum - sum + i * i; 
printf ("The s um fr om 0 .. 100 is %d\n ", sum) ; 

FIGURE B.l.S The routine written in the C programming language. 

High-level language program 

Program Linker ~8 

Assembly language program 

FIGURE B.l.6 Assembly language either Is written by a programmer or is the output of 
a compiler. 

I 
uncertainty about the time cost of operations, programmers may find it difficult 
to ensure that a high-level language program responds within a definite time 
interval-say, I millisecond after a sensor detects that a tire is skidding. An assembly 
language programmer, on the other hand, has tight control over which instruc
tions execute. In addition, in embedded applications, reducing a program's size, so 
that it fits in fewer memory chips, reduces the cost of the embedded computer. 

A hybrid approach, in which most of a program is written in a high-level lan
guage and time-critical sections are written in assembly language, builds on the 
strengths of both languages. Programs typically spend most of their time executing 
a small fraction of the program's source code. This observation is just the principle 
of locality that underlies caches (see Section 5.1 in Chapter 5). 

Program profiling measures where a program spends its time and can find the 
time-critical parts of a program. In many cases, this portion of the program can 
be made faster with better data structures or algorithms. Sometimes, however, sig
nificant performance improvements only come from recoding a critical portion of 
a program in assembly language. 

B.1 Introduction 

This improvement is not necessarily an indication tha t the high-level language's 
~ompiler has failed. Compilers typically are better than programmers at produc
mg ulllformly 11Igh-quahty machine code across an entire program. Progrtll11mers, 
however, understand a program's algorithms and behavior at a deeper level than 
a compIler and can expend considerable effort and ingenuity improving small 
sectlon~ of the program. In particular. programmers often consider several proce
dures slJllulta~eously while writing their code. Com pilers typically comp ile each 
pro.cedure 111 Isolation and must follow strict co nventions governing the use of 
registers at procedure boundaries. By retaining commonly used values in regis
ters, even across procedure boundaries, programmers ca n make a program run 
faster. 

. Another major advantage of assembly language is the ability to exploit special
Ized I~ stru~tlons-for example, string copy or pattern-matching instructions. 
Compilers,.'" most cases, cannot determine that a program loop can be replaced 
by a s1l1gle 1I1structlon. However, the programmer who wrote the loop can replace 
it easily with a single instruction. 

Currently, a programmer's advantage over a compiler has become difficult to 
maintain as compilation techniques improve and machines' pipelines increase in 
complexity (Chapter 4). 

The final reason to use assembly language is that no high-level language is 
avaIlable on a partIcular computer. Many older or specialized computers do not 
have a compIler, so a programmer's only alternative is assembly language. 

Drawbacks of Assembly Language 

Assembly language has many disadvantages that strongly argue against its wide
spread use. Perhaps its major disadvantage is that programs written in assembly 
language are inherently machine-specific and must be totally rewritten to run on 
another conlputer architecture. The rapid evolution of computers discussed in 
Chapter I means that architectures become obsolete. An assembly language pro
gr~m remains tightly bound to its original architecture, even after the computer is 
echpsed by new, faster, and more cost-effective machines. 

Another disadvantage is that assembly language programs are longer than the 
equI:alent progl:ams written in a high-level language. For example, the C program 
III FIgure B.I.s IS 11 hnes long, while the assembly program in Figure B.1.4 is 
311mes long. In more complex programs, the ratio of assembly to high-level lan
guage (I ts expmlS/O/J fnclor) can be much larger than the factor of three in this exam
ple. Unfortunately, e~pirical studies have shown that programmers write roughly 
the same number of hnes of code per day in assembly as in high-level languages. 
TIllS mea ns that pI:ogrammers are roughly x times 1110re productive in a high-level 
language, where x IS the assembly language expansion factor. 

B·9 
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To compound the problem, longer programs are more difficult to read and 
understand, and they contain more bugs_ Assembly language exacerbat~s the prob
lem because of its complete lack of structure. Common programmll1g Idioms, 
such as if-thell statements and loops, must be built from branches and jumps. The 
resulting programs are hard to read, because the reader must reconstruct every 
higher-level construct from its pieces and each instance of a statement may be 
slightly different. For example, look at Figure 801.4 and answer these questions: 
What type of loop is used? What are its lower and upper bounds? 

Elaboration: Compilers can produce machine language directly instead of relying on 
an assembler. These compilers typically execute much faster than those that invol<e 
an assembler as part of compilation. However, a compiler that generates macl1ine Ian· 
guage must perform many tasks that an assembler normally handles, SUCh, as resolv
ing addresses and encoding instructions as binary numbers. The tradeoff IS between 
compilation speed and compiler simplicity. 

Elaboration: Despite these considerations, some embedded applications are written 
in a high· level language. Many of these applications are large and complex programs that 
must be extremely reliable. Assembly language programs are longer and more difficult 
to write and read tllan high-level language programs. This greatly increases the cost 
of writing an assembly language program and makes it extremely difficult to verify the 
correctness of this type of program. In fact, these considerations led the Department of 
Defense, which pays for many complex embedded systems, to develop Ada, a new high
level language for writing embedded systems. 

Assemblers 

An assembler translates a file of assembly language statements into a file of binary 
machine instructions and binary data. The translation process has two major 
parts. The first step is to find memory lo.cations with labels so that the relationship 
between symbolic names and addresses IS known when Instructl?n.s are translate~. 
The second step is to translate each assembly statement by combll1l11g the n~menc 
equivalents of opcodes, register specifiers, and labels II1to a legal II1structlOn. As 
shown in Figure Rl.l, the assembler produces an output file: called an object file, 
which contains the machine instructions, data, and bookkeeping information. 

An object file typically cannot be executed, because it r~ferences procedures or 
data in other files. A label is external (also called global) If the labeled object can 
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be referenced from files other than the one in which it is defined. A label is loenl 
if the object can be used only within the file in which it is defined. In most assem
blers, labels are local by default and must be explicitly declared global. Subroutines 
and global variables require external labels since they are referenced from many 
files in a program. Local labels hide names that should not be vis ible to other 
modules-for example, static functions in C, which can only be called by other 
functions in the same file. In addition, compiler-generated names-for example, a 
name for the instruction at the beginning of a loop-are local so that the compiler 
need not produce unique names in every file. 

Local and Global Labels 

Consider the program in Figure B.l.4. The subroutine has an external (global) 
label ma i n. It also contains two local labels-loop and 5 t r -that are only 
visible with this assembly language file. Finally, the routine also contains an 
unresolved reference to an external label pri ntf, which is the library routine 
that prints values. Which labels in Figure 801.4 could be referenced from 
another file? 

Only global labels are visible outside a file, so the only label that could be 
referenced from another file is ma in. 

Since the assembler processes each file in a program individually and in isolation, 
it only knows the addresses oflocal labels. The assembler depends on another tool, 
the linker, to combine a collection of object files and libraries into an executable 
file by resolving external labels. The assembler assists the linker by providing lists 
of labels and unresolved references. 

However, even local labels present an interesting challenge to an assembler. 
Unlike names in most high-level languages, assembly labels may be used before 
they are defined. In the example, in Figure 801.4, the label 5 t r is used by the 1 a 
instruction before it is defined. The possibility of a fonvard reference, like this one, 
forces an assembler to translate a program in two steps: first find all labels and then 
produce instructions. In the example, when the assembler sees the 1 a instruction, 
it does not know where the word labeled 5 t r is located or even whether 5 t r labels 
an instruction or datum. 
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An assembler's first pass reads each line of an assembly file and breaks it into 
its component pieces. These pieces. which are called lexemes, are individual words, 
numbers, and punctuation characters. For example. the line 

ble $tO, lOa, loop 

contains six lexemes: the opcode b 1 e, the register specifier HO , a comma, the 
number 100, a comma, and the symbol l oop. 

If a line begins with a label, the assembler records in its symbol table the name 
of the label and the address of the memory word that the instruction occupies. 
The assembler then calculates how many words of memory the instruction on the 
current line will occupy. By keeping track of the instructions' sizes, the assembler 
cun determine where the next instruction goes. To compute the size of a variable
length instruction, like those on the VAX, an assembler has to examine it in detail. 
However, fixed-length instructions, like those on MIPS, require only a cursory 
examination. The assembler performs a si milar calculation to compute the space 
required for data statements. When the assembler reaches the end of an assembly 
file, the symbol table records the location of each label defined in the fil e. 

The assembler uses the in formation in the symbol table during a second pass 
over the file, which actually produces machine code. The assembler again exam
ines each line in the file. If the line contains an instruction , the assembler COI11-

bines the binary representat ions of its opcode and operands (register specifiers or 
memory address) into a legal inst ruction. The process is similar to the o ne used in 
Section 2.5 in Ch<1pter 2. Instructions and data words that reference an external 
symbol defined in another file cannot be completely assembled (they are unre
solved), since the symbol's address is not in the symbol table. An assembler does 
not complain about unresolved references, since the corresponding label is likely to 
be defined in another file. 

Assembly language is a programming language. Its principal difrerence 
from high-level languages such as BASIC, Java, and C is that assembl), lan
guage provides only a felV, simple types of data and control flow. Assembly 
language programs do not specify the type of value held in a variable. 
Instead,a programmer must apply the appropriate operations (e.g., integer 
or floating-point addition) to a value. In addition, in assembly language, 
programs mUSI implemenl all control flolV lVith go tos. Both factors make 
assembly language programming ror any machine-MIPS or x86-more 
difficult and error-prone than writing in a high-level language. 
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Elaboration: If an assembler's speed is important. this two-step process can be done 
in one pass over the assembly file with a technique Imown as backpatching. In its 
pass over the file, the assembler builds a (possibly incomplete) binary representation 
of every instruction. If tile instruction references a label tllat has not yet been defined, 
the assembler records tile label and instruction in a table. When a label is defined, tile 
assembler consults this table to find aU instructions tllat contain a forward reference to 
the label. The assembler goes back and corrects their binary representation to incorpo
rate the address of the labe l. Backpatching speeds assembly because the assembler 
only reads its input once. However, it requires an assembler to hold the entire binary rep. 
resentation of a program in memory so instructions can be bacl{patclled. This require
ment can limit tile size of programs that can be assembled. Tile process is complicated 
by machines with several types of branches that span different ranges of instructions. 
When the assembler first sees an unresolved label in a branch instruction, it must either 
use tile largest possible branch or risk having to go back and readjust many instructions 
to mal{e room for a larger brancll. 

Object File Format 

Assemblers produce object files. An object fil e on UNIX contains six distinct 
sections (see Figure B.2.1) : 

• The object file /teader describes the size and position of the other pieces of 
the file. 

• The text segment contains the machine language code for routines in the 
. Source file. These routines may be unexecutable because of unresolved 
references. 

• The data segment contains a binary representation of the data in the source 
file. The data also may be incomplete because of unresolved references to 
labels in other fi les. 

• The relocation information identifies instructions and da ta words that 
depend on absolute addresses. These references must change if portions of 
the program are moved in memory. 

• The s),lIIbol table associates addresses with external labels in the source file 
and lists unresolved references. 

• The debllggillg illforlllatioll contains a concise description of the wa), the 
program was compiled, so a debugger can find which instruction addresses 
correspond to lines in a source file and print the data structures in readable 
form. 

The assembler produces an object file that contains a binary representation of 
the program and data and additional information to help link pieces of a program. 
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RGURE B.2.1 Object file. A UNIX assembler produces an object file with six distinct sections. 

This relocation information is necessary because the assembler does not know 
which memory locations a procedure or piece of data will occupy after it is linked 
with the rest of the program. Procedures and data from a file are stored in a con
tiguous piece of memory, but the assembler does not know where this memory will 
be located. The assembler also passes some symbol table entries to the linker. In 
particular, the assembler must record which external symbols are defined in a fil e 
and what unresolved references occur in a file. 

Elaboration: For convenience, assemblers assume each file starts at the same address 
(for example, location 0) with the expectation that the linker will relocate the code and 
data when they are assigned locations in memory. Tile assembler produces relocation 
information, which contains an entry describing each instruction or data word in the file 
that references an absolute address. On MIPS, only the subroutine call, load, and store 
instructions reference absolute addresses. Instructions that use PC·relative addressing, 
such as branches, need not be relocated. 

Additional Facilities 

Assemblers provide a variety of convenience features that help make assembler 
programs shorter and easier to write, but do not fundamentally cha nge assembly 
language. For example, dma layollt direc/il'es allow a programmer to describe data 
in a more concise and natural manner than its binary representation. 

In Figure B.IA, the directive 

.a sc i iz -Th e s um from 0 .. 100 is Id\ n" 

stores characters from the string in memory. Contrast this line with the alternative 
of writing each character as its ASCll value (Figure 2.15 in Chapter 2 describes the 
ASCll encoding for characters): 

.byte 84 , 104 ,101, 32, 115, 117, 109, 32 

.byte 102 , 114. 111, 109, 32 . 48. 32 , 46 

. byte 46 . 32 , 49 . 48 , 48, 32, 105 , 115 

.byte 32 , 37 . 100 ,10,0 

The. as c i i z directive is easier to read because it represents characters as letters, 
not binary numbers. An assembler can translate characters to their binary repre
sentation much fLister and more Llccurately than a human can. Data layout directives 
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specify data in a human-readable form that the assembler translates to binary. Other 
layout directives are described in Section B.I O. 

String Directive 

Define the sequence of bytes produced by this directive: 

.a sci iz "Th e qui ck b r own f ox jumps ove r the la zy dog" 

· byte 84 , 104. 101, 32 , 11 3 . 117, 105 , 99 
· byte 107 , 32, 98 , 114. Ill , 119 . 110 . 32 
· byte 102 , 111. 120 . 32 , 106 . 117 . 109 . 112 
.byte 115, 32 , 111 , 118 , 101 , 114, 32 . 11 6 
· by te 10 4, 10 1, 32 , 108. 97. 122, 121 . 32 
. byte 100, I ll, 103 , 0 

Macro is a pattern-matching and replacement facility that provides a simple 
mechanism to name a frequently used sequence of instructions. Instead of repeat
edly typing the same instructions every time they are used, a programmer invokes 
the macro and the assembler replaces the macro call with the corresponding 
sequence of instructions. Macros, like subroutines, permit a programmer to create 
and, name a new abstraction for a common operation. Unlike subroutines, how
ever, macros do not cause a subroutine call and return when the program runs, 
since a macro call is replaced by the macro's body when the program is assembled. 
After this replacement, the resulting assembly is indistinguishable from the equiv
alent progrillll written without macros. 

Macros 

As an example, suppose that a programmer needs to print many numbers. The 
library routine pI' in tf accepts a format string and one or more values to print 
as its arguments. A programmer could print the integer in register $ 7 with the 
following instructions: 

.da ta 
int str : .a sciiz - %d 

. text 

1a $a O, i nt st r If Load stri ng add ,' ess 
1/ i nto first ug 
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mol' Sa l. $7 II Loa d val ue in t o 
/I sec ond a I"g 

j al p r in tf II Call t he p r i ntf r o u t in e 

The. da t a directive tells the assembler to store the string in the program's 
data segment, and the. text directive tells the assembler to store the IT1strllc-

tions in its text segment. . . 
However, printing Illany numbers in this fashion IS tedIO~'s ,-~nd p,roduces a 

verbose program that is difficult to understand. An alternative IS to mtroduce 
a macro, p r i nt_ i n t, to print an integer: 

i nt 
.d a ta 

s U: . asci i z "%d" 
. tex t 
.mac ro p rin t _ i n t($arg ) 
la taO. in t s tr" II Load s t r ing addr ess int o 

mol' Sal. $a l"g 

ja l printf 
. e nd_ma c r o 

II fir st a rg 
# Lo a d ma c ro' s paramete r 
/I ($arg ) int o sec on d a r g 
/I Cal l t he p rintf r out i ne 

pri nCi nt ($7) 

The macro has a formal parameter, $a rg, that names the arg~\lllenl ~o the 
macro. \"'hen the macro is expanded, the argument from a call IS substituted 
for the formal parameter throughout the macro's body. Then the assembler 
replaces the call with the macro's newly expanded body. In the first call on 
p r in t _ i nt , the argument is t 7, so the macro expands to the code 

I a $aO. i nt_s tr 
mo v$ a l . $7 
j a l print f 

In a second call on p r i nt_ i nt. say, p r i nt_ i nt ( $t O) , the argument is $10 , 

so the macro expands to 

l a t aO. i nt_s tr 
mov tal. $tO 
j al pr i ntf 

What does the call pr i nt_ i n t (t aO ) expand to? 

I a $a O. i nt_ s tr 
rnov t al. ta O 
ja l p l"intf 
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This example illustrates a drawback of macros. A programmer who uses 
this macro must be aware that p r~ i nt_ i n t uses register $ a 0 and so cannot 
correctly print the value in that register. 

Some assemblers also implement' pseluioinstrtlctiollS, which are instructions pro
vided by an assembler but not implemented in hardware. Chapter 2 contains 
many examples of how the MIPS assemb ler synthesizes pseudo instructions 
and addressing modes from the spartan MIPS hardware instruction set. For 
examp le, Section 2.7 in Chapter 2 describes how the assembler s)'nthesizes the 
b 1 t instruction from two other instructions: S 1 t and bne. By extending the 
instruction set, the MIPS assembler makes assembly language programming 
easier with out complicating the hardware. Many pseudoinstructions co uld also 
be simulated with macros, but the MIPS assembler can generate better code for 
these instructions because it can use a dedicated register ($at) and is able to 
optimize the generated code. 

Elaboration: Assemblers conditionally assemble pieces of code, which permits a 
programmer to include or exclude groups of instructions wilen a program is assembled. 
This feature is particularly useful when several versions of a program differ by a small 
amount. Rather than keep these programs in separate files-whicl1 greatly complicates 
fixing bugs in the common code-programmers typically merge the versions into a sin· 
gle file. Code particular to one version is conditionally assembled. so it can be excluded 
wilen otl1er versions of the program are assembled. 

If macros and conditional assembly are useful, why do assemblers for UNIX systems 
rarely, if ever, provide them? One reason is tl1at most programmers on tl1ese systems 
write programs in higher-level languages like C. Most of the assembly code is produced 
by compilers , Wllich find it more convenient to repeat code ratl1er than define macros. 
Another reason is that other tools on UNIX-such as cp p, tile C preprocessor, or m4 , a 
general macro processor-can provide macros and conditional assembly for assembly 
language programs. 

ANSWER 

Hardware/ 
Software 
Interface 
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Linkers 

Separate compilation permits a program to be split in to pieces that are stored in 
different fi les. Each file contains a logically related collection of subroutines and 
data structures that form a lIIodllle in a larger program. A file can be compiled and 
assembled independently of other files, so changes to one module do not require 
recompiling the entire program. As we discussed above, separate compilatio n neces
sitates the additional step of linking to combine object fi les fro m separate modules 
and fix their unresolved references. 

The tool that merges these files is the lil1ker (see Figure 8.3.1) . It pe rforms three 
tasks: 

• Searches the program libraries to find library routines used by the program 

• Determines the memory locations that code from each module will occupy 
and relocates its instructions by adjusting absolute references 

• Resolves references among fi les 

A linker's first task is to ensure that a program contains no undefined labels. The 
linker matches the external symbols and unresolved references from a program's 
files. An external symbol in o ne fi le resolves a reference fro m another fi le if both 
refer to a label with the same name. Unmatched references mean a symbol was used 
but not defined anywhere in the program. 

Unresolved references at this stage in the linking process do not necessarily 
mean a programmer made a mistake. The program could have referenced a library 
routine whose code was not in the object files passed to the linker. After matching 
symbols in the program, the linker sea rches the system's program libraries to 
fi nd predefined subroutines and data structures that the program references. The 
basic libraries contain routines that read and write data, allocate and deallocate 
memory, and perform numeric operations. Other libraries contain routines to 
access i1 database or manipulate term inal windows. A program that references an 
unresolved symbol that is not in any library is erroneous and cannot be lin ked. 
When the program uses a library routine, the linker extracts the routine's code 
from the library and incorporates it into the program text segment. This new 
routine, in turn, may depend on other library routines, so the lin ker continues to 
fetch other library routines until no external references are unresolved or a routine 
cannot be found. 

If all external references are resolved, the linker next determines the memo ry 
locations that each module will occupy. Since the files were assembled in isolation, 

Inslruc lions 

,... 

-
lion Reloca 

records 

Object file 

SUb: 

· Object liIe · · main: 
j a 1 ??? 

~ · · · j a 1 ??? 

co I I. sub 
call • prf ntf 

C library 

print: 

· · • 

B.4 Loading 

Executable file 

me'ln: 
ja l pri nt f 

· · · ja l sub 

Linker printf: 
-· · SUb: 

· -· 

~IGURE B.3.1 Th~ linker searches a collection of object files and program libraries to 
fmd nonlocal routmes used in a program, combines them into a single executable file and 
resolves references between routines In different flies. ' 

the assembler could not know where a mod ule's instructions or data would be 
placed relative to other modules. When the linker places a module in memory, all 
absol ute references must be reloented to reflect its true locatio n. Since the linker has 
relocation information that identifies all relocatable references, it can efficiently 
find and backpa tch these references. 

The linker produces an executable file that can run on a computer. Typically, 
tIllS fi le has the same format as an object fi le, except that it contains no unresolved 
references or relocation information. 

Loading 

A program that links without an error can be run. Before being run, the program 
reSides 111 a fil e on secondary storage, such as a disk. On UNIX systems, the operating 
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system kernel brings a program into memory and starts it running. To start a program. 
the operating system performs the following steps: 

I. It reads the executable file's header to determine the size of the text and data 

segments. 

2. It creates a new address space for the program. This address space is large 
enough to hold the text and data segments, along with a stack segment (see 

Section B.5). 

3. It copies instructions and data from the executable file into the new address 

space. 

4. It copies arguments passed to the program onto the staclz. 

5. It initializes the machine registers. In general, most registers are cleared, but 
the stack pointer must be assigned the address of the first free stack location 

(see Section B.S). 

6. It jumps to a start-up routine that copies the program's arguments from the 
stack to registers ,md calls the program's rna i n routine. If the rna i n routine 
returns, tbe start-up routine terminates the program with the exit system call. 

Memory Usage 

The next few sectio ns elaborate the description of the MIPS architecture presented 
earlier in the book. Ea rlierchapters focused primarilyon hardware and its relationship 
with low-level software. These sections focus primarily on how assembly language 
programmers use MIPS hardware. These sections describe a set of conv~ntions 
fo llowed on many MIPS systems. For the most part, the hardware does not Impose 
these conventio ns. Instead, they represent an agreement among programmers to 
fo llow the same set of rules so that software written by different people can work 
together and make effective use of MIPS hardware. 

Systems based on MIPS processors typically divide memory into three parts 
(see Figure B.5. I ). The first part, near the bottom of the address space (starting at 
address 400000h,') , is the text seglllent, which holds the program's instructions. 

The second part, above the text segment, is the data seglll""t, which is further 
divided in to two parts. Static data (s tarting at address I OOOOOOOh,xI contains 
objects whose size is known to the compiler and whose li fetime-the interval 
during which a program can access them-is the program's entire execution. For 
exa mple, in C, global variables are statically allocated, since they can be referenced 

B.S Memory Usage 

7ff1 Hfchcx 
Stack segment 

~ 
t 

Dynamic data 
- - - --- -- - -

Static data 
Data segment 

10000000hex 
Text segment 

R_rved 

RGURE B.S.1 Layout of memory. 

anytime during a program's execution. The linker both assigns static objects to 
locations in the data segment and resolves references to these objects. 

Immediately above static data is dynalllic da ta. This data, as its name implies, is 
allocated by the program as it executes. In C programs, themall oc library routine 

Because the data segment begins fa r above the program at address 10000000h", 
load, and store instructions cannot directly reference data objects with their 16-bit 
offset fields (see Section 2.5 in Chapter 2). For example, to load the word in the 
data segment at address 10010020hox into register $vO requires two instructions: 

l u i $50, Ox l00 l # Oxl00 l means 1001 base 16 
lw $vO . Ox0020($ 50) # Ox l00l0000 + Ox00 20 - Oxl00l0020 

(The Ox before a number means that it is a hexadecimal value. For example, Ox8000 
is 8000h" or 32,768"n') 

To avoid repeating the 1 u i instruction at every load and store, MIPS systems 
typically dedicate a register( $ gp) as a global pointeno the static data segment. This 
register contains address 10008000h", so load and store instructions can use their 
signed 16-bit offset fields to access the first 64 KB of the static data segment. With 
this global pointer, we can rewrite the example as a single instruction: 

l w $v O, Ox 80 20($gp) 

Of course, a global pointer register makes addressing locations 100000001 -lex 
10010000h" faster than other heap locations. The MIPS compiler usually stores 
glohalvariables in this area, because these variables have fixed locations and fit bet
te r than other global data, such as arrays. 

Hardware/ 
Software 
Interface 
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finds and returns a new block of memory. Since a compiler cannot predict how 
much memory a program will allocate, the operating system expands the dynamic 
data nrea to Illeet demand. As the upward nrrow in the figure indicates. rna 11 oc 
expands the dynamic area with the sbrk system call, which ca uses the operating 
system to add more pages to the program's virtual address space (see Section 5.4 in 
Chapter 5) immediately above the dynamic data segment. 

The third part, the program stacl, segment, resides at the top of the virtual 
address space (starting at address 7ffffff~,<, ). Like dynamic data , the maximum size 
of a program's stack is not known in advance. As the program pushes values on to 
the stack, the operating system expands the stack segment down toward the data 
segment. . 

This three-part division of memory is not the on ly possible one. However, It has 
two importnnt characteristics: the two dynamically expandable segments are as far 
apart as possible1 and they can grow to use a program's entire address space. 

III P,oced.,e Call """venllon 

Conventions governing the use of registers are necessary when procedures in a pro
gram are compiled separately. To compile a particular procedure, a compiler' must 
know which registers it may use and which registers are reserved for other proce
dures. Rules for using registers are called register use or procedure call conven
tions. As the name implies, these rules are, for the most part, conventions followed 
by software rather than rules enforced by hardware. However, most compilers and 
programmers try very hard to follow these conventions because violating them 
causes insidious bugs. 

The calling convention described in this section is the one used by the gee com
piler. The native MIPS compiler uses a more complex convention that is slightly 
faster. 

The MIPS CPU con tains 32 general-purpose registers that are numbered 0-31. 
Register $ 0 always contains the hardwired va lue O. 

• Registers $ a t (I), $ kO (26), and $ k 1 (27) are reserved for the assembler and 
operating system and should not be used by user programs or compilers. 

• Registers $ a 0- $ a 3 (4-7 ) are used to pass the first four arguments to routines 
(remaining arguments are passed on the stack). Registers $ vO and $ v 1 (2,3) 
are used to return values from functions. 

8.6 Procedure Call Convention 

• Registers HO- H9 (8-15,24,25) are caller-saved registers that are used 
to hold temporar), quantities that need not be preserved across calls (see 
Section 2.8 in Chapter 2). 

• Registers $ S 0-$ s 7 (I6-23) are callee-saved registers that hold long- lived 
values that should be preserved across calls. 

• Register $gp (28) is a global pointer that points to the middle of a 64K block 
of memory in the static data segment. 

• Register $sp (29) is the stack pointer, which points to the last location on 
the stack. Register H p (30) is the frame pointer. The j a 1 instruction writes 
register $ ra (3 1), the return address from a procedure cal l. These two regis
ters are explaliled III the next section. 

The two-letter abbreviations and names for these registers-for example $ S P 
for the stack pOl11ter-reflect the registers' intended uses in the procedure call 
convention: In describi~g this convention, we will use the names instead of register 
numbers. Figure E.6. J lISts the registers and describes their intended uses. 

Procedure Calls 

This section describes the steps that occur when one procedure (the ml/er) invokes 
another procedure (the ml/ee). Programmers who write in a high-level language 
(lIke C or Pascal) never see the details of how one procedure calls another, because 
the compiler takes care of this low-level bookkeeping. However, assembly language 
programmers must expliCitly Implement every procedure call and return. 

Most of the bookkeeping associated with a call is centered around a block 
of memory called a procedure call frame. This memor), is used for a variety of 
purposes: 

• To hold values passed to a procedure as arguments 

• To save registers that a procedure may modify, but which the procedure's 
caller does not want changed 

• To provide space for variables local to a procedure 

In most programming languages, procedure Gliis and returns follow a strict 
last- in, first-out (LIFO) order, so this memory can be allocated and deallocated on 
a stack, which is why these blocks of memory are sometimes called stack frames. 

Figure B.6.2 shows a typical stack frame. The frame consists of the memory 
between the frame pomter (Hp), which points to the first word of the frame, 
and the stack pointer ($ s p), which points to the last word of the frame. The stack 
grows down from higher memory addresses, so the fmllle pointer points above the 
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Register name Usage 

FIGURE 8.6.1 MIPS registers and usage convention. 

stack pointer. The executing procedure uses the frame pointer to quickly access 
values in its stack frame. For example. an argument in the stack frame can be loaded 
into register $vO with the instruction 

hi $vO. O( $fp ) 

Ifp --' 

B.6 Procedure Call Convention 

r--------, Higher memory addresses 

ArgumentS 

ArgumentS 

Saved registers 

Stack 
grows 

Local variables ~ 

Ssp -... Lower memory addresses 

FIGURE B.6.2 Layout of a stack frame. The fr<lme pointer ($ f p) points 10 the first word in the 
current ly execllting proccdLlrc '~ stack fram~'. The stack pointer (S Sp) points 10 the last word of the [r'lIne. 
The firs! fOLir arguments arc passed in registers, so the fifth argument is the first one stored on the stack. 

A stack frame may be built in many different ways; however, the caller and callee 
must agree on the sequence of steps. The steps below describe the calling convention 
used on most MIPS machines. This convention comes into play at three points 
during a procedure call: immediately before the caller invokes the callee, just as the 
callee' starts executing, and immediately before the callee returns to the caller. In 
the first part, the caller puts the procedure call arguments in standard places and 
invokes the callee to do the following: 

1. Pass arguments. By convention, the first four arguments Lire passed in regis
ters $a O- $a 3. Any remaining arguments are pushed on the stack and appear 
at the beginning of the called procedure's stacl, frame. 

2. Save caller-saved registers. The called procedure can lISe these registers 
($a O- $a 3 and $ t o-$ t 9) without first saving their value. If the caller expects 
to use one of these registers after a call. it must save its value before the call. 

3. Execute a j a 1 instruction (see Section 2.8 of Chap ter 2). whi ch jumps to the 
callee)s first instruction und saves the return address in register $ ra. 
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Before a called routine starts running, it must take the following steps to set up 
its stack frame: 

I. Allocate memory for the frame by subtracting the frame's size from the stack 
pointer. 

2. Save cal lee-saved registers in the frame. A callee must save the values in these 
registers ($ sO-$s7 , Hp, and $I'a) before altering them, since the caller 
expects to lind these registers unchanged after the call. Register $ fp is saved 
by every procedure that allocates a new stack frame. However, register $ ra 
only needs to be saved if the callee itself makes a call. The other callee-saved 
registers that are used also must be saved. 

3. Establish the frame pointer by adding the stack frame's size minus 4 to $ s p 
and storing the sum in register $fp . 

The MIPS register use convention provides callee- and caller-saved registers, 
because both types of registers are advantageous in different circumstances. Callee
saved registers are better used to hold long-lived values, such as variables from a 
user's program. These registers are only saved during a procedure call if the callee 
expects to use the register. On the other hand, caller-saved registers are better used 
to hold short-lived quantities that do not persist across a call, such as immediate 
values in an address calculation. During a call, the callee can also use these registers 
for short-lived temporaries. 

Finally, the callee returns to the caller by executing the following steps: 

I. If the ca llee is a function that returns a value, place the returned value in 
register $ v O. 

2. Restore all callee-saved registers that were saved upon procedure entry. 

3. Pop the stack frame by adding the /i'ame size to $ s p. 

4. Return by jumping to the address in register $ 1' a. 

Elaboration: A programming language that does not permit recursive procedures
procedures tI,8t call themselves either directly or indirectly tllrougll a chain of calls-need 
not allocate frames on a stack. In a nonrecursive language, each procedure's frame 
may be statically allocated, since only one invocation of a procedure can be active at a 
time. Older versions of Fortran prohibited recursion, because statically allocated frames 
produced faster code on some older machines. However, on load store architectures like 
MIPS, stacl~ frames may be just as fast, because a frame pOinter register pOints directly 
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to the ~ctive stack frame, which permits a Single load or store instruction to access 
values 10 the frame . In addition, recursion is a valuable programming technique. 

Procedure Call Example 

As an example, consider the C routine 

ma i n () 
I 

p l" i n tf ("The factorial of 10 is %dl n", fact (lO»; 

i nt fact (i n t n ) 
I 

if ( n < 1) 

re tur n (1) ; 

e lse 
r etur n (n * fact (n - 1»; 

which compute~ and prints 10! (the factorial of 10, 10! ~ 10 x 9 x ... x I). fact is 
a recurSlve routll1e that computes II! by mUltiplying II times (II - I )!. The assembly 
code for thiS routIne Illustrates how programs manipulate stack frames. 

Upon entry, the routine rna i n creates its stack frame and saves the two callee
saved registers it will modify: $fp and $ ra . The frame is larger than required for 
these two register because the calling convention requires the minimum size of a 
stack frame to be 24 bytes. This minimum frame can hold four argument registers 
(; aO-$a3) and the return address $ra , padded to a double-word boundary 
(_4 bytes). ~lI1ce ma 1 n also needs to save $fp, Its stack frame must be two words 
larger (remember: the stack pointer is kept doubleword aligned) . 

. te xt 

. glo b l main 
mai n: 

subu 
SW 

Sl< 

addi u 

$sP , $sp , 32 
$ r a , 20 ($ s p) 
Hp ,1 6($sp) 
$fP , $s p, 28 

# Stack fra me is 32 bytes l ong 
# Save return ad dress 
# Save o l d f ram e pO in ter 
# Se t up f rame po inter 

The routine ma in then calls the factorial routine and passes it the single argument 
10. After fa c t returns, ma i n calls the library routine p r i n t f and passes it both 
a format string and the result returned from fact: 
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1 i $aO ,1 0 II Put a r gume nt (10) i n laO 
jal fact II Ca 11 f a c t ori a l f un cti on 

1 a $aO , HC II Put fo rmat stri ng i n laO 
rnove $a 1 ,$vO 1/ Move fact r esult to $a1 
j a 1 p"in tf II Cal l t he pri nt f un ct i on 

Finally, after printi ng the factoria l, rna i n returns. But first, it m ust restore the 
registe rs it saved and pop its stack frame: 

l w 
l w 
ad di u 
j r 

, ,' d ata 
$LC: . 

. asc i i 

$,'a ,20($s p ) 
Hp , 16($sp) 
$sp ,$ sp , 32 
Ir a 

1/ Resto r e ret u r n add r ess 
1/ Restore fra me poi nt er 
1/ Pop stack fr ame 
1/ Return to caller 

"The f act o ria l o f 10 is I d\ n \O OO" 

The factoria l routine is sim ilar in stru cture to rn a i 11 . First, it creates a stack frame 
and saves the callee-saved registers it will use. In addi tion to saving Ira and Ifp, 
fact also saves its argument (laO) , which it will use for the recursive call: 

,text 
fact : 

s ub u $sp , $s p, 32 II Stack fr a me i s 32 bytes l on g 
S l; $ r a , 20($sp) 1/ Save ret ur n ad d r ess 
5\" $fp , 16( $sp) 1/ Save frame poi nter 
addi u H p, $sp , 28 II Set up frame pointe r 
sw $aO , O($fp) II Save a r gume nt ( n ) 

The heart of the fa c t routine performs the computation from the C program. 
It tests whether the Ll rgument is greater than O. If not, the rou ti ne returns the 
value ), If the argument is grea ter than 0, the routine recursively calls itself to 
compute facti n-1) and mu lt iplies tha t value times II: 

)" $vO , O(Hp) II Loa d n 
bgtz $vO , IL2 II Bran c h if n > 0 
1 i IvO , l II Return ) 
j r H) II J ump to code t o return 

H2 : 
hi $v l. O(H p ) II Load n 
subu $vO , $v] , ] II Comp ute n . ] 

mo ve $aO , $vO II Ha ve va l ue to laO 

j a 1 

h i 
mul 

fact 

$vl.O(Hp) 
$vO , $vO , $v] 
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# Call factor i al function 

# Load Il 

D Compute factlll- ) ) * n 

Finall y, the factorial routine restores the callee-saved registers and retu rns the 
va lue in register $vO : 

HI : II Res ult is i n $vO 
h i $ r a , 20 1$sp) II Resto r e Ira 
1 I; $fp , 16($s p ) 1/ Resto r e Hp 
add iu $s p, $sp , 32 1/ Pop stack 
jr $ r a II Ret urn t o caller 

Stack in Recursive Procedure 

Figure B,6.3 shows the stack at the call fa c t ( 7 ) . ma i n runs first, so its fra me 
is deepes t on the stack, ma i n calls f a c t ( 10) , whose stack fra me is next on the 
stack. Each invocation recursively invokes fact to compu te the next-lowest 
facto ri al. The stack fra mes para llel the LI FO order of these calls, What does the 
stack look like when the ca ll to fact( 10 ) returns? 

Stack 

Old Sra 
Old Sip main 

Old SaO 
Old Sra I act (10) 
Old Sip 

Old SaO 
Old Sra I act (9) 
Old Sip 

Old SaD 
Old Sra I act (8) 
Old Sip 

Old SaO 
Old Sra I 

Stack grows 
act (7) 

Old Sip 

FIGURE 8.6.3 Stack frames during the call of f act ( 7 ) . 
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Slack 

Old $ra 
Old$fp main 1 Slack grows 

Elaboration: The difference between the MIPS compiler and the gcc compiler is tllat 
the MIPS compiler usually does not use a frame pointer, so this register is available as 
another callee-saved register, $58 . Tilis change saves a couple of instructions in the 
procedure call and return sequence. However, it complicates code generation, because 
a procedure must access its stack frame with $sp . whose value can change du ring a 
procedure's execution if values are pushed on the stack. 

Another Procedure Call Example 

As another example, consider the following routine that computes the ta k func
tion, which is a widely used benchmark created by lkuo Takeuchi. This functi on 
does not compute anything useful, but is a heavily recursive program that illustra tes 
the MIPS calling convention. 

i nt tak ( in t x . int y. i nt z) 
I 

if (y < x) 
retu l"n 1+ tak (tak (x - 1. y . z) . 

tak (y 1 . z. x ). 

tak (z - 1. x . y» : 
else 

ret ur n z : 

int main () 
I 

takClB. 12 . 6) : 

The assembly code for this program is shown below. The t a k function first saves 
its return address in its stack frame and its arguments in callee-saved registers, 
since the routine may make calls that need to use registers $aO- $a2 and $ I"a . The 
function uses callee-saved registers, since they hold values that persist over the 

B.6 Procedure Call Convention 

lifel'ime of the fun ction , which includes several calls that could potentially mod· h • 
registers. J. , 

. text 

. globl tak 

t ak : 

subu Isp. $sp. 40 
S\-l $ra, 32($sp) 

S\'I IsO . 16($sp) II x 
mo ve Is O. laO 
Sl; $s l. 20($sp) II y 
move lsI . la l 
S\'I Is2 . 24 (lsp) II z 
move Is2 . $a2 

S l; $s3 . 2B( ls p ) II tempora r y 

The ro~ti~e then begins execution by tes ting if y < x. If not, il' branches to label 
Ll, whICh IS shown below. 

bge $sl . $sO. Ll lIif(y<x) 

If y < x, then it executes the body of the routine, which conta ins four recursive 
call ~: The first calluses almost the same arguments as its parent: 

addi u $aO. Is O. -1 
mo ve la l. $51 
move $a2 . $s2 

j~l tak II tak (x - 1. y . z) 
move Is3 . $vO 

Note that the result from the first recursive call is saved in register $ S 3, so that it 
can be used later. 

The function now prepares arguments for the second recursive call. 

addi u laO . $5 1. -1 
move lal . Is2 
move la2. $50 

ja l t ak II tak (y - 1 . z . x) 

In the instl~uctions below, the result from this recursive call is saved in reg ister 
$50 . But filStwe need to read, for Ihe last time, the saved va lue of the firsl· argu
ment from thiS register. 
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addi u $aO . $5 2 . - I 
mov e $a l. $50 
move $a2. $5 1 
rn o ve $ 50 . $vO 
jal tak II tak (z· I. x . y) 

After the three inner recurs ive calls, we are ready for the fina l recursive. call. After the 
call , the fun ction's result is in $vO and control jumps to the functIOn s epilogue. 

mo ve 
move 
move 
ja l 
addiu 
j 

$aO . $s 3 
$a l. $s O 
$a 2 . $v O 
tak II tak (tak( ... ) . tak( .. . ) . t a k( ... )) 

$vO . $v O. I 
L2 

This code at label L 1 is the consequent of the if-tlrell ·e1se statement. It just moves 
the value of argument Z into the return register and ralls mto the functIOn epilogue. 

Ll : 
mov e $vO . $s2 

The code below is the function epilogue, which res tores the saved registers and 

returns the function's result to its caller. 

L2 : 
1\; $ r a . 32($5 p ) 
lw $50 . 16( $5p ) 
11-/ $51. 20($5 p ) 
lw $5 2 . 24 ( $5p ) 
1\; $s 3 . 2S($5p) 
ad di u $s p . $s p . 40 
j r $ r a 

The rna i n routine calls the t a k fu nction with its initial arguments,. then takes the 
computed result (7) and prints it using SPIM 's system call for pnntll1g IIltegers. 

. 91 ob 1 ma i n 
ma i n: 

subu $5p . $5p. 24 

5 \./ $ra . 16 ($s p) 

1 i $aO. IS 

1 i $a 1. 12 

B.7 Exceptions and Interrupts 

1 i $a 2 . 6 
j a 1 t a k II tak( I S . 12 . 6 ) 

move $aO. $vO 
1 i $vO. I # pr i nt_i nt s ys c a ll 
sY5c all 

h / $ r a . 16($5 p ) 
ad diu $sp . $s p. 24 
j r $ra 

II Except;.n. and In'errup" 

Section 4.9 of Chapter 4 describes the MIPS exception facility, which responds both 
to exceptions caused by errors du ring an instruct ion's execution and to ex ternal 
interrupts caused by I/O devices. This section describes exception and interrupt 
handling in more detaiL I In MIPS processors, a part of the CPU called coprocessor 0 
records the information the software needs to handle exceptions and interrupts. 
The MIPS sim ulator SPIM does not implement all of coprocessor O's registers, 
since many are not llsefu l in a simulator or are part of the memory system, which 
SPIM does not implement. However, SPIM does provide the following coprocessor 
o registers: 

Usage 

BadVAddr 8 memory address at which an offending memory reference occurred 

Count 9 timer 

Compare 11 value compared against timer Blat causes Interrupt when they match 

Status 12 interrupt masl< and enable bits 

Cause 13 exception type and pending Interrupt bits 

EPC 14 address of instruction that caused exception 

Config 16 configuration of machine 

I. Th is section discusses exceptions in the MIPS-32 architeclll re, which is what SPIM implements 
ill Version 7.0 and later. Earlier versions of SPIM implemented the MIPS-l architecture, which 
handled exceptions slight ly diffe rentl y. Converting programs from these versions to run on 
MIPS-31 should not be difficult . as the changes arc limited 10 the Status and Cause register fields 
nnd the replncement of the r f e instruction by the e r e t instruction. 
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These seven registers are pnrt of coprocessor O's register set. They are accessed 
by the mfeO and mte O instructions. After an exception, register EPC contains 
the address of the instruction that was executing when the exception occurred. If 
the exception was caused by an external interrupt, then the instruction will not 
have started executing. All other exceptions are caused by the execution of the 
instruction at EpC, except when the offending inst ruction is in the delay slot of a 
branch or jump. In that case, EpC points to the branch or jump instruction and 
the BD bit is set in the Cause register. When that bit is set, the exception handler 
must look at EPC + 4 for the offending instruction. However, in either case, an 
exception handler properly resumes the program by returning to the instruction 

at Epe. 
If the instruction that caused the exception made a memory access, register 

BadVAddr contains the referenced memory location's address. 
The Count register is a timer that increments at a fixed rate (by default, every 

10 milliseconds) while SPIM is running. When the value in the Count register 
equals the value in the Compare register, a hardware interrupt at priority level 5 

occurs. 
Figure B.7.l shows the subset of the Status register fields implemented by the 

MIPS si mulator SpiM. The interrupt rna 5 k field contains a bit for each of the 
six hardware and two software interrupt levels. A mask bit that is 1 allows inter· 
rupts at that level to interrupt the processor. A mask bit that is ° disables inter· 
rupts at that level. When an interrupt arrives, it sets its interrupt pending bit in the 
Cause register, even if the mask bit is disabled. When an interrupt is pending, it will 
interrupt the processor when its mask bit is subsequently enabled. 

The user mode bit is 0 if the processor is running in kernel mode and 1 if it is 
running in user mode. On SpIM, this bit is fixed at l, since the SpiM processor does 
not implement kernel mode. The exception level bit is normally 0, but is set to 1 
after an exception occurs. When this bit is l, interrupts are disabled and the EpC 
is not updated if another exception occurs. This bit prevents an exception handler 
from being disturbed by an interrupt or exception, but it should be reset when the 
handler finishes. If the i nterrupt ena b 1 e bit is 1, interrupts are allowed. If it is 

0, they are disabled. 
Figure B.7.2 shows the subset of Cause register fields that SpiM implements. 

The branch delay bit is I if the last exception occurred in an instruction executed in 
the delay slot of a branch. The interrupt pending bits become 1 when an interrupt 

FIGURE B.7.1 The Status register. 

B.7 Exceptions and Interrupts 
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Interrupt 

mask 
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delay 

FIGURE B.7.2 The Cause register. 

Pending 
interrupts 

Exception 
code 

is raised at a given hardware or software level. The exception code register describes 
the cause of an exception through the following codes: 

Cause of exception 

Exceptions and interrupts cause a MIPS processor to jump to " piece of code 
at address 80000 180"" ( i~ the kernel, not ,~se r address space) , called an exceptiOl; 
!wlld!e.'. TIllS code ,:xam1l1es the exceptIOn s cause and jumps to an appropriate 
POlilt 111 the operatlllg system. The operating system responds to on exception 
either by termlllatlllg the process that caused the exception or by performing 
~ome ac.tIOI1: A ~rocess that causes an error, such as executing an unimplemented 
IIlstructlOn, IS kdled by the operating system. On the other hand, other exceptions 
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slich as page faults are requests from a process to the operating system to perform a 
service, such as bringing in a page from disk. The operating system processes these 
requests and resumes the process. The final type of exceptions are interrupts from 
external devices. These generally cause the operating system to move data to or 
from an I/O device and resume the interrupted process. 

The code in the example below is a simple exception handler, which invokes 
a routine to print a message at each exception (but not interrupts). This code is 
similar to the exception handler (except ions . s ) used by the SPIM simulator. 

Exception Handler 

The exception handler first saves register $ a t , which is used in pseudo
instructions in the handler code, then saves $ a 0 and $ a 1, which it later uses to 
pass arguments. The exception handler cannot store the old values from these 
registers on the stack, as would an ordinary routine, because the cause of the 
exception might have been a memory reference that used a bad value (such 
as 0) in the stack pointer. Instead, the exception handler stores these registers 
in an exception handler register ($kl) since it can't access memory without 
using $ a t) and two memory locations (s a ve O and s a vel). If the exception 
routine itself could be interrupted) two locations would not be enough since 
the second exception would overwrite values saved during the first exception, 
However, this simple exception handler finishes running before it enables 
interrupts, so the problem does not arise, 

.k text Ox80000180 
mov $k 1, $at # Save Sat regi ste r 
sw $aO. saveO # Hand ler i s not re-entrant and can 't use 
sw $al, sa vel # stack to save SaO . $al 

# Don·t need to save $kO/$kl 

The exception handler then moves the Cause and EPC registers into CPU 
registers. The Cause and EPC registers are not part of the CPU register set. 
Instead, they are registers in coprocessor 0, which is the part of the CPU that 
handles exceptions. The instruction mfcO tkO, $13 moves coprocessor 0'5 
register 13 (the CalISe register) in to CPU register $ k O. Note that the exception 
handler need not save registers $ kO and $ k 1. because user programs are not 
supposed to use these registers. The exception handler uses the value from the 
Cause register to test whether the exception was caused by an interrupt (see 
the preceding table). If so, the exception is ignored. If the exception was not an 
interrupt, the handler calls pri nt_excp to print a message. 

mfcO 

Sl' l 
and i 

bgtz 

rn o v 
mf co 
j a 1 

SkO . 

$aO, 
SaO . 

SaO. 

SaO, 
$ aI , 

$13 

$kO, 2 
laO . Oxf 

done 

$k0 
$14 

B.7 Exceptions and Interrupts 

# Move Cause into $kO 

# Extract ExcCode field 

# Branch if ExcCode is Int (0) 

# Move Cause int o $aO 
# Move EPC into $a1 
# Print exception e rror message 

Before retu,rning, the exce,ption handler clears the Cause register; resets 
the Status register to enable II1terrupts and clear the EXL bit, which allows 
subsequent exceptIOns to change the EPC register; and restores registers I a 0, 
$a 1, and Sat. It then executes the eret (exception return ) instruction which 
returns to the instruction pointed to by EPC. This exception handler ;'eturns 
~o tl~e InstructIOn ~o ll~wing tl~e one that caused the exception, so as to not 
I e-execute the fauitmg lI1structIOn and cause the same exception again. 

done : mfcO $kO, 114 # Bump EPC 
addiu 

mt cO 

mtcO 

mfcO 
andi 
or i 
mt cO 

lw 
1\, 
rnov 

el-et 

. kdata 
saveO : .word 
sa vel: . wo rd 

0 
0 

S kO . S kO . 4 II Do no t re - execute 

$kO . $14 

SO, $13 

$k0 , $12 
$k O. Oxfffd 
SkO, Ox1 
$kO, $12 

SaO, sa veO 
$a1 . savel 
$at , $k1 

# fau lt ing instruction 
II EPC 

# Clear Ca use register 

# Fix Status reg i ste r 
II Clear EXL bit 
# Enab l e interrupts 

# Restore register s 

II Retlll-n to EPC 
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Elaboration: On real MIPS processors, tile return from an exception handler is more 
complex. Tile exception handler cannot always jump to the instruction following E PC. For 
example, if the instruction til at caused tile exception was in a branch inst~uct.ion's de,lay 
slot (see Chapter 4), tile next instruction to execute may not be the following instruction 
in memory. 

Input and Output 

SPIM simulates one 1/0 device: a memory-mapped console on which a program 
can read and write characters. \o\'hen a program is running) SPIM connects its 
own terminal (or a separate console window in the X-window version xs ~im or 
the Windows version PCSpi m) to the processor. A MIPS program runnmg on 
SPIM can read the characters that you type. In addition, if the MIPS program 
writes characters to the terminal, they appear on SPIM's terminal or console Wll1-

dow. One exception to this rule is control-C: this character is not passed to the 
program) but instead causes SPIM to stop and return to command mode. 'When 
the program stops running (for example, because you typed control-C or because 
the program hit a breakpoint), the terminal is reconnected to SPIM so you can type 
SPIM commands. 

To use memory-mapped I/O (see below), 5 pi m or xs pi m must be started 
with the -mapp ed_ i o flag. PCSpi m can enable memory-mapped I/O through a 
command line flag or the "Settings" dialog. 

The terminal device consists of two independent units: a receiver and a trans
lIIitter. The receiver reads characters from the keyboard. The transmitter displays 
characters on the console. The two units are completely independent. This means, 
for example, that characters typed at the keyboard are not automatically echoed on 
the display. Ins tead, a program echoes a character by reading it from the receiver 
and writing it to the transmitter. . . 

A program controls the terminal with four memory-mapped deVice registers, 
as shown in Figure B.B.l. "Memory-mapped" means that each regIster appears as 
a special memory location. The Receive.- Colltrol regis~7r is a;, location ffffOOOOhcx' 

Only two of its bits are actually used. Bit a IS called ready: If It IS I, It means 
that a character has arrived from the keyboard but has not yet been read from the 
Receiver Data register. The ready bit is read-only: writes to it are ignored. The ready 
bit changes from a to I when a character is typed at the keyboard, and It changes 
from I to a when the character is read from the Receiver Data register. 

Receiver control 
(OxIlIIOOOO) 

Receiver data 
(OxIlIl0004) 

Transmitter control 
(OxfffI0008) 

Transmitter data 
(OxlllfOOOe) 

Unused 

B.B Input and Output 

8 

Received byte 

8 

Transmitted byte 

FIGURE B.8.1 The terminal is controlled by four device registers, each of which appears 
as a memory location at the given address. Only a few oits of these registers are <lctually used. The 
others alw<lYs re:ld as Us and <Ire ignored on writes. 

Bit I of the Receiver Control register is the keyboard "interrupt enable." This bit 
may be both. read and written by a program. The interrupt enable is initially O. If 
it is set to r by a program, the terminal reguests an interrupt at hardware level I 
whenever a character is typed, and the ready bit becomes I. However, for the inter
rupt to affect the processor, interrupts must also be enabled in the Status register 
(see Section B.7). All other bits of the Receiver Control register are unused. 

The second terminal device register is the Receiver Data register (at address 
ffffO004hcx ) ' The low-order eight bits of this register contain the last character typed 
at the keyboard. All other bits contain as. This register is read-only and changes 
only when a new character is typed at the keyboard. Reading the Receiver Data 
register resets the ready bit in the Receiver Control register to O. The value in this 
register is undefined if the Receiver Control register is O. 

The third terminal device register is the Tmllsl1litter COlltrol register (at address 
ffff0008 hcxl· Only the low-order two bits of this register are used. They behave much 
like the corresponding bits of the Receiver Control register. Bit a is called "ready" 
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. . d to accept a new character 
f l' b' . I the transmitter IS rea y , 

and is read-only. I t liS It IS '. . '11 b vriting the previous character. 
for output. If it is 0, the"trans~lttter IS Stl ~:~i;able. If this bit is set to I, then 
Bit I is "i nterrupt enable. and IS readlable

d 
and I e1 0 whenever the transmitter is 

the terminal requests an mtcrrupt at lar .\VUIC ev 
ready for a new character, and the ready bIt becomes I.. (t ddl'ess ffffaOOcl ) 

. . h or Ott Datn regIster a a lex' 
The final device regIster IS t e HailS/II I er d' I t b't ('1 e an ASCII . I ' I . 't low-or er elg 1 I 5 •. ,' 

'When a value is written mto t l1S ocatIOn, I S I Ie When the Trans-
.' 15' Ch ter J) are sent to t le con so . 

character as III Flgur~ 2 .. m ap - it in the Transmitter Control register is 
mitter Data regIster IS wfltten, the realdyb I I sed to transmit the character 

I · b' 0 fl enougl time lUS e ap' . reset to O. T lIS It stays un I . . The Transmitter Data regIster 
to the terminal; then the ready bIt b~O~~so~ ~~:~;ansmitter Control register is I. 
should only be wfltten when the r.ea y h Titter Data register are igno red 
if the transmitter is not ready, wntes to t e r~nsm 
(the write appears to succeed but the character IS not ~l~~I~~~ie or terminal. These 

Real computers require time to send chalracteftresrttOll~ tran~l1litter starts to write a 
. I . ltd by SPIM For examp e, a' . . tIme ags are slmu a e . . c 1'1 SPIM measures tIme to . '. d b t becomes 0 lor a w 11 e. ' 

character, the transmItter s lea y I k' Th' 11S that tile transmitter does 
. d' I cloc . tIme IS mea ' 

instructions execute 1 not m rea . fixed number of instructions. 

not becomehready alg?in undtill t10'~ ~:~~:s;~:deyx~~~~~~:ill'not change. Howevel, if you 
If you stop t e maClme an 0 , 
let the machine run, the bit eventually changes back to I. 

SPIM 

bl I uage programs written fo r 
SPIM is a software simulator that runs aSsem yang, 'r. Ily Release I of this 

. I h MIPS-3? archItecture, specl!lca ' 
processors that IInp ement t e - . I nd only coprocessors 0 

. I r. d ory mappmg no caCles, a 
architecture Wltl a nxe mem 'I db ' I .d SPIM can read and immedi-

' M' .. t MIPS spel e ac(Wal S.' . 
and \. - SPI s name IS JUS fi.1 SP IM is a self-contained system for fllnnmg 
ately execute assembly language 1 es. 

---------- --:--::-:::-:-. entcd the MIPS-I architecture used in the or iginal 
') Earlier vers ions ofSPIM (before 7.0) 1I1lpiem b t f the MIPS-3? architecture, 
~IIPS R2000 processors. This architecture is almost a ~roper SUI s~l~d MIPS-3? al~o introduced 

. b' h ' in which exceptions arc lall c , -
with the difference emg t e n1,mner , I b SPIM Programs that ran on the 

, t' lS which 'Ire supporte( Y , r 
approximately 60 new JIlstruc 101 . , " I II unmodified on newer versions 0 
earl ier versions of SPIM and did not use exceptions ~ lOU ( run 

, '1\ ' quire \TIlIlor changes, SPIM , Programs that lIsed exceptions WI Ie 
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MIPS programs. It contains a debugger and provides a few operating system-like 
services, SPIM is much slower than a real computer (l00 or more times), However. 
its low cost and wide availability cannot be matched by real hardware! 

An obvious question is, "Why use a simulator when most people have PCs that 
contain processors that run signifi.cantly faster than SP IM?" One reason is that 
the processor in PCs are Intel 80x86s, whose architecture is far less regular and 
far more complex to understand and program than MIPS processors. The MIPS 
architecture may be the epitome of a simple, clean RISC machine. 

In addition, simulators can provide a better environment for assembly pro
gramming than an actual machine because they can detect more errors and provide 
a better interface than an actual computer, 

Finally. simul ntors nrc useful tools in studying computers and the programs that 
run on them, Because they are implemented in software, not silicon, simulators can 
be examined and easil y modified to add new instructions, build new systems such 
as multiprocessors, or simply collect data. 

Simulation of a Virtual Machine 

The basic MIPS architecture is difficult to program directly because of delayed 
branches, delayed loads, and restricted address modes. This difficulty is tolerable 
since these computers were designed to be programmed in high-level languages 
and present an interface designed for compilers rather than assembly language 
programmers. A good part of the programming complexity results from delayed 
instructions. A de/n)'ed benne" requires two cycles to execute (see the Elnboraliolls 
on pages 343 and 38 1 of Chapter 4). In the second cycle, the instruction imme
diately following the branch executes. This instruction can perform useful work 
that normally would have been done before the branch. It can also be a nop (no 
operation) that docs nothing. Similarly, delnyed londs require two cycles to bring 
a value from 'memo ry, so the instructi~n immed intely following a load cannot use 
tbe value (see Section 4.2 of Chapter 4) . 

MIPS wisely chose to hide this complexity by havi ng its assembler implement 
a virtual machine. This virtual computer appears to have nondelayed branches 
and loads and a richer instruction set than the actual hardware. The assembler 
reorgnllizes (rearranges) instructions to fill the delay slots. The virtual computer 
also provides pselirioillstrlfctiollS, \"hieh appear as real instructions in assembly 
language programs. The hardware, however, knows nothing about pseudoinstruc
tions, so the assembler mllst translate them into equivalent sequences of actual 
machine instructions. For example, the MIPS hardware only provides instructions 
to branch when a register is equal to or not equal to O. Other conditional branches, 
such as one that branches when one register is greater than another, are synthesized 
by comparing the two registers and branching when the result of the comparison 
is true (nonzero). 
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By default , SPIM simulates the richer vinualmachine, since this is the machine 
that most programmers will find useful. However, SplM can also simulate the 
delayed branches and loads in the actual hardware. Below, we describe the vi rtual 
machine and only mention in passing features that do not belong to the actual 
hardware. In doing so, we follow the convention of MIPS assembly language pro
gn:Ullmers (a nd compilers), who routinely use the extended machine as if it was 
implemen ted in silicon. 

Getting Started with SPIM 

The rest of this appendix introduces SplM and the MIPS R2000 Assembly lan
guage. !vlany details should never concern yo u; however, the sheer volume of 
information can sometimes obscure the fact that SplM is a sim ple, easy- to-use 
program. This section starts with a quick tutorial on using Sp IM, which sho uld 
enable you to load, debug, and run simple MIPS programs. 

SplM comes in different versions for different types of computer systems. The 
one constant is the simplest version, called s pi m, which is a command-line-driven 
program that runs in a console window. It operates like most programs of this type: 
you type a line of text, hit the I-e turn key, and spim executes your com mand. 
Despite its lack of a fancy interface, s pi In can do everything that its fancy cousins 
can do. 

There are two fancy cousins to s pim. The version that runs in the X-windows 
environment of a UNIX or Linux system is called x s pi m. x s pi m is an easier pro
gram to learn and use than spi m, because its commands nre always visible on the 
screen and because it continually displays the machine's registe rs and memory. The 
other fancy version is called PCs pi m and runs on Microsoft Windows. The UNIX 
and Windows versions of SplM ~ are on the CD (cl ick on Tutorials). Tutorials on 
x s p i m, pC 5 P i m, s p i m, and SplM command-line options ~ are on the CD (cl ick 
on Software). 

If you are going to run SPIM on a PC running Microsoft Windows, you should 
first look at the tutoria l on PCSpim ~ on the CD. If you are going to run SplM 
on a computer running UNIX or Linux, yo u should read the tutorial on xspim ~ 
(click on Tutorials). 

Surprising Features 

Although SplM faithfully simulates the MIPS computer, SplM is a simulator, and 
certain things are not identical to an actual computer. The most obvious differ
ences are that instruction timing and the memory systems are not identical. 
SplM does not si mulate caches or memory latency, nor docs it accurately reflect 
floating-point operation or multiply and divide instruction delays. In addition, 
the floating-point instructions do not detect many error conditions, which would 
cause exceptions on a real machine. 

B.9 SPIM 

. Another surprise (which occurs on the real machine as well) is that a pseudo
~nstr uctlon expan.ds to se~era l machine instructions. vVhen you single-step or exn I11-
1I1 e l11el~.ory, the IJ1structlOns that you see are ~jfferellt from the source program. 
The CO il espolldence b~tw~en the. two sets of 1I1structions is fairly simple, since 
SPIM does not reorga llize IIlstructlons to fill delay slots. 

Byte Order 

P.rocesso r5 can number bytes within a word so the byte with the lowest number is 
either the leftmost or rightmost one. The convention used by a machine is called 
Its brle order. MIPS processors can operate with either big-e/1(/inll or li/lle-ellrlinll 
byte order. For example, in a big-endian machine, the directive. byte 0 , I , 2 , 3 
would result 111 .. 1 memory word con taining 

Byte # 

I a I 1 I 2 I 3 I 

while in a Iittle-endian machine, the word would contain 

Byte # 

I 3 I 2 I 1 I 0 I 

SPIM operates with both byte orders. SpIM's byte order is th e same as the byte 
order of the underlYll1g machll1e that runs the simulato r. For exa mple, on an Intel 
80x86, SPIM IS httle-endian, whi le on a Macintosh or Sun SPA Re, SpllVI is big
endl<H1 . 

System Calls 

SPIM provides a small set of operating system-like services through the system 
call ( SYSc ~ ll ) IIlstructlOn. To request a service, a program loads the sys tem call 
code (see Flgu~'e B.9.1) II1to register $ vO and arguments into registers $ a 0- $ a 3 (o r 
$fl 2 for floatll1g-pornt values). System calls that re turn values put their results in 
reglSte~, $vO (or $f0 for floating-point results ). For exa mple, the following code 
pnnts t he an SI'er = 5 ": 

s tr : 
. dat a 

.ascii z "the an s we r 

. t e x t 
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5 ervlce System call code Arguments Result 

print i nt 1 SaO integer 

pr i nt fl oat 2 HI2 float 

print doubl e 3 HI 2 double 

print s tring 4 $iJ D - string 

reild_ i II I 5 integer (in SvO) 

feild_neat 6 float (in S fO) 

read doubl e 7 I double (in \ fO) 

re ild s tring B \ a 0 buffer, 'Sa 1 length I 
sb rk 9 laO amount I address (in hO) 

exit 10 I 
print char 11 SaO - char 

rea d Chil r I 12 char (in $vOl 

SaO - filename (string). file descriptor (in 'baD) ope ll 
13 Sal - flags, $a2 - mode 

'b1) 0 - file descriptor, num chars read (in rea d 
14 'S 1] 1 - buffer, $a2 - length Sa O) 

I a 0 file descriptor, num chars written (in ~Ir i te 
15 \al buffer. $a2 - length laO) 

c l ose 16 Sa O tile descriptor 

ex it 2 17 SaO - result 

FIGURE B.9.1 System services. 

1 i 
1 a 
sysc a l l 

$vO . 4 
$aO. str 

1/ system ca ll code for print_str 
1/ addre ss of string to print 
1/ p rin t the s tr ing 

1 i $vO . 1 II s y stem call code for pr i nt_i nt 
1 i $aO . 5 II i nt eger to pl-i nt 
syscall II prin t it 

The pri I1t_i nt system call is passed an integer and prints it on the console. 
pri I1t_fi oat prints a single floatin g-point number; pel nt_ doubl e prmts a 
double precision number; and pr i n t_s t r i ng IS passed a pomter to a null -
terminated string, which it writes to the console. " 

The system calls read_ i nt , read_ fioat. and I-ead_doub l e t? read an entire 
line of input up to and including the newlin e. Characters followmg the numbel 
are ignored. read_s tri ng has the same semantICs as the UNIX library routme 
f ge t s. 11 reads up to II - I characters into a buffer and tenllln~tes the stnng _WIth 
a null byte. If fewer than 11 - 1 characters are on tl~e current IIIl.C, read_stl.~ 11; 
reads up to and including the newline and aga m null- tenlllnates the stllng. 

B.l0 MIPS R2000 Assembly Language 

Wnmillg: Programs that use these syscalls to read from the terminal sho uld not use 
memory-mapped I/O (see Section B.8) . 

sb r k returns a pointer to a block of memory containing II additional bytes. 
ex it stops the program SPIM is running. ex i t 2 term inates the SPIM program. 
and the argument to ex i t2 becomes the value returned when the SPIM simulator 
itself termin ates. 

pri nt_char and rea d_char write and read a single character. o pe n. r ea d, 
i'I r i t e , and c l os e are the standard UNIX library calls. 

MIPS R2000 Assembly Language 

A MIPS processor consists of an integer processing unit (the CPU ) and a collec
tion of coprocessors that perform ancillary tasks or operate on other types of 
data. such as floating-point numbers (see Figure B.I 0.1 ). SPIM simulates two 
coprocessors. Coprocessor 0 handles exceptions and interrupts. Coprocessor 1 is 
the floa ting-po int unit. SPIM simulates most aspects of this unit. 

AddreSSing Modes 

MIPS is a load store architecture, which means that only load and store instructio ns 
access memor),. Computation instructions opera te only on values in registers. The 
bare machine provides only one memory-addressing mode: c ( r x) . which uses 
the 'sum of the immediate c and register r x as the address. The virtual machine 
provides the following addressing modes for load and store instructions: 

Format 
Address computation 

(register) contents of register 
imm immedia te 
imrn (register) Immediate + contents of register 
label address of label 
label ± imm address of label + or - immediate 
label ± imm (regis ter) 

address of label + or - (immediate + contents of register) 

Most load and s tore instructions opera te only all aligned data. A quant ity is 
nliglled if its memory address is a multiple o f its size in bytes. Therefore, a halfword 
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Memory 

CPU Coprocessor 1 (FPU) 

Registers Registers 

SO SO 

531 $3' 

r A,ilhme'ic I 
unit 

I Mulliply I 
divide 

~ 
Arithmelic 

unil 

Coprocessor 0 (traps and memory) 
Registers 

I 
BadVAddr 

~ Status EPC 

FIGURE B.l0.l MIPS R2000 CPU and FPU. 

object must be stored at even addresses, and a full word object must be stored at 
addresses that are a multiple of four. However, MIPS provides some instructions to 
manipulate unaligned data ( l wl. 1 " r, 51·, 1, and 5"1'). 

Elaboration: Tile MIPS assembler (and SPIM) syntllesizes tile more complex address· 
ing modes by prodUCing one or more instructions before tile load or stofe to compute a 
complex address. For example, suppose that the label tab 1 e referred to memory loca· 
tion Ox10000004 and a program contained the instruction 

ld $aO , table + 4($al) 

The assembler would translate tl1is instruction into the instructions 

lu i $at, 4096 
addu $a t. $a t . $a 1 
1" $aO . 8($at) 

B.l0 MIPS R2000 Assembly Language 

The first instruction loads the upper bits of the label's address into register $a t, which 
is the register that the assembler reserves for its own useo The second instruction adds 
the contents of register $ a 1 to the label 's partial address. Finally, the load instruction 
uses the hardware address mode to add the sum of the lower bits of the label 's address 
and the offset from tl1e original instruction to the value in register $ a t. 

Assembler Syntax 

Comments in assembler files begin with a sharp sign (II). Everything from the 
sharp sign to the end of the line is ignored. 

Iden tifiers are a sequence of alphanumeric characters, underbars C), ancl clots 
(.) that do not begin with a number. Instruction opcodes are reserved words that 
mllllOt be used as identifiers. Labels are declared by putting them at the beginning 
of a line followed by a colon, for example: 

. data 
item : ."ord 1 

. text 

main: 
.g l o b l main 
1\, 

, Mu st be g l obal 
$tO. item 

Numbers are base 10 by default. If they are preceded by Ox, they are interpret·ed 
as hexadeci mal.l·lence, 256 and OxlOO denote the sa me value. 

Strings are enclosed in double quotes ("). Special characters in strings follow the 
C convention: 

• newlin°e \n 

• tab \t 

• quote \ .. 
SplM supports a subset of the MIPS assembler directives: 

. align n 

. ascii str 

Align the next darum on a 2" byte boundary. For 
example, . a l i gn 2 aligns the next value on a word 
boundary .. ali gn 0 turns off automatic alignment 
of .ha l f , .I;ord, .ftoat,and .doubl e directives 
until the next. d a t a or . kd a t a directive. 

Store the string sIr in memory, but do not null
terminate it. 
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. asciiz stl" 

. bytebl ..... bn 

. da ta <add,. > 

. double dl .... , dn 

. exte r n sy m s i ze 

. fioat fl , . . .. fn 

. globl sy m 

. Ilalf Il l ..... hn 

.kd ata <addr > 

. ktext <addr > 

. set noatand . set at 

. spacen 

Store the string sfr in memory ~nd null-terminate it. 

Store the 11 values in successive bytes of memory . 

Subsequent items arc stored in the data segment. 
If the optional argument ndd,. is present, subse
quent items are stored starting at address (ldd,.. 

Store the II floating-point double precision num
bers in successive memory locations. 

Declare that the datum stored at si'"' is size bytes 
large and is a global label. This directive enables 
the assembler to store the datum in a portion of 
the data segment that is efficiently accessed via 

register $ 9 p. 

Store the 11 floating-point single precision num
bers in successive memory locations. 

Declare that label Si'"' is global and ca n be refer
enced from other fi les. 

Store the 11 16-bit quantities in successive memory 
halfwords. , 
Subsequent data items are stored in the kernel 
data segment. If the optional argument ndd,. is 
present, subsequent items are stored starting at 
address ndd,.. 

Subsequent items are put in the kernel text seg
ment. In SPIM, these items may only be instruc
tions or words (see the. ",ord directive be\ow) . lf 
the optional argument nddris present, subsequent 
items arc stored starting at address nddr. 

The first directive prevents SPIM from complain
ing about subsequent instructions that use register 
$a t. The second directive re-enablcs the warning. 
Since pscudoinstructions expand into code that 
uses register $a t , programmers must be vcry care
fu l about IC<1ving values in this register. 

Allocates 11 bytes of space in the current segment 
(which must be the data segment in SPIN!). 

. text <add!'> 

.word wI . .. . . wn 
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Subsequent items are put in the user text segment. 
In SPIM, these items may only be instructions 
or words (sec the. word directive below). If the 
optional argument nddr is presen t, subsequent 
items are stored slarting at address nddr. 

Store the 1I 32-bit quantities in successive memory 
words . 

SPIM does not distinguish various parts of the data segment (. data, . ,'d ata, and 
. sdat a) . 

Encoding MIPS Instructions 

Figure 8.10.2 explains how a MIPS instruction is encoded in a binary number. 
Each column contains instruction encod ings for a field (a contiguous group of 
bits) from an instruction. The numbers at the left marg in are values for a field . 
For example. the j opcode has a value of 2 in the opcode field. The text at the top 
of a column names a field and specifies which bits it occupies in <1n instruction. 
For example, the op field is contained in bits 26-31 of an instruction. This field 
encodes most instructions. However, some groups of instructions use additional 
fields to distinguish related instructions. For exa mple. the different float ing-point 
instructions are specified by bits 0-5. The arrows from the first column show which 
opcodes use these additional fields. 

Instruction Format 

The rest of this appendix describes both the instructions implemented by actual 
MIPS hardware and the pseudo instructions provided by the MIPS assembler. The 
two types of instructions are easily d istinguished. Actual instructions depict the 
fields in their binary representation. For example, in 

Addition (with overflow) 

a rs I rt rd a Ox20 

odd rd. rs . rt 
6 5 5 5 5 6 

the a dd instruction consists of six fields . Each field's size in bits is the small number 
below the fie ld. This instruct ion begins with six bits of Os. Register specifiers begin 
with an ,', so the next field is a S-bit register specifier called rs . This is the same 
register that is the second argument in the symbolic assembly at the left of this 
line. Another common field is i mmJ 6' which is a 16-bit immediate number. 
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FIGURE B.l0.2 MIPS opcode map. The values of each field arc shOlVn to its left. The fi rst co lumn sholVs the values in base \0, and the 
seco nd shows base 16 for the op field (bits 31 to 16) in the thi rd co lum n. This 01' field completely specifi cs the MIPS oper.Jtion except for six 
op val ues: 0, I, Iii, 17, HI, ;lIld 19. These opera ti ons are de termined by other fields, identified by pointers. The last field (funct) llses "I" to 
mean "s" if rs = 16 and op = 17 or "d" if rs = 17 and op = 17. The second field (rs) llses ".:" to mea n "0': " I': "2': or "3" if op = 16, 17, 18, or 19, 
respectively. If r.~ = 16, the operation is specified elsewhere: if .: = 0, the operations arc specified in the fourth field (bi ts" to 0); if z = I, then the 
operations arc in Ihe las t field with ! = s. If rs = 17 and :: = I, the n the operations arc in the last field with ! = d. 

B.l0 MIPS R2000 Assembly Language 

Pse~do.i n struc ti?n s follow roughly the same conventions, but omit instruction 
encod lllg IIl fo rmatlon. For example: 

Multiply (wit hout overflow) 

mul rde s t , r 5 l" c l . 51" c2 pseudui IISI n let iOIl 

Ill. pseudo.in s truc~ion s, rd e st and r s rc 1 are registers and s r c 2 is either a regis
tel or an ImmeciJate value. In generaL the assembler and SPIM translate a more 
general form of an instruction (e.g., add $ v 1. $ a O. 0 x 5 5) to a specialized form 
(e.g., addl $1'1. $aO. Ox55) . 

Arithmetic and Logical Instructions 

Absolute value 

abs rdest . r s rc /,5" I/(loi IISI fIIel i illl 

Put the absolute value of register rs r c in register rdest. 

Addit ion (with overflow) 

add rd . r' 5 , rt o rs rt rd o Ox20 
6 5 5 5 5 6 

Addition (without overflow) 

add u r d. r s , r t rl-;O;--lf::5~T-rt:-l-r-:d-'O:-'-OX-2-1-' 
• 5 5 5 6 

Put the sum of registers r s and rt in to register rd . 

Addit ion immediat e (with overflow) 

add i r t , r 5 , i mm rl ~8;--T-=-rs:-l-r-:t-ri-:m-m------' 
6 5 5 16 

Addition immediat e (without overflow) 

addiu rt . r s . imm 
CO- rs- T-rt- T jC"m-m- ----. 

, 5 5 16 

Put the sum of register t 5 and the sign-extended immed iate in to regis ter r t . 

5 
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AND 

and rd , rs , I'l ° rs rt rd o Ox24 
o 5 5 5 5 

Put the logic"l AND of registers '" s and '" t into register ,"d. 

AND immediate 

andl rt. rs . imm ~.LI~r~s __ ~r~t __ J_im~m ________ __ 
6 5 5 16 

Pu t the logical AND of register '"S "nd the zero-extended immediate into reg
ister r t. 

Count leading ones 

Oxlc rs 0 rd 
clo rd . r' o Ox21 

0 5 5 5 5 6 

Count leading zeros 

Oxlc rs ° rd 
ell rd . r, ° 0,20 

6 5 5 5 5 o 

Count the number of le"ding ones (zeros) in the word in register rs 
the result into register rd . If a word is all ones (zeros), the res ult is 32. 

Divide (with overflow) 

° rs rt ° dlv rs . rt Oxla 
6 5 5 10 6 

Divide (without overflow) 

° rs rt ° div u rs . rt 
O,lb 

0 5 5 10 o 

and put 

Divide register r s by register r t. Leave the quotient in register 1 ° and the rema in 
der in register hi . Note that if an operand is negative, the remainder is unspecifi ed 
by the MIPS architecture and depends on the convention of the machine on which 
SP IM is run. 

B.l0 MIPS R2000 Assembly Language 

Divide (with overflow) 

dlv rdest . rs rcl. src2 pscmllli' IS I r Ilet i(JI1 

Divide (without overflow) 

div u rdest . rs rCl . 5/' c2 PSt'III/oj I/sl rIIel ;01/ 

Put the quotient of register r s rc I and s rc 2 into register rd es t. 

Multiply 

mul t rs , rt o rs rt ° 0'18 
6 5 5 10 o 

Unsigned multiply 

rnu 1 t u r 5 , r t "I-;o ____ '-:rs'--'--;r.:..t __ L.:0.,-____ -.JL:0.::'l::9::"J 
6 5 5 10 6 

Multiply registers '"S and rt. Leave the low-order word of the product in register 
1o and the high-order word in register h i . 

MUlti,ply (without overflow) 

mu l rd . rs . r t 1 Oxlc rs rt rd ° 2 
6 5 5 5 5 6 

Put the low-order 32 bits of the product of r sand r t into register r d. 

Multiply (with overflow) 

mu lo rdest , rsrC l . s rc2 pS~lIdoil/St ruC/ jllll 

Unsigned multiply (with overflow) 

rnu l ou rdest , rsrc l. src2 ps,rulo; list rIIel ;(111 

Put the low-order 32 bits of the product of regis ter '"S ,"cl and S r c2 in to register 
I"de s t . 
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Multiply add 

madd rs, r t 
Oxlc rs rt 0 o 
6 5 5 10 6 

Unsigned multiply add 

maddu rs , rl I~ rs rl 0 1 

6 5 10 6 

Multiply registers r s and "t and add the resulting 64-bit product to the 64-bit 
value in the concatenated registers 10 and 11 i . 

Multiply subtract 

ms ub rs , rt Oxlc rs rl 0 
6 5 5 10 6 

Unsigned multiply subtract 

ms ub r5 , rt 
Oxic rs EI 0 5 

6 5 5 10 6 

Mu ltiply registers r s and "t and subtract the resulting 64-bit product from the 
64-bit value in the concatenated registers 10 and hi. 

Negate value (with overflow) 

neg rdest , rsrc f'sC llf/oi,'SlrlICt iOIl 

Negate value (without overflow) 

negu rdesl, J'SI'C P St.'HI t(l; liS/ rIIel ;(111 

Put the negative of register r s rc into register rdes t. 

NOR 

nor rd , r 5 , rt 
o r5 rt rd o Ox27 
6 5 5 5 5 6 

Put the logical NOR ofrcgistcrs r s and rt into register "d. 
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NOT 

not rdest . rsrc pSCIlI/O;IISlnlCf iOIl 

Put the bitwise logica l negat io n of register rs ,'C into register ,'des t. 

OR 

o r rd , r s , rl o r5 rl rd o Ox25 
6 5 5 5 5 6 

Put the logical OR of registers " 5 and rt into register rd. 

OR immediate 

ori rt , rs , irnm Oxd rs rl imm 
6 5 5 16 

Put the logical OR of register rs and the zero-extended immediate into register r t. 

Remainder 

rem rd est . rsrc! . ,'src2 p SI' IIt /O;IIS / flrC/iOIl 

Unsigned remainder 

remu rdest . "src ! . ,'s rc2 p Si: I/(Ioi II 51 fllC/ if) I I 

Put the remainder of register r s ,'cl divided by register rsrc 2 into register 
"d es t. Note that if an operand is negative. the remainder is unspecified by the 
MIPS architecture and depends on the conventio n of the machine on which SPIM 
IS run. 

Shift left logical 

s1 1 rd. rt, Sililillt o rs rt rd sllamt 0 
6 5 5 5 5 6 

Shift left logical variable 

51 l v I'd , rt. rs o rs rl rd o 4 
6 5 5 5 5 6 
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Shift right arithmetic 

a rs rt rd shamt 3 
s ra r d. r t . s ll1l1l1t 

6 5 5 s 5 6 

Shift right arithmetic variable 

a rs rt rd a 7 
srilV rd . rt. r s 

6 5 s 5 S 6 

Shift right logical 

sfl rd . r t . sharnt 0 rs rt rd shamt 2 
6 S 5 5 5 6 

Shift right logical variable 

1 0 I rs rt rd a G 
s r 1 v rd . r l . r s 

6 5 5 5 5 6 

Shift register r t left (right) by the d istance ind icated by immediate s hamt or the 
registe r rs and put the result in register r d. Note that argument rs IS Igno red for 
511 . s r a . and s r1. 

Rotate left 

1'01 rdest . r srcl. r src2 PSt:1 11/0; I 1St rIIel iOIl 

Rotate right 

ror rdes t , r s rc l, r s rc2 pscllt/oi /lSI n let ;01/ 

Rotate register r s r e l left ( right) by the distance indicated by r5l'e2 and put the 
result in register r des t. 

Subtract (with overflow) 

rl~0~-'-r-s -'-r-t --'-rd~~0~~0~X~2~21 
5 II b r d , r 5 , r t L-"'--~-'.':-LC'-----L-::::'-~5'-----'---;:6==--.J 

6 5 5 5 
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Subtract (without overflow) 

r--.--,--,--,--,--, I 0 rs rt rd 0 Ox23 s ub u rd . r s , r t L'::'---L':':'_L:.:"'--L':':'_L.::'---..L'::::':':::.J 
G 5 5 5 5 G 

Put the difference of registers r 5 and rt into register r d. 

Exclusive OR 

1 0 rs rt rd 0 ~ x 0 r I'd , r s , r t L-=----'--=_L.:.'----'---'-'--Jc.::_ 
6 5 55 5 6 

Put the logical XOR of registers r 5 and rt into register r d. 

XOR immediate 

xo ri ft . r s . imrn axe rs rt Imm 
6 5 5 16 

Put the logical XOR of register rs and the zero-extended immediate into reg
ister rt. 

Const ant-Manipulating Instructions 

Load upper immediate 

1 [ii' r t . i mm Fl o rt imm 
6 5 5 16 

Load the lower halfword of the immed iate i mm into the upper halfword of reg
ister r t. The lower bits of the register are set to O. 

Load immediate 

1i rde s t . illirn !,SCI If foi list ruClioll 

Move the immediate imm into register r des t. 

Comparison Instructions 

Set less than 

s I t I'd, r s , rt El rs rt rd o Ox2a 
6 5 s 5 5 6 
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Set less than unsigned 

I 0 rs rt rd 0 Ox2b 
s It II I'd , r5 , r t 

6 5 5 5 5 6 

Set register I' d to 1 if register r s is less than r t , and to 0 otherwise. 

Set less than immediate 
~---,---r-rc-----

I Oxa rs rl . ...c.im"'m""" ___ ---' 
5 1 t i r t . r s . i mm L-'6=-'--'S-=----'--S- 16 

Set less than unsigned immediate 

sHill rt.. r s , 
rl-O-Xb--TI-r-s-'-r-t--~im-m~-----' 

i mm L~~-..L. ~_t.-;:"'---1...::::"""------.J 
6 5 5 16 

Set register rt to 1 if register r s is less than the sign-extended immediate, and to 

o otherwise. 

Set equal 

seq rdest . rsrc l, rsrc2 pm ulo i IISI fIIL'riol! 

Set register r de st to 1 if register r s rcl equals r s r c2 , and to 0 otherwise. 

Sel greater than equal 

5ge rde st , rs rcl, rsrc2 /lscr 1110; IISI rllet iOl r 

Set greater than equal unsigned 

sgeu rdest. rs rc l. rsrc2 PSClllioillst merii/II 

Set register r des t to 1 if register r s r c 1 is greater than or equal to r s r c2 , and to 

o otherwise. 

Set greater than 

sg t rdest . rsrcl , rsrc2 pSCIll /oil 1St rIIel jill' 
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Set greater than unsigned 

sgtu rd es t , ,'s rcl, rs rc2 pscw/oills/ ruction 

Set register rdes t to I if register rs rcl is grea ter than I'S r c2, and to a otherwise. 

Set less than equal 

sle rdest , rsrcl . rsrc2 p selll foi /IS I n /Ct iOIl 

Set less than equal unsigned 

sleu rd es t, rs rc! , rsrc2 /'S('/ ufo; lIst mC(iml 

Set register rdest to I if register I'srcl is less than or equal to I'src2 , and to a 
otherwise. 

Set not equal 

sne rdest . r5 ,'c1 , rsrc2 psc:mfllillstrrKlimr 

Set register r dest to I if register "5I'cl is not equal to rsrc2, and to a 
otherwise. 

Branch Instructions 

Branch instructions use a signed 16-bit instruction offset field ; hence, they can 
jump 215 

- .j illstl'llctiolls (not bytes) forward or 215 instructions backward. The 
jlllllP instruction contains a 26-bit address field . In actual MIPS processors, branch 
instructions are delayed branches, which do not transfer control un til the instruction 
following the branch (its "delay slot") has executed (see Chapter 4). Delayed branches 
affect the offset calculation, since it must be computed relative to the address of the 
delay slot instruction (PC + 4), which is when the branch occurs. SPIM does not 
simulate this delay slot, unless the ' ba ,'e or ,de l ayed_ bra nch flags are specified . 

In assembly code, offsets are not usually specified as numbers. Instead, an 
instructions branch to a label l and the assembler computes the distance between 
the branch and the target instructions. 

In MIPS-32, all ac tual (not pseudo) conditional branch instructions have a 
" likely" variant (for example, beq's likely variant is beq 1), which docs 1I0t execute 
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the instruction in the branch's delay slot if the branch is not takcn. Do not use 
these instructions; they may be removed in subsequent versions of the architecture. 
SPIM implements thesc instructions, but they are not described furrher. 

Branch instruction 

b 1 abel I'S ~! lllvill stnlct iOI/ 

Unconditionally branch to th e instru ction at the label. 

Branch coprocessor false 

beli cc label ~~I cc 0 Offset 
G 5 3 2 16 

Branch coprocessor true 

be ll cc la oel Oxi l 8 CC 1 Offset 

6 5 3 2 16 

Conditionally branch the number of instructi ons specified by thc offsCl if the 
floating-point coprocessor's condition flag numbercd cc is falsc ( truc). If cc is 
omitted from the instruction, condition code flag 0 is assumed . 

Branch on equal 

beq rs , rt , l abel 4 rs rt Offset 

6 s 5 16 

Conditionally branch the number of instructions specified by the offset if register 
rs equals rt. 

Branch on greater than equal zero 

bgez r s , labe l 
1 rs 1 Offset 

G 5 5 16 

Conditionally branch the number of instructions specified by thc offset if register 
" 5 is greatcr than or equal to O. 
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Branch on greater than equal zero and link 

bgezil l r s . lilbel I rs I 0,11 Offset 
6 5 5 16 

Conditionally branch the numbcr of instructions specified b), ti,e ofc. t 'f . 
,~ s · ' . . I /se I register 
i Sl'e l~s3~~eatel t 1an or equal to O. Save the address of the next instruction in reg-

Branch on greater than zero 

bgtz rs , l abe l I 7 rs o I Offset 
6 5 5 16 

COI:ditionally branch the number of insrructions specified b), the fe t·f. '. . 
I~S IS greater than O. 0 se I l eglstel 

Branch on less than equal zero 

blez rs , la bel I rs o I Offset 
6 5 5 16 

Condirionally branch the number of instrucrions spccified by the offset'f ,. 
r 5 IS less than o r equal to O. I regISter 

Branch. ~n less than and link 

bltzal ('S , label rs I 0'10 I Offset 
6 s 5 16 

CO~ditionally 'branch the number of instruction s specified by the offset if registe ' 
r 5 IS ess than O. Save the address of the next instruction in register 31. ' 

Branch on less than zero 

bl tz rs , la be l rs o Offset 
6 5 5 16 

. Conditionally branch the number of instructions specified by the off t'f ' . 
r 5 IS less than 0, se I register 
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Branch on not equal 

bne rs, rt, label 5 rs rt Offset 

6 s 5 16 

Conditionally branch the number of instruct ions speci fied by the offset if register 
,' s is not egual to r t. 

Branch on equal zero 

beqz rsrc . la be l pselll/oills/ruerioll 

Cond itionally branch to the instruction at th e label if r s re eguals O. 

Branch on greater than equal 

bge rs rcl. rs rc 2 , label I'St'mloi /lSI m el itm 

Branch on greater than equal unsigned 

bge u rs rc l , rsrc 2 , label pSC lido; lIst mel iOIl 

, 
Cond itionally branch to the instru ction at the label if register r s rc 1 is greater tha n 
or egual to r s reZ. 

Branch on greater than 

bgt rsrc l, src2, label PSC/II/o j /ISI ructiull 

Branch on greater than unsigned 

bg t tl rsrcl , s rc 2 . l abe l pSClldoillSlrucriOI/ 

Conditionally branch to the inst ruction at the label if register rs rel is greater than 
S r e2 . 

Branch on less than equal 

bl e 1'5rc l , 5rc2 . l abe l PSClliloillstruClioll 
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Branch on less than equal unsigned 

ble u rs rcl. s rc2 , label pscllc/oillSlmCliol1 

Conditionally branch to the instruction at the label if register rs r c 1 is less than 
or eg ual to s ,' e2 . 

Branch on less than 

bit rs rc l. rsrc2. l abe l pst'lIrloillSl ruel ;0/1 

Branch on less than unsigned 

bl tu rsrcl . rsrc 2 . l~bel pSI: I I(fo; lISt rt !Cr;oll 

Condit ionally branch to the instruction at the label if register r s re 1 is less than 
rsr e2. 

Branch on not equal zero 

bnez rs rc , label pSClldoillSlntcrioll 

Con.ditionally branch to the instruction at the label if register rs r c is not egual to o. 

Jump Instructions 

Jump 

j t~ rge t 2 target 
6 " 

Uncondi tionall y jump to the ins truction at target. 

Jump and link 

j al target 3 target 

6 26 

Uncondi tionally jump to the ins truction at target. Save the address of the next 
instructIOn In regIster $ r a. 
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Jump and link regist er 

ja il' r s , r d 
o o rd o 9 rs 
6 5 5 5 5 6 

Unconditionally jump to the instru ction whose address is in register r s . Save the 
address of the next instruction in register rd (which defaults to 31). 

Jump regist er 

o rs o 8 
j r r s 

6 5 15 6 

Unconditionally jump to the ins truction \vhose address is in register r s . 

Trap Instructions 

Trap if equal 

o rs rt o Ox34 
t e q rs, rt 

6 5 5 10 6 

If register r s is equal to register I~ t . raise a Trap exception. 

Trap if equal Immediate 
~--~---------------. ! 1 rs Oxe imm 

t eq ir s , i mm L..:..._...L.:.:._ L.:=....L.:::::::..-----
6 5 5 

If register r 5 is equal to the sign-extended value i mm, raise a Trap exception. 

Trap if not equal 

o rs rt o Ox36 
teq r s , r t 

6 5 5 10 6 

If register r s is not equal to regis ter r t , ra ise a Trap exception. 

Trap if not equal immediat e 

teqi r s , imlll 11 
6 

rs 
5 

Oxe imm 

5 16 

If register r s is not equal to the sign· extended value i mm, raise a Trap exception. 
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Trap if great er equal 

tge r"s . rt 
0 rs rt 0 Ox30 

6 5 5 10 6 

Unsigned trap if greater equal 

tge u r s . r t 
0 rs rt I 0 I Ox31 I 
6 5 5 10 6 

If register rs is grenter than or equal to register r t , raise a Trap exception. 

Trap if great er equal immediat e 

t ge i r s . imm 
~TI~rs~~8~-'~i n-,m----------

6 5 5 16 

Unsigned trap if great er equal immediat e 

tge i u rs . i mnl rl-:1;-- r.r:s- " 9:-'..,im- m- - - --
G 5 5 16 

If rcg i ~te r r s is grea ter than or equ al to the sign-extended value i mm I'll ise aT,· 
exception, ) ,ap 

Trap if less t han 

t It· .r 5 . rt L£J rs rt 0 Ox32 

6 5 5 10 6 

Unsigned t rap if less t han 

II t u r s , r t 
0 rs rt 0 Ox33 

6 5 5 10 6 

If register r s is less than register rt) raise a Trap exception. 

Trap if l ess than immediat e 

t l t i r s . imm 
1 rs I a imm 

6 5 5 16 
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Unsigned trap if less than immediate 
~-,--~-,~----, 

I 1 rs b imm tltiu rs , i mm L~ __ -L~ __ ~~-L~~ ________ ~ 
6 5 5 113 

If register r 5 is less than the sign -extended value i min, raise a Trap excep ti on. 

Load Instructions 

Load address 

la rd es t , address psclIf/ni /!St n let illl 1 

Load computed address---not the contents of the location--into register I'd es t. 

Load byte 

lb rt. ad dre ss 
Ox20 rs rt Offset 

• s s ,. 
Load unsigned byte 

1 bu rt . address Ox24 rs rt Offset 

• s s ,. 
Load the byte at address into register r t. The byte is sign -extended by 1 b, but not 
by 1 bu. 

Load halfword 

111 rt, address 
Ox21 rs rt Offset 

• 5 s 16 

Load unsigned halfword 

r---.--,--,~-----

I Ox25 rs rt Offset add l' e 5 5 L':::~..J..':'::' __ L.:.:"'...l.."::'=':"" ____ _ 1 hu rt. 
G 5 5 16 

Load the l6-bit quantity (halfword ) at address in to register rt. The halfwo rd is 
sign-extended by 111, but not by 1 hu. 
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Load word 

IH rt , address Offset 

• s 5 16 

Load the 32-bit quantity (wo rd ) at arldress into register rt . 

Load word coprocessor 1 

I Ox31 rs rt Off t l\~cl ft , addre ss L~ __ -'~ __ ...L:,--,-==se::... ______ -.J 
G 5 5 16 

Load the word at arldress in to register ft in the floati ng-point unit. 

Load word left 

1~1I r l, lIdd res s 

Load word right 

hlr rt . addre ss 

~I_r_s _i~ Offset 
6 5 5 '~,.~~--------~ 

Ox26 rs 
6 5 

rt 
5 

Offset ,. 
Lo~d the lefl' (right) bytes from the word at the possibly unaligned address into 
regISter "t. 

Load doubleword 

ld rd es t . addre s s 
psclldvillSrrrlClilJ11 

Load the 64-bit quan tity al' address into registers r des t and rdes t + 1. 

Unaligned load halfword 

11111 rd est . addre ss 
PSCI uloi liS Imet ion 
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Unaligned load halfword unsigned 

1.111U ,oue st , add ress pscmloillSfrllct io/l 

Load the 16-bit quantity (halfword) at the possibly unaligned address into register 
rde s t. The halfword is sign -extended by u l h, but not ulllll. 

Unaligned load word 

ulw rdest, ~ddre ss pscw/ui /1St rIIel i() II 

Load the 32-bit quantity (word) at the possibly unaligned address into register 
rodest. 

Load linked 

11 fl. add ress 
Ox30 rs rt Offset 

6 5 5 16 

Load the 32-bit quantity (wo rd) at address into register rt and start an atomic 
read-modify-wr ite operation. This operation is completed by a store condi tional 
( sc) instruction, which wi ll fail if another processor writes into the block contain
ing the loaded word. Since SPllVI does not simu late multiple processors, the store 
cond itional operation always succeeds. 

Store Instructions 

Store byte 

SO rt , addre ss ~LI ~rs~i-r~t __ ~O~ff=s~et~ ______ ~ 
6 5 5 16 

Store the low byte from register r t at address. 

Store halfword 

511 rt . address 
Ox29 rs rt Offset 

6 5 5 16 

Store the low halfword from register rt at address. 
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Store word 

5\-/ r't, address Ox2b rs rt Offset 
6 5 16 

Store the word from register rot at address. 

Store word coproceSSor 1 

SI'lC l ft , address Ox31 rs fl Offset 
6 5 s 16 

Store the 
address. 

floating-point value in register ft f fl' . a oatlllg-polllt coprocessor at 

Store double coproceSSor 1 

sd elf t . add re s s !rr;O;;-X3;:d;;--l~r:s--r.fl;:-'--:O~ff-::s-e-t ------' 
6 5 5 16 

St~re the doubleword floating-point value in registers ft and ft + 
pOint coprocessor at address. Register ft must be even numbered. 

Store word left 

S \'! 1 ,rt . address Ox2a rs rt Offset 
6 5 s 16 

Store word right 

sl'i r r t , address Ox2e rs rt I Offset 
6 5 5 16 

1 of f1oating-

Store the left (right) bytes from register rt at the possibly unaligned address. 

Store doubleword 

sd rsrc, address pSClirioi /1St ruet iOIl 

Store the 64-bit quantity in registers r s rc and r s r c + 1 at address. 
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Unaligned store halfword 

IISll escC , ~dd rC5S jlscwloillSI rtlc/;(JI) 

Store the low halfword from register '·5 ,·e at the possibly un aligned arlrlress. 

Unaligned store word 

USW r src , address pSCIIr/aillstl"llCI ;0/1 

Store the word from register r 5 r c at the possibly unaligned arlrlress. 

Store co nditional 

sc rt , ad dress Ox38 rs rt Offset 

6 5 5 16 

Store the 32·bit quant ity (word ) in register ,·t into memory at arlrlrcssa nd co mplete 
an ato mic read-rnodi fy- write operation. If this atomic operat ion is sllccessfu l, the 
memory word is mod ifi ed and register rt is set to I. If the atomic operntion fails 
because another processor wrote to a location in th e block containing the add ressed 
word, this instruction does not modify memory and writes 0 into register rt . Sin ce 
SPIN! does not simulate multiple processors, the instruction always slicceeds. I 

Data Movement Instructions 
Move 

move I'dest . ,'s rc p Si: III/Oj I15t m el iCl11 

Move register r 5 rc to r d es t. 

Move from hi 

mfl! i I' d EJ o rd o OxlO 
6 10 5 5 6 

B.l0 MIPS R2000 Assembly Language 

Move from 10 

IIlfio I'd o o rd o Ox12 
6 10 5 5 6 

The mult iply and divide unit produces its resu lt in two add itional registers, 11 i 
al.l(~ 10. These In.s trllctlons m?ve valu,es to and fro m these registers. The multiply, 
di vide, and re n~all1der pseudoll1structlo ns thalmakc this unit appear to operate on 
the general reg isters move the result after the computation fi nishes. 

Move the hi ( 1 0 ) register to register " d. 

Move to hi 

mt hi r s Lel rs .~o:--___ I~ 
15 6 6 5 

Move to 10 

lilt 1 0 rs o rs o Ox13 
6 5 15 6 

Move register r 5 to the hi (10 ) register. 

Move from coprocessor 0 

micQ, n , rd Oxl0 0 rt 
6 5 5 5 11 

Move from coprocessor 1 

mfc1 ft , fs Ox11 0 U~I_O ___ _ 
6 5 5 5 11 

Coprocessors have their own register sets. These instructions move values between 
these registers ond the CPU 's registers. 

Move register rd in a coprocessor (reg ister fs in the FPU) to CPU reoister r t. The 
floating-point unit is coprocesso r 1. 0 

B·71 



B·72 Appendix B Assemblers, Linkers, and the SPIM Simulator 

Move double from coprocessor 1 

mfcl .d rdest . frs rcl psc/Uloi 1151 maim1 

Move float ing· point registers f r s r cl and f r s re l + 1 to CPU registers r dest 

and rd es t + 1. 

Move to coprocessor 0 
,--.--,--,~~----, 

OxlO 4 rt rd 0 
mteO rd . rt 

5 5 11 6 5 

Move to coprocessor 1 

rl ~OX-l~1'1-4~'-rt~~fS--~0------' 
Intel rd , fs 

6 5 5 5 11 

Move CPU register rt to register rd in a coprocessor (register fs in the FPU). 

Move conditional not zero 

rl----,--rs--~r~t --r-rd~~O~x~b----l 
rno v n rd . r s . r t L..':'0 __ ....l..:c= __ L.:,:....L:::-J-::;=----....J 

6 5 5 5 11 

Move register rs to register rd if register r t is not O. 

Move conditional zero 
,--.--,--,~~--, 

mon rd , rs . rt LI..:o~~..:.:rs~.Lr.:.t __ L:'rd=-.L.o=:x..;.a----~ 
G 5 5 5 11 

Move register r 5 to register I" d if register r t is o. 

Move conditional on FP false 

rl -o--'I-r-s -'l-c-c~~o--~rd~~O--~l--' 
mo v f rd, r s , c C L~---Lc:.._L~'-..J~--~5;:---"-~5--.-L-;6----' 

G 5 3 2 

Move CPU register r s to register r d if FPU condition code flag number ec is o. If 
ee is omitted fro m the instruction, condition code flag 0 IS assumed. 
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Move conditional on FP true 

111 0 v t rd . r s . C C LI -:=o __ -1_r:=s __ LOC::C'-L:l __ .Lr::.d __ L.:0,---,--,l=_....J 
65 32 5 56 

Move CPU register 1" 5 to register r d if FPU condi tion code flag number ee is I. If ee 
is omitted from the instruction, condi tion code bit 0 is assumed. 

Floating·Point Instructions 

The MIPS has a fl oating-point coprocessor (numbered I) that operates on single 
precision (32-bit) and double precision (64 · bit) fl oating-poi nt numbers. This 
coprocessor has its own registers, which are num bered H O- $f31. Because these 
registers are only 32 bits wide, two of them are required to hold doubles, so on ly 
fl oati ng-point registers with even numbers can hold double prec ision values. The 
fl oating-poi nt coprocessor also has eight conditio n code (ee) fla gs, numbered 0-7, 
which are set by co mpare instructions and tested by branch (b e l f or be l t) and 
conditional move instructions. 

Values are moved in or out of these registers one word (32 bits ) at a time by 
1 weI , swel, mt el , and mfel instructions or one double (64 bits) at a time by 1 d e l 
and s de l, described above, or by the 1 . 5, 1 . d, 5 . 5, and s . d pseudoinstructions 
described below. 

In the actual in structions below, bits 21- 26 are 0 for single precision and I 
fo r double precision. In the pseudoinstructions below, f des t is a floati ng-point 
register (e.g., HZ). 

Floating-point absolute value double 

ilbs . d fd . f.s Ox1l 1 ° fs fd 5 

6 5 5 5 5 6 

Roatlng-point absolute value single 

abs . s fd , fs I Ox11 I ° ° fs fd 5 

Compute the absolute value of the fl oating-point double (single) in register f 5 and 
put it in register fd. 

Floating-point addition double 

I Ox11 Ox11 ft add .d fd . f s . ft 
6 5 5 

fs 
5 

fd 
5 ° 6 
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Floating-point addition single 
~-.---r--r~~~~' 

~ _ I Oxil OxlO ft fs fd 0 
add . s rd , f s , It 5 

65 5 5 6 

Compute the sum of the floating-point doubles (singles) in registers fs and ft 

and put it in register fd . 

Floating-point c e iling to word 

r=oxu=l Ox1l 0 15 fd Oxe 
ee i 1.1·I.d fel. fs 

6 5 5 5 5 6 

I Ox1l Oxl0 0 fs fd Oxe 
ce il.1rl.s fd . Is 

Compute the ceiling of the floatin g-point double (single) in. regis ter f 5, convert to 
a 32-bilfixed -point value, and put the resulti ng word ITl register fd . 

Compare equal double 

[<@J Ox11 ft fs cc 0 FC 2 
c . eq . d cc fs . ft 4 

6 5 S 5 , 2 2 

Compare e qual single 

Oxil OxlO ft fs cc 0 FC ID 
c.eq. s cc fs . ft , , 4 

6 5 5 5 3 

Compare the floating-po int double (single) in register f 5 aga inst the one in ft 

and sel the floating-point condition flag cc to 1 if they are equal. if cc is omitted, 

co ndition code flag a is assumed. 

Compare less than equal double 

I Oxil Ox11 ft fs cc 0 FC O,e 
c.l e.d cc f s . ft 4 

6 5 5 5 3 2 

Compare less than equal single 

I Oxll 0,10 ft fs cc 0 FC O,e 
c.l e . s cc Is . ft 4 

6 5 5 5 3 2 2 
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Compare the floating-point double (single) in register f 5 aga inst the one in ft and 
set the floating-point condition flag cc to 1 if the first is less than or eq ual to the 
second. If cc is omitted, condition code flag 0 is assumed. 

Compare less than double 

Ir~O-Xl-l-'-O~X-l-l-'~ft--'-I~s--'-c-c--~O--'-F~C-'-O~x-c' 
C . It . dec f 5 , f t '-.,----'--,----'----'-,---'--'-'--'-----'----'----' 

6555322,' 

Compare less than single 

c. l t. s cc f s , ft 
0,11 0,10 ft Is cc o Fe Oxe 

6 5 5 5 3 2 2 4 

Co mpare the floating-point double (single) in register fs against the one in ft 
and set the condition flag cc to 1 if the lirst is less than the second. If cc is omitted, 
condition code flag 0 is assumed. 

Convert single to double 

c vt.d. s fd . Is I Ox1l Oxl0 0 fs fd 0,21 
6 5 5 5 5 6 

Convert integer to double 

cvt. d.\·j fd . fs I Ox11 Ox14 0 fs fd Ox21 
6 5 5 5 5 6 

Convert the single precision floating-point number or integer in register f 5 to a 
double (single) precision number and put it in register fd. 

Convert double to single 

cv L s . d fd . fs I Oxll Ox1l 0 fs fd 0, 20 
G s 5 5 5 6 

Convert integer to single 

cvt . S .w f d. Is I Oxll Ox14 0 Is Id Ox20 
6 5 5 5 5 6 

Convert the double precision floating-po int number or integer in register f 5 to a 
single precision number and put it in register fd . 
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Convert double t o Int eger 

cvt . I'i. d I d , f s I Oxil Dd! 0 Is Id Ox24 

6 5 5 5 5 6 

Convert single t o integer 

cvlow . S fd , fs 
I 0,11 OxlO 0 Is Id 0,24 

6 5 5 5 5 6 

Co nvert the double or single precision floating-po int number in register f s to an 
integer and put it in register f d. 

Float ing-point divide double 

d i v . d fd , f s . ft I 0,11 0,11 ft Is Id 3 

6 5 5 5 5 6 

FJoating·point divide single 

div . s fd . f s , ft: I 0,11 I 0,10 ft Is Id 3 

6 5 5 5 5 6 

Compute the quotient of the floating-point doubles (singles) in registers f s 'and 
ft and put it in register f d. 

Floating·point floor t o w ord 

fl oo r.I·I .d f d . f s 
Ox1l Oxil 0 Is Id I 0 , 1 
6 5 5 5 5 6 

floor . 1'1 . 5 fd . f s 
Ox1l 0,10 0 Is fd IjiJ 

Compute the floor of the floati ng-po in t double (single) in register f s and put the 
resulting word in register fd . 

Load floating·point double 

I.d fdesl . address " St'fIlloi list n It'/ hili 
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Load float ing'point sing le 

1. 5 rdest , add r ess pst: III foi list n let i OIl 

Load the floating-po int double (singl e) at addres s into regisler fdest. 

Move floa ting-point double 

mov . d fd . fs I Oxil Ox1l 0 
6 5 5 

Is Id ID 
5 5 6 

Mo ve floating-point sing le 

11I0 V . S fd . fs I axil OxlO 0 Is fd 6 
6 5 5 5 5 6 

Move the Aoating-point double (single) from register f s to register fd. 

Move c onditional floa t ing-point double fa lse 

1110 V f. d fd . f s . I 0'11 0,11 cc fTl Is Id IYillJ cc 
6 5 3 2 5 6 

Move conditiona l floa ting-point s ing le fa lse 

mo~f'. s fd . fs , I 0,11 0,10 CC 0 Is fd I 0,11 I (( 

6 5 3 2 5 5 6 

Move the floati ng-po int do uble (single) from register f S to register f d if condition 
code flag cc IS O. If cc IS omitted, condition code flag 0 is assumed. 

Move conditional floating-point double true 

rno v t . d rd . r s . c c LI-;;~:-,-,l-=l---,--;O:c'=l=l---,--:;C",C'----L-:l'--..L.:IS:"'..L"ld'--L~O::' 1~1~ 
5 3 2 5 5 6 

Move conditio na l floating-po;nt s ingle t rue 

r~O~'l~l-'~O'~l~O-'-CC--'-l~'--I --r-fd--r---
mov l . s fd . fs . cc L-;;'-=--L':;:=--L-:"'--..L-=-_L.:s:"'-L~_!,-"O::'l~l:... 

6 5 3 2 5 5 6 
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Move the floating-point double (s ingle) from register f s to register fd if condition 
code fl ag cc is I. If cc is omitted, condition code flag 0 is assumed. 

Move conditional floating-point double not zero 

1 Oxll Oxl i rt Is Id 
11lovn.d fd . fs . r t 

6 5 5 5 5 

Ox13 
6 

Move conditional floating-point single not zero 

1 Ox11 1 Oxl0 1 rt Is Id 
rnovn . s Id . f s , rt 

6 5 5 5 5 

Ox13 

6 

Move the floating-point double (single) from register f S to register f d if processor 

register r t is not O. 

Move conditional floating-point double zero 

1 Ox11 Oxil rt Is Id 
rnovz .d Id . fs , rt 

6 5 5 5 5 

Ox12 

6 

Move conditional floatlng·point single zero 

1 Oxll 1 Oxl0 1 rt Is Id 
rnovz . s Id . Is . rt 

6 5 5 5 5 

Ox12 

6 

Move the float ing-point double (s ingle) from register f S to register f d if processor 

register r t is O. 

Floating-point multiply double 

1 Ox11 Oxll ft Is Id 2 
rnu 1 . d fd . Is . It 

6 5 5 5 5 6 

Floating-point multiply single 

1 Ox11 1 OxlO ft Is Id 2 
rnu 1 . S Id . fs . It 

6 5 5 5 5 6 

Compute the product of the float ing-point doubles (singles) in registers f s and ft 

and put it in register fd . 

Negate double 

neg . d fd , fs 
Oxl l Oxll 0 Is 7 Id 

6 5 5 5 5 6 
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Negate single 

neg . s fd . f s [CiX1'1l OxlO 0 
6 5 5 

Is 
5 

Id 

5 

7 

6 

Negate the float ing-poin t double (single) in register fs and put it in register f d. 

Floating'polnt round to word 

rOtlnd . l'I . d Id . Is 1 Ox11 Oxll a Is Id axe 
6 5 5 5 5 6 

round . 11 . S Id . Is 1 Ox11 1 Oxl0 1 a 1 Is 1 Id 1 axe 

Round the floating -point double (single) value in register fs , convert to a 32-bit 
fixed-poi nt value, and put the resul t ing word in register fd . 

Square root double 

sfjrL.d Id . Is l§iii:i Oxl l a Is Id i~ 
6 5 5 5 5 6 

Square root single 

sqrt . s . . Id . Is l§iii:1 OxlO a Is Id 4 

6 5 5 5 5 6 

Com pute the square root of th e float ing-point double (s ingle) in register fs and 
put it in register f d. 

Store float ing-point double 

s . d fdest . address psc,uloi,WrrtCI ;011 

Store floating-point single 

. s . S fdest , ilrJdress pser /(10 j lIS/ rr Icl j(JJ I 

Sto re the float ing-po in t double (s ingle) in register f dest at address. 

Floating-point subtract double 

s IJ b . dId . Is . It CI ~o;xl~l~I~o;xl~l~l=ft~=~=;ls==I=ld~=l=l~== 
6 5 5 5 5 6 
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Floating-point subtract single 

~I -Ox-l -l '1-0-Xl-0...-fl---r:cfS-,----:cfd-CCl 
sub. s rd. fs . ft·· S 6 

6 5 5 5 

Compute the difference of the floating-point doubles (singles) in registers f 5 and 

ft and put it in register fd. 

Floating-point truncate to word 

I Ox1l Ox11 a fs fd Oxd 
trutlc .l1. d id , f s 

6 S S S S 6 

t r unc . \'I. S fd . f s Oxil Oxl0 a fs I fd Oxd 

Truncate the floating-point double (single) value in register fs, convert to a 32-bit 
fixed-point value, and put the resuiting word in register f d. 

Exception and Interrupt Instructions 

Exception return 

Oxl0 1 a Ox18 
eret 

6 1 19 6 

Set the EXL bit in coprocessor O's Status register to 0 and return to the instruction 
pointed to by coprocessor 0'5 EPC register. 

System call 

sysCil l l 1
0 a axe 
6 20 6 

Register $vO contains the number of the system call (see Figure B.9.1) provided 

by SPIM. 

Break 

breilk code 
a code 1yx<iJ 
6 20 6 

Cause exception corle. Exception 1 is reserved for the debugger. 

No operation 

a a a a a a 
nop 

6 5 5 5 5 6 

Do nothing. 

B.l1 Concluding Remarks 

l1li ConcludIng Remark. 

Programming in assembly language requires a programmer to trade helpful fea
tures of high-level languages-such as data structures, type checking, and control 
constructs-for complete control over the instructions that a computer executes. 
External constraints on some applications, such as response time or program size, 
require a programmer to pay close attention to every instruction. However, the 
cost of this level of attention is assembly language programs that are longer, more 
time-consuming to write, and more difficult to maintain than high-level language 
programs. 

Moreover, three trends are reducing the need to write programs in assembly lan
guage. The first trend is toward the improvement of compilers. Modern compilers 
produce code that is typically comparable to the best handwritten code-and is 
sometimes better. The second trend is the introduction of new processors that are 
not only faster, but in the case of processors that execute multiple instructions 
simultaneously, also more difficult to program by hand. In addition, the rapid 
evolution of the modern computer favors high-level language programs that are 
not tied to a single architecture. Finally, we witness a trend toward increasingly 
complex applications, characterized by complex graphic interfaces and many more 
features than their predecessors. Large applications are written by teams of pro
grammers and require the modularity and semantic checking features provided by 
high' levellanguages. 

Further Reading 

Aha, A., R. Sethi, and J. Ullman 119851. COlllpilers: Principles, 1cc/miqllcs, 011(1 Tools, Reading, MA: Addison-Wesler. 
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Swcetman, D. 119991. Sa MIP5 1?lm, San Francisco, CA: Morgan Kaufmann Publishers. 
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011 thesc 1II1Ie/,iIlCS. 

Detailed documentation on tbe MIPS-32 archi tecture is available on the Web: 

MIPS12n , Architecture for programmers Volume I' Introduction 10 the MIPS31u, Archilectll!1.' 
(l,ttp:llll lips.CClI /I!CCllltClltIDoCl IIl1 C/I /otiOiI /MIPSDoCI IIII CII lo/iOIlIProccssorArchitccl llrd 
A rell i tCCti 1 rc Progrm 1/ III i llg PII/JI icm iOIlS[or "'·f I P 5311 M D00082 -2/)-M I PS321 NT-A F P-02. 00. pdf! 
gctDOIl'ldolltij 

M!pS~2n' Architecture [or Prnl!rarnrners Volume II' The MIPS3?n. lus!Cl!clion ScI 
(llttp:llmips.com/colltelltIDoCllmclltli tio Il /MIP5DoClllllclIlmioIlIProccssorArcllitectllrr:1 
Architcclllfel'rogmmllli" gP,MiclIliOlls!orMiPS32/j\·tDOOO86-2n-MIPSJ20iS-AFP-02.00.prlf/gcrDol\·'lloarl) 

MlpS'I?n, Archj!l'c!ufC for programmers Vo lume III' The M IpS3?n. priyileged Hesource Archilccture 
(1Ittp:llmips.(om/colltt'lItIDoCIII1IC1/lntioIlIMIPSDoCIIlllclIlIItioIlIProcCSIOrArchitcclllfc/ 
A rc/l i r cClllrcfJrog m 111111 i IlgPII/JIi((l t ;OllS[O rM 1 PS321M D00090-28 -M I PSJ1 P UA -A F 1'-02.00. pdf/get Doll' II /0(1(/) 
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Exercises 

B_1 151 <§B.5 > Section B.5 described how memory is pa rtit ioned on most MIPS 
systems. Propose another way of dividing memory that meets the same goals. 

B_2 120] <§ B.6> Rewrite the code for fact to use fewer instructions. 

B_3 IS] <§ B.7> Is it ever safe for a user program to use registers $ kO or $ k I? 

B.4 125] <§ B.7> Section B.7 contains code fora very simple exception handler. One 
serious problem with this handler is that it disables interrupts for a long time. This 
means that interrupts from a fast I/O device may be lost. Write a better exception 
handler that is interruptable and enables interrupts as quickly as possible. 

B.S liS] <§B.7> The simple exception handler always jumps back to the instruc
tion fo llowing the exception. This works fin e unless the instruction that causes the 
exception is in the delay slo t of a branch. In that case, the next instruction is the 
target of the branch . Write a better handler that uses the EpC register to determine 
which instruction should be executed after the exception. 

B.S IS] <§B.9> Usi ng SpIM , write and test an adding machine progra m that 
repeatedly reads in integers and adds them into a running sum. The program 
should stop when it gets an in put that is 0, printing out the sum at that point. Use 
the SplM system calls described on pages B-43 and B-45. 

B.7 IS ] <§B.9> Using SPIM, write and test a program that reads in three in tegers 
and prints out the sum of the largest two of the three. Use the SplM system calls 
described on pages B-43 and B-45. You ca n break ties arbitrarily. 

B.8 IS] <§B.9> Using SpIM, write and test a program that reads in a positive inte
ger using the SPIM system calls. If the integer is not positive, the program should 
terminate with the message " Invalid Entry"; otherwise the program should print 
out the names of the digits of the integers, delimited by exactly one space. For 
example, if the user entered "728," the output would be "Seven Two Eight." 

B.9 125] <§ B.9> Write and test a MIPS assembly language program to compute 
and print the first 100 prime numbers. A Ilu mber 11 is prime if no numbers except 
I and II divide it evenly. You shou ld implement two routines: 

• test_ pr im e I n ) Return I if /I is prime and 0 if /I is not prime . 

• rna i n I) Iterate over the integers, testing if each is prime. Print the nrst 
100 numbers that are prime. 

Test you r programs by running them on SpIM. 

8.12 Exercises 

B.l0 r iD] <§§ B.6, B:9> Usi ng SPIM, write and test a recursive program for salvin 
the. clas. SIC. mathen.,ancal recreation, the Towers of I-hnoi puzzle (TI . '11 g 
tl f I f ' - . lIS WI req uire 

lC .,use 0 stac \. ram,es to support recursion. ) The puzzle co nsists of three c 5 

( I, -, afnd 3) and /I dIsks (the number /I can vary; typical valu es might be inPt l~ 
lange TOm I t08 ) Disk I is ' II ·tl d' I " . e 3 de. h : , . sm,a Cl 1<1 11 IS <. 2, wh Ich IS II1 turn smaller than disk 
,an so 101 t ,wJl h dISk 1/ bemg the largest Ini tiall)' all th d" 1 

st'uting ' tl d ' k I " ' e IS (S are on peg I 
. .' WIllS' /I on t1e bottom, disk 1/- I on top of tl, at "nd C th ' 
dIsk I I TI . , u so lOr ,up to 

. ' . on ~ le top. ,le goal IS to, move all the disks to peg 2. You ma To nI , move one 
d~sl;.a atllne, that IS, the top dIsk from an)' of the three pegs onto ihe t~p of either 

d
o. It le ot hel tfwo pegs. Moreover, there IS a constraint: You must no t place a larger 

IS ( on top 0 a smaller d isk. 

The C program below can be used to help write yo ur assembly language program. 

/* move n smallest di s ks from s ta rt to n- '11' s l 
ext ra */ 1 usi ng 

vo i d hanoi l in t n, i n t s t ar t, i n t fini s h , in t 
ifln !- 0 )1 ext ra ) 1 

1 • 

ma i n I ) 1 
i nt n; 

ha l~ oiln - l. s t an , exUa , lin i sh) ; 
prlnt_s tring l "M ove di s k" ) ; 
p l-i nt_ i n t l n ) ; 
pri n t _st r i ng ( "from peg" ) ; 
pri nt_i n t lstart) ; 
print_ stringl "to peg"); 
pri nt_int l fini s h ) ; 
pri nt_ s tr i ng l". \ n " ) ; 
han o iln- l. e xU a , fi n is h, s t al't ) ; 

prin t_st ringl "En te r numb e r of d iSks ) " ) ; 
n - r ead_ i nt I) ; 
hanoiln , I , 2 , 3) ; 
re tlll-n 0 ; 
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la ngu:lge, 79 

variabl es. 118 
Classes 

defin ed. CD2.15: 14 
packages, (In. I 5:20 

Clock cycles 
defi ned, 3 1 

mem of}'-stall, 475, 476 
num ber of registers and, 8 1 
worst-case delay and, 330 

Clock cycles per instruction (C PI ). 33-3'1. 

34 1 
one leve l of cach ing, 488 
two levels of caching, 488 

Clocking mcth odology, 305-7, C-'IS 
defined . 305 

edge-t riggercd , 305. 306. C-'18, 
C-7) 

level -sensi tive, C-74, C-75- 76 

for predictability. 305 

Index 

Clock rate 

dclined.3 1 

frequency switched as 

function or, 40 
power imd, 39 

Clocks, C-'18-50 

edg4,', C-'18, C-50 

in edge-triggered design. C-73 
ske w, C-7'! 

specificntion, C·57 

sy nchronous srstem, C" 18-49 
Clusters. CD7.14:7-8 

defined, 632, 64 1, C 07.14:7 
drawbacks, 6,12 

isola tion, M'I 
orga nization, 631 

overhead in division of memory, 6tl2 
scienti fi c computing on, CD7.14:7 

CIl1·. C07. l tJ:~1 

C.mmp, C 07.14:3 

Coa rse-gra ined muhililread ing, 645-46 
Cobo l, CD2_20,6 

Code generation, C02. 1 5: 12 
Code motion, C02.15:6 

Co mbinat ional blocks. C_" 

Combinat ional con trol un its, O-'I-S 
Combina tional clements, 304 

Co mbipa tional/ogic, 306. C-3 , C-9-20 
arrays, C- ]8- 19 

d l.'codcrs, C-9 
defined. C-5 

don't cares, C- 17- IS 
multipl exo rs. C-l 0 
ROMs,C- 14-1 6 

two-level, C- II - I" 
Vcrilog. C-23-26 

Commands. to I/O dev ices. 588-89 

Commercial computer development, 
CD I.IO,3-9 

Commit units 
bu ffer, 399 

defined ,399 

in upda te control, "102 
Common case fast, 177 

Common subexpre~sion elimination 
C02. IS:5 ' 

Co mmunication , 24-2S 

overhead, red ucing. "13 
thread , "·3"1 

Compact code, C 02.20:3 

Compact disks (CDs), 23, 24 

Comparison inst ructions, 8 -57-59 
float ing-point . 8- 74- 75 
list of, 13-57-59 

Co mparisons, 108-9 

constant opei'imds in, 109 
signed versus un signed, 110 

Compilers. 139 

branch creat ion, 107 
brief hi story. CD2.20:S 

conserv;lt ive. CD2. 15:5-6 
defin ed, I I 

front end, C02. IS:2 

function. 13. 139, 13-5-6 

high-level optimiza tio ns. 
CD1. I 5:3-'1 

lLP exploit ation , C04. 15:4- 5 
lust In Time (Jrn, 148 

machine Innguage product ion, 8-8-9, 
B-I O 

optimization, 160, CD2.20:8 
speculatio n, 392-93 
structure, C02. 15: ] 

Co mpiling 

C assignment statemen ts, 79-80 

C language, 107-8. 16 1, CD2. 15: 1-2 
floating-poin t programs, 262- 65 
if-t hen-else, 106 

in lav01, C 02. 15: 18-19 

procedures. 11 '1. 117-18 
recursive proced ures. 11 7-18 
while loops, 107- 8 

Co mpressed spnrse row (CSR) matrix, 
A-55, A-56 

Compulsory misses, 523 
Computers 

application classes, 5-7 

npp licat ions, " 
arithmetic for, 222-S3 

characteri~tics, C O 1.1 0: 1 2 

com mercial developmen t, 
CDI.I0,3- 9 

component o rg;m i7.n tion, 14 
componellls, 14,223.569 
design meas ure. 55 
desk top, 5. 15 

embedded, 5- 7, 13-7 
first. COI. IO:1-3 

in informn tion revolution , ,, 

inst ruction rep rese nt ation, 9'1- 10 1 
laptop, ]8 

pcrrOrm.lnCe meas urement, CD 1.10:9 

princip les. 100 
rack mount , 606 
servers, 5 

Compu te Unified Deviee Architec ture. 

Sec .CUDA progr'lJl1J11ing 
environment 

Conditional branches 
ARM , I63 

c.:h'1I1gi ng progra m CO ullter 
with,383 

compi ling if-then -else into, J06 
dcllned.105 

desktop JUSc. E·16 

embedded IUSe. E- 16 
implementati on, 112 
in loops, 130 

!'A-RISC, E- 3'I, E-35 

PC- relalive address ing, 130 
IUSC, E- IO- 16 

SPA RC, £- 10-1 2 

Co nditional move instructions, 
383 

Condition fie ld , 383 
Conniet mi sses. 523 

Constan t -manipula ling 

ins tructions, B-57 
Comtan t mcmorv 1\-40 
Constant o pcranti~, 86-H7 

in compari~on.~, 109 

frequent occurrence, 87 
Conten t Ad dressable tvfemor)' 

(CA M), '185 
COnlt'xt sw itch. 5 ] 0 
Control 

AW,316-18 
cha llenge, 384 

finish ing, 327 
forwarding, 366 
r-SM , D-B-2 1 

im plementalion , optimizing, 
D-27-28 

for jump instructio n, 329 

mapping 10 hardware, D-2-32 
memor r, 0-26 

organizing. to reduce logi c, 
D-3 1-32 

p ipci illed.359-63 

Cont rol now g raphs. C D2. 1 5:8- 9 
defined, CD2.15:8 

illustrated eX;Jmples, CD2. 15:8, 
C02.15:9 
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Co ntrol fu nctio ns 
AlU, mappinl; 1u gales, D-4- 7 

defining, 321 
1'1.,\, implcmentat ion, D-7, 

0-20-2 1 
ROM, encoding. D- J 8-19 
for single-cycle implemen tation , 

327 
Control hazards, 339- 43, 375-84 

branch dehl)' reduction, 377-79 
branch not t'lkcn assumpt ion, 377 
branch prediction as solution. 342 

defined, 339, 376 
delayed decision ;\pproach. 343 
dvnamic branch predict ion, 380-83 

' ~giC implementation in Veril og, 
CD4. 12:7- 9 

pipeline stalls as sol ution, 3,10 

pipeline slImm;lry. 383-84 

simplicity. 376 
so lut ions, 3,10 
stillic multiple-i ss ue processors and , 

394 
Conlrolli ncs 

asse rted ,323 
in data path . 320 
cxcculion/;ldd rcss calculation, 36 1 

final three stages, 36 1 
instruction decode/register lik read , 

36 1 

instruction fdc b, 361 
memory access , 362 

setting of, 32 1,323 

values, 360 
write-back,362 

Control signals 
ALUOp, 320 
deli.ned,306 

effect o f, 32 1 
mu lti-bit . 322 
pipeli ned datapaths with. 359 

trutb tables, 0 - 14 

Con trol units, 303 
address sckct logic, 0 -24, 0-25 
comhinatio nal, implementing. 

0-4-8 
with explicit co unt er, 0 -23 

illustrated. 322 
logic equations, 0-11 
main, designing, 3 18-26 

as mi crocode, 0-28 

l\'II PS. lJ- IO 
next-st:lte outputs, D- I 0, D- ! 2- ! J 
output, 3 16-17, 0 -10 
S~·i.' (//so Arithmcti..: logic unit (ALU ) 

Conve rsion instruct ions. 13 -75-76 
Cooperat ive thread arrays (CTAs), 

A-30 

Coproccs~ors 

cop rocessor 0. 13-33- 34 

defined. 266 
Jllove inst ruct ions, 13-71-72 

Copy back. S l'C Writ c-back 
Corc MIPS instruction set, 282 

abstract view, 3D2 
desktop RISC, E-9-l l 
implemen tatio n, 300-303 
implelllcntniion illust rat ion , 304 

overview, 301-3 
subset, 300-30 I 

Sec a/so Nt I PS 
Co res 

defined, ·11 
number p CI' chip, 42 

Correcting code , 602 
Corrcl.lIiol1 predictor, 383 
Cosmic Cube, C 07, 1'1:6 

Count register, B-3" 
Cray co mputers, CD3.1 0:4, C D3.1 0:5 

Critical word lirst , 465 
Crossbar networks, 662 
CTSS (COlnp.lI ible Time-Sh.l ring 

System). CD5. 13:8 
CU DA programming environment . 659, 

A-5. CDA.I 1:5 
b;,rrier synchronizat ion, A- 18, A-34 

defined,I\-5 
development, A- ! 7, A-I H 
hierarchy of tbread gro ups, A-I 8 

kernel s, A- 19. A-24 
k~y abstract ions, A-18 

paradi gm, 1\-1 9-23 
parallel plus-scan template, A-6 1 

per-block shared memory, A· 58 
plus-reduction implementati on, 

A·63 
program s, A-6, A-1A 
sca lable parallel programming with , 

A- I 7-23 

SDK, I72 
shared memories, A- 18 

threads, A-36 

Index 

D 

Databases 
br ief hislor},. C D6, 14:,1 
Integrated Data Store ( IDS) , CIJ6.1 4:4 

r~lationa l , C06.1 4:5 

D" tacen ters, 5 
Data flow analysis, CD2.15:8 

Data haznrds, 336- 39, 363-75 

defmed,336 
forwarding, 336, 363-75 

load -usc, )JR, 377 
stalls and , 37 1-74 
S (,f 0/50 Haza rds 

Dala layo llt d irectives, B-14 
Dat;,-level parallelism, 6,19 
Data 1110Vel11enl inst ructions, 8-70-7.3 

Data par<lllci problem decomposition, 

A-17. A-18 

Oalap.lI b elements 
deftned,307 

sha ri ng,313 

Datapaths 
hr;111ch, 3 ! 1,3 12 
building, 307- 16 , 
control signal t ruth tables. 0 -14 

con trol unit , 322 

defi ned , 19 

design, 307 
exception handling. 387 
for fetchi ng instructions, 309 
for hazard resolu ti on via forward ing, 

370 
for jump instruction, 329 
for memory inst ru ct ions, 31 '1 
fo r MIPS architecture. 3 15 
in operation for branch-on-eqll<ll 

inst ruction, 326 
in operation far load instruction. 325 

in operat ion for J{-type 

instruction, 32'1 
operation of, 32 1- 26 

pi pelined , 3·14-58 
for R-type instructions, 3 1'!' 323 

si ngle, cre.lIing, 313- 16 

single-cycle. 3'15 
static two -issue, 395 

Data race. 137 
Data rate, 596 
Data segment, B-1 3 
Data selectors, 303 

Index 

Oata structurc compress ion, 680 
Data t ransfer inst ructio ns 

defi ned, 82 
load,83 

offsel.83 
.~t ore, ti5 

Scc rr/so Instru ctions 
Deassertcd signals, 305, C-4 
Debugging information. 13-13 

DEC di sk drh'c, C D6.1 '1:3 
Decimal numbers 

b inary number conversion to, 90 

defined,87 
Decision-making instruct io ns, 105- 12 
Decoders, C-9 

defined , ( -9 

two -level , C -65 
Decoding machine lang.uage, 134 

DEC PDP-8, CD 1.1 0:5 

Deep "Veb, CD6, I '1:8 
Delayed branches. III 

as contro l haza rd solution, 343 

defin ed,3 13 

embedded RI SCs and. E-23 
fo r five-stage pipelines, 382 
reducing, 377-79 

scheduling li m itat ions, 38 1 
Sec illso Branches 

Delayed deci sion, 3'13 
DeMarg;IIl's theorems, C- Il 
Deno rmalizcd numbers, 270 

Dependence.~ 

buhble insertion and, 374 

detection. 365 
nam e, 397 
between pipeline registers, 367 

between pipel ine registers and ALU 
input s, 366 

sequence, 363 

Design 
co mpromises and , 177 

datapath,307 
digital, '106-7 
110 system. 598-99 
logic, 303- 7, C- I-79 

mai n control un it , 318- 26 
memory hiernrch)', challenges. 525 

pipelini ng instruction sets, 335 
Desktop and server RI SCs 

add ressing modes, E-6 
archilectllTe sumnl<lry, [-4 

arit hmeticflogical in st ructi ons, 
E·II 

co nd itional br.lIlches, E- 16 
comtant extension summ,lI')', E-9 

con trol in structio ns, E.- I I 

co nvcnt ions eq uivalen t to MIPS core. 
E- 12 

data transfer in struct ions, E-I O 
fe.lI ures added to, E-45 
floating-point in structions, E- 12 

instruction formal S. E·7 
multimedia extensions, E-1 6-18 

multimedia support, E- ! 8 
types of, E-3 
5('1.' (/ /50 Redw':l'd inst ruc tion set 

computer ( IU SC) architec tu res 
Desktop compulers 

denned, 5 
illu strat ed,15 

D flip-flops, C-51, C-53 
Dicing, <16 

Dies,46 
Digital design pipeline, 406- 7 
Digit al signal -processing (DSP) 

exte nsions, E- 19 

Digital video disks (DVD.~). 23, 24 
OI 1\«[vls (dual inline memory 1110dule.~), 

CDS. IN 
Direct3 D, 1\-]3 

Direct -mapped caches 
add ress po rtio ns, ,184 

choice of, 520 
defined, 457, ,179 

illust rated. 459 
memory block location , 480 
misses, 482 

single comparator, ,185 
total number of bit s, 463 
Sec (1/so Caches 

Di rect memory acccss ( DMA) 
de!1Iled,592 

multiple devi ces, 593 

sctup, 593 
transfers. 593, 595 

Dirt}' bi t, 501 

Dirty pages, 50 I 
Disk con trollers 

cac hes, 578 
deflned, 576 

lime. 576 

Disk read time, 577 

Disk storage, 575- 79 
cha racterist ics, 579 

densities, 577 

histo ry, CD6.1-I: l-'1 
inh:rracl's, 577- 78 

as nOI\ \'Olatile, 575 
rota ti onal latency, 576 
sectors, 575 

seck time. 575 
tracks, 575 
transre r time, 576 

Displ acement addressing, 133 
Divide algorithm, 239 
Dividend, 237 

Di vision, 236- ·12 

algorithm. 238 
diyide nd ,237 

div iso r, 237 
fas ter, 2-1 I 
noating-point. 259, B-76 
hardware, 237-39 

hardwa rl', im proved version . 
2,10 

instructions, 13 -52-53 

in MIPS, 2'11--42 
o pera nds, 237 
quotie nt , 237 
remainder, 237 

signed. 239-..:1 1 
SRT, 24! 

SCI.' also Arithmctic 
Divisor, 137 
D latches, C-51, C-52 

Done hit, 588 
Don't ca res, C-I 7- 18 

example, C- 17- ! 8 

term.3 18 

1·7 

Double D;1Ia Rate RMvis (D lJRRAMs), 

473, C·6S 
Double precision 

defmed,2'15 
f-MA , A-'15-46 
C PU, A-4S-'16, A- 74 
represe ntat ion, 2,19 

Scc II/SO Si ngle prec isioll 
Double words, 168 

Oynamically linked lib raries (DLLs), 
145-<16 

defined, [46 

lazy procedure lin kage \'ersiol\ , 
146, 147 
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Dynamic branch prediction, 380-83 
branch prediction buffer, 380 
defined,3BO 
loops and, 380 
Sec' a/50 Control hazards 

Dynamic hardware predictors, 341 
Dynamic multiple-issue processors, 392, 

397-400 
pipeline scheduling. 398- 400 
supcrscalar,397 
Sec (//so Multiple iSSlle 

Dynamic pipeline scheduling, 

399-400 
commit unit, 399 

concept, 400 

defined, 398 
hardware-based speculation, 400 

primary units, 399 
rcorder buffer, 399 
reservation stalion, 399 

Dynamic random access memory 

E 

(DRAM), 453, 471, C-63-6S 

bandwidth external to, 474 

cost, 23 
defined, 18- 19, C-63 
DlMM, CD5.13:4 
Double Date Rale (DDR), 473 

carly board, CD5.13:4 

GPU, A-37-38 
growth of capacity. 27 
history, CD5.13:3--'1 
pass transistor, C-63 
SIMM, CDS.13:4, CD5.13:5 

single-transistor, C-64 
size, 474 
speed,23 
synchronous (SDRAM), 473, C-60, 

C-65 
two-level decoder, C-65 

Early restart, 465 
Edge-triggered clocking methodology, 

305,306, C-48, C-73 

advantage, C-49 
clocks, C-73 
defined, C-48 
drawback~, C-74 
illustrated, C-50 
rising edge/falling edge, C-48 

EDSAC (Electronic Delay Storage 
Automatic Calculator), CD 1.1 0:2, 

C05.13:1- 2 
Eispack, CD3.10:3 
Electrically erasable programmable 

read-only memory (EEPROM), 

581 

Elements 
combinationa\, 304 
datapath, 307, 313 
memory, C-50-58 
stale, 305, 306, 308, C-48, C-50 

Embedded computers 
application requirements, 7 
defined,13-7 
design, 6 
growth,COl.lO:II - 12 

Embedded Microprocessor 
Bencllmark Consortium 
(EEMBC), CDI.IO:II - 12 

Embedded RISCs 
addressing modes, E-6 
architecture summary, E-4 
arithmetic/logical instructions, E-\4 
conditional branches, E-16 
constant extension summary, E-9 
control instructions, E-15 
data transfer instructions, E-13 
delayed branch and, E-23 
DSP extensions, E-19 
general purpose registers, E-5 
instruction conventions, E-15 
instruction formats, E-8 
multiply-accumulate approaches, E-19 

types of, E-4 
See /llso Reduced instruction set 

computer (RiSe) architectures 

Encoding 
defined,0-31 
floating-point instruction, 261 
MIPS instruction, 98,135,13-49 
ROlv! control function, D-18-19 
ROM logic function, C- 15 
x86 instruction, 171-72 

ENIAC (Electronic Numerical Integrator 
and Calculator), CO 1.1 0: 1, 
CD 1.1 0:2, CD 1.1 0:3, CD5_13: I 

EPIC,CD'1.15:4 
Error bit, 588 
Error correction, C-65- 67 
Error detection, 602, C-66 

Ethernet, 24, 25, C06.14:8 
defined, CD6.11:5 
multiple, CD6.1 1:6 
success, CD6.ll:5 

Exception enable, 512 
Exception handlers, 13-36- 38 

defined,13-35 
return from, 8-38 

Exception program counters 
(EPCs),385 

address capture, 390 
copying, 227 
defined, 227, 386 
in restart determination, 385 

transferring, 229 
Exceptions, 384-91, 8-35-36 

association, 390 
datapath with controls for 

handling, 387 
defined,227,385 
detecting, 385 
event types and, 385 
imprecise, 390 
instructions, 13-80 
interrupts versus, 384-85 
in MIPS architecture, 385-86 
overflow, 387 
PC, 509, 511 

Index 

pipelined computer example, 388 
in pipelined implementation, 

386-91 
precise, 390 
reasons for, 385-86 
result due to overflow in add 

instruction, 389 
saving/restoring stage on, 515 

Exclusive OR (XOR) instructions, 13-57 
Executable files, 8-4 

defined, 142 
linker production, 8-19 

Execute/address calculation 
control line, 361 
load instruction, 350 
store instruction, 352 

Execute or address calculation stage, 350, 

352 
Execution time 

CPU, 30, 31, 32 
pipelining and, 344 
,IS valid performance measure, 54 

Explicit counters, 0-23, 0-26 

Index 

Exponents, 1'14-45 
EX stage 

lond instructions, 350 

overflow exception detection, 3H7 
store instructions, 353 

Extern;lllabe!s, B- 1 () 

F 

Facilities, 13-]'1-1 7 
Failures 

disk, rates, 613-14 

mean time between (lvIT13F). 573 
mean time to (MTrF), 573, 57,1, 

613,630 

reasons for, 574 
synchronizer, C-77 

J:allacies 

add immediate unsigned, 276 
Amdahl's law, 68'1 

as~embly language for perfonn;mce, 
17,1-75 

con~!llercial binary compatibility 
lInportance, 175 

defined,51 

disk failure rate~, 613-14 
GPUs, A-72- 74, A- 75 

low utilization llses little power, 51 
MTTF,613 

peak performance, 684-85 
pipelining, '107 

powerful instructions mean higher 
performance, 17,1 

right shift, 275-76 
See /llso Pitfalls 

'False sharing, 537 
Fast carry 

with first leve! of abstraction, 
C-39~IO 

with "infinite" hardware, C-38-39 
with second level of abstraction, 

C-'\o~16 

Fast Fourier Tran~forms (FFT), A-53 
Fiber Distributed Oat;) Interface (FDDJ ), 

CD6.14:8 
Fibre Channel Arbitrated Loop 

(FC-ALI. CD6.11:11 
Field programmable devices (FPDs), 

C-78 

I;ield programmable gate arrays (FPGAs), 
C-78 

Fields 
C\U.~c register, 13-3,1, 13-35 
dctlncd,95 
format, D-31 
IvIIPS, 96-97 
names, 97 

Status register, B-34, B-35 
Filcbench,597 

Files, register, 308, 31 ,[, C-50, C-5'1-56 
File server benchmark (SPECFS), 597 
Fine-grained multithreading, 6'15, 647 
Finite-state machines {I:SMs}, 529-3,1, 

C-67-72 
LOntrol, 0-8-21 
controllers, 532 
deli ned, 531, C-67 
implementation, 531, C-70 
lvlealy, 532 
lvioore, 532 

for nlltiticyc\e control, D-9 
next-state function, 53 1, C-67 
output function, C-67, C-69 
for simple cache controller, 533 
state assignmelll, C-70 

state register implementation, C-7! 
style of, 532 
synchronom, C-67 
System Veri log, CD5.9:6-9 
traffic light example, C-68-70 

Fixed-function graphics pipdine.~, 
CDA.II:I 

Flash-based removable memory 
cards, 23 

Flash memory, 580- 82 
brief history, C06.1'!:,! 
characteristics, 23, 580 
defined, 22, 580 
as EEPROM, 581 
NAND, C06.14:'1 
NOR, 581, CD6.14:'1 
wear leveling, 58 I 

Flat address space, 545 
Flip-flops 

defined, C-51 
o flip-flops, C-51, C-53 

Floating point, 2,12- 70 
assembly language, 260 
backward step, CD3.1 0:3--4 
binary to decimal conversion, 2'!9 
branch,259 
challenges, 180 

defined,244 

diversity versus portability, 
CD3.1O:1-3 

division, 259 

first dispute, CD3.1 0: 1- 2 
form, 145 

fused multiply add, 168 
guard digits, 266-67 
history, CD3.1 0: 1- 10 
IEEE 754 standard, 246, 1,17 
immediate calculations, 266 
instructiun encoding, 16] 
machine language, 160 
J\'lIPS instruction frequency for, 281 
MIPS instructions, 259-61 
operands, 260 

operands variation in x86, 174 
overflow, 245 
packed format, 274 
precision, 271 

procedure with two-dimensional 
m,Hrices, 263- 65 

programs, compiling, 262-65 
registers, 265 

representiuion, 244-50 
rounding, 266- 67 
sign and magnitude, 2,15 
SSE2 architecture, 274-75 
subtraction, 159 
underflow, 245 
units, 267 
in x86, 272-74 

Floating-point addition, 250-54 

arithmetic unit block diagram, 25,1 
a~sociativit)', te.~ting, 270-71 
binary, 251, 253 
illustrated,152 
instructions, 159, 13-73-7'1 
steps, 150-51 

Floating-point arithmetic (GPUs), 
A-·11-46 

basic, A-'12 

double precisiun, A-45--46, A-74 
performance, A-'I'I 
specialized, A-42- 4'1 
.~upported formats, A-'12 
texture operations, A-44 

Floating-point instructions, 13-73-80 
absolute value, B-73 
addition, 13-73-74 
comparison, 13-7'1-75 

1·9 



1·10 

Floating-point instructions ( collliIlIlCd) 

conversion, 13-75- 76 
desktop RISe, E- J.2 
division, B-76 

load, B-76-77 
move, 13-77- 78 

multiplication, 13 -78 
negation, 13- 78-79 

SPARe , E-31 
square rool, 13-79 

store, 8-79 
subtraction, 11-79-80 
truncation, 8-80 

Floating-point multiplication, 
255-59 

hinary, 256- 57 

illustrated,258 
instructions, 259 

significands, 255 

steps, 255-56 
Floating vectors, CD3.1 0:2 
Flow-stmsiti\'c information, 

C D2.15:1 I ] 

Flushing instructions, 377 , 378 

defined, 377 
exceptions and, 390 

I:or loops, \57 

inner. (D2.15:25 
51]\,11) and, CD7. J 4:2 

Formal parameters, B- 16 

Formal fields, D-31 
Fortran, CD2.20:6 
I:orwarding, 363-75 

ALU before, 368 

contro\' 366 
datapath for hazard resolution, 370 

defined,336 
functioning, 364-65 
gmphical representation, 337 

illustrations, CD4. I 2:25- 30 
multiple resuits and, 339 

multiplexors, 370 
pipeline registers before, 368 
with two instructions, 336-37 
Verilog implementation, 

C04.12:3-5 
Forward references, 13-11 
Fractions, 24,1, 2,15, 246 

hame buffer, 17 

Frame pointers, 119 
front end, CD2.IS:2 

Fully assuciati\'e caches 
block replacement strategies, 521 

choice of, 520 
dc!ined,479 
memory block location, 480 

misses,483 
Set' (//so Caches 

Fully connected networks, 661,662 

Function code, 97 
hlsed-multiply-add (FMA ) operation, 

268, A-45-46 

G 

Game consoles, ;\-9 

Gates, C-3, C-8 
ANO, C-12,0-7 
defi.ned, C-8 

delays, C-46 
mapping ALU control function 10, 

D-4-7 

NANO,C-8 
NOR, C·H, C-SO 

Gateways, C06.11:6 
General Purpose GPUs (GPGPUs), 656, 

A-S, COA.II:3 

General-purpose registers 
architectures, C02.20:2-3 
embedded RISCs, E-5 

Generate 
defined, C-40 
example, C-44 

super, C-'II 

Gig:lbytes,23 
Global common ~ubexpre~sion 

elimination, C02.15:5 

Global memory, A-2 I, A-39 

Global miss rates, 489 
Global optimization, C02. I 5:4-6 

code, C02.15:6 
defined, C02.15:4 
implementing, C02.15:7-1 0 

Glohal pointers, 118 
GPU compuling 

defi.ned,I\-5 

vi sual applications, A-6-7 
See a/so Graphics processing 

units (GPUs) 
GPU system architectures, A-7-12 

graphics logical pipeline, A-I 0 
heterogeneous, A-7-9 

implications for, A-24 
interfaces and drivers, A-9 

unified, A-I 0- 11 
Graph coloring, C02. I 5: II 

Graphics displays 
computer hardware support, 17 

LCD, 16 
Graphics logical pipeline, A-I 0 
Graphics processing units (GPUs), 

654-60 
as accelerators, 65,1 

Index 

attribute interpolation, A- '13-4'1 

computing, CDA.II:4 
defined, 44, 634, A-3 
driver software, 655 
evolution, A-5, CDA.II:2 

fallacies and pitfalls, A-72- 75 
floating-point arithmetic , A-17, 

A-4 1-46, A-7'1 
future trends, COA.II:5 
GeForce 8-series generation, A-5 
general computation, A-73-7,! 
General Purpose (GPGPUs), 656, A-5, 

CDI\.II:3 
graphics mode, 1\-6 
graphics trend~, r\-4 

history, A-3-4 
logical graphics pipeline, A-13-14 

main memory, 655 
!n<1pping applications to, A-55-72 

memory, 656 
multilevel caches and, 655 

N -body applications, A-65-72 
NVIDIA architecture, 656~59 

parallelism, 655, A-76 
parallel memory system, A-36--'\1 
performance doubling, A-4 

perspective, 659-60 
programmable real-time, CDA.II:1- 3 

programming, A-11-14 
programming interfaces to, 654, A-17 

real-time graphics, A- 13 

scalable, CDA.II :4-5 

summar)" A-76 
Sec 0150 GPU computing 

Graphics shader programs. A-14-15 
Gresham's Law, 2M3, CD3.1 0: I 

Grids, A- 19 

Guard digits 
defined,266 
rounding with, 267 

Index 

H 

Half precision, A-42 
Half·words, 116 

Handlers 

defined,513 
TLI3 miss, 514 

Handshaking protocol, 584 
Hard disks 

access times, 23 
defined,12 

diameters, 23 
illustrated,12 
read-write head, 21 

Hardware 

as hierarchical layer, 10 

language of, 11- \3 

operations, 77-80 

supporting procedures in, 112-21 
synthesis, C-21 

translating microprograms to, 0-18-31 
virtualizable, 517 

Hardw:lre-based speculation, 400 
Hardware description language~ 

defined, C-l0 
using, C-20-16 

VHDL, C-l0-l1 
Sec a/so Veri log 

Hurdware multithreading, 645-48 
coarse-grained,645-46 
deflned,645 

fine-grained, 645, 647 
options, 646 

simultaneous, 646-48 
Harvard architecture, CDI.IO:3 
I-Iaz;ml detection units, 371 

functions, 373 

pipeline connections for, 373 
Hazards, 335-43 

control, 339-43, 375-84 
data, 336-39, 363-75 
defined,335 

forwarding and, 371 
structural, 335-36, 351 

Sec n/so Pipclining 
Heap 

allocating space on, 120-11 
defined,ll0 

I-Ieterogeneous systems, A-4-5 

architecture, A-7- 9 
defined, A-3 

Hex'ldecimal numbers, 95-96 

binary number conversion 10,96 
defined,95 

I-ligh-Ievcl languages, 11-13, B-6 
benefits, 13 

computer architectures, C01.l0:'1 
defined, 11 

importance, 11 

High-level optimizations, CD1.15:3-4 
I-lit rate, 454 

Hit time 

cache performance and, '178 
defined,",55 

Hil under miss, 5,1 J 

Hold time, C-54 

Horizontal microcode, 0 -31 
Hot-swapping, 605 

Hubs, CD6.11 :6, CD6.11:7 
Hybrid hard disks, 581 

IBM 360/B5, CDS.IH 
IBM 370,CD6.1,1,1 

IBM 701,CDI.IO,4 
IBM 7030, CD4.15: I 

IBM ALOG, CD3.10,6 

IBM Blue Genie, CD7.14:8-9 
IBM Cell QS20 

base versus fully optimized 
performance, 683 

characteristics, 677 
defined, 679 
illustrated,676 

LEMHO performance, 681 
roolline mode\, 678 
SpMV performance, 681 

IBM Personal Computer, COI.IO:7, 
C01.20:5 

IBM System/360 computers, CO I. J 0:5, 
cm.1 0,4, CD3.1 0,5, CDS.13,S 

IBM zIVM, CDS.13,7 
lD stage 

branch execution in, 378 
load instructions, 349 
store instruction in, 349 

IEEE 754 floating-point stand:lrd, 146, 
147, CD3.1O:7-9 

first chips, C D3.1 0;7-9 

in CPU arithmetic, A-'I2- 43 
implementation, CD3.1 0:9 

rounding modes, 168 
today, CD3.1 0:9 

Sec II/SV Floating point 
IEEE 801.11, CD6.11 :8- 10 

with base stations, CD6.11:9 

1·11 

cellular telephony versllS, C06.11: I 0 
defined, CD6.11:8 

Wired Equivalent privacy, CD6.11: I 0 
IEEE 801.3, CD6.1 '1.8 
I-format, 97 

If statements, 130 
If-then -else, 106 

Immediate instructions, 86 
Imprecise interrupts, 390, C04.15:3 
Index-out-of-bounds check, 110 

Induction variable elimination, CD2.15:6 
Inheritance, CD1.15: I 'I 
In-order commit, 400 
Input devices, 15 
Inputs,318 

Instances, C02.15: 14 
Instruction count, 35, 36 

Instruction decodclregister file read .~tagc 
control line, 361 
load instruction, 3,18 

.~tore instruction, 352 

Instruction execlltion illustrations, 
CD4.12,16- 30 

clock cycles I and 2, CD4.ll:l0 

clock cycles 3 and 4, CD'l.ll:l1 
clock cycles 5 and 6, CD4. J 2:12 
clock cycles 7 and 8, CD4.ll:13 
clock cycle 9, CD4.ll:2'1 

eXilmples, C04.12: 19-14 
forwarding, CD4.ll:15, 

CD4. I 1:16-27 
no h;lzard, C04.12: 16- 19 

pipelines with stalls and forwarding, 
CD4.ll:25, C04. I 1:18-30 

Instruction fetch stage 

control line, 361 

load instruction, 3'18 
store instruction, 351 

Instruction formats 

ARM,16'1 
defined,95 

desktop/server RISC architectures, 
E·7 

embedded IUSC architectures, E-8 
I-type, 97 

Hype, 119 
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Instruction formals ((OlllimIL'd) 

jump instruct ion, 328 

;vIIPS.1M 
R-type, 97,3 19 

"M6, 173 
Instruct io n late ncy. ,lOB 
Instruction · level para llelism (ILP) 

compikr exploitation, CD4.15:4-5 

dChncd,-11,39 1 
(');ploi(;1liol1, increas in g. ,102 
Sec also Parallelism 

Instructio n mix, 37. CD I. IO:9 

In st ructiuns, 74-22 1 
add immed iate, 86 
addition, 126, 8-5\ 
Alpha. E-27- 29 
arithmetic-logical, 308, H-St-57 
ARf>.'I, 16 1-65, E-36-37 

assembly. 80 
bilSic b lock, 108- 9 
branch. 11-59-63 
cac he-aware, 5'17 

comparison. H-S7-59 
cond itional branch, 105 
cunditionalmovc,383 
constant-manipu lat ing, 1\-57 

conversion, B-75-76 

core.l82 
datil movement, B-70-73 
data transfer, 82 
decisio n-making, 105-1 2 

defined. 11.76 
dcslaop [USC conventions, E-12 

d ivis ion, B-52-53 
as electronic signals, 9'1 
embedded RISC conventions, E-1 5 

encoding,9f1 
except ion and interrupt , H-BO 
exclusive OR, U-57 

retching, 309 

fields, 95 
floating-point, 259-61.13-73-80 

floating-point (x86). 273 

flushing. 377, 378, 390 
immedi,l\e, 86 
introduction to, 76--77 

110,589 
jump, III, 11 3. B-63-64 
left-to-right flow, 3,16 

load. 83, B-66-68 
load linked, 138 

logical oper<1lions, 102-5 

M32n, E-40 
memory ,It:cess, 1\-33-3·1 

memory-reference, 30 I 

MIPS-16, E-40-42 
ivIlPS-M. E- 25- 27 
multiplica tion , 235, 13-53-54 

negation, B- 5'1 

nap. 373 
\lA-R ISC, E-34-36 

performance, 33-34 
p ipel ine sequence. 372 
PowerPC, E- 12-13, E-32-3'1 

PTX. A-31, A-3 2 
remainder, 13-55 
representation in computer, 9,1- 10 I 

rest<lrtable, 513 

resuming. 5 16 
R-t)'pe, 308-9 
shift , B-55- 56 
SPARC, E-29-32 
store. 85, B-GS-70 
store conditional, 138- 39 
sub tract ion , 226. B-56-57 

Suped-I, E-39-'10 

threllc\, A-30-31 
Thumb, [-38 

trap, 13-6'1-66 

vector. 652 
as words, 76 
x86, 1(15-7" 
'sr;: (1/50 Arithmetic instruc tions; 

MIPS; Operands 

Instructi o n scI architecture 

ARM , 161-G5 
branch address (;llc ul ation , 3 10 

defined, 21, 54 
histor)'. 179 
maintaining, 5·1 
protel.:t ion and, 518-29 

thread ,I\-3 1-3'1 
virtllill machine support, 527-28 

Instruction sets 
ARM. 383 
design ror pipclining, 335 

MIPS, 77,178,279 

MIPS·32,281 
NVIDIA GeFo rce 8800. 1\-49 

Pseudo MIPS. 281 
x86 growt h. 176 

Instructio ns per clock cycle ( IP C), 39 1 

Integrated circuits ( ICs) 

cost, 46 
ddlned,26 
miullifacturing process. ,15 
vcry large-scale (VLSIs), 26 

Sn: 1115(1 spcfiJic chips 

Index 

Int cgrated Data StOfe ( IDS) . C D6.1·1:4 

lntellt\ -6·1 architecture. CD·I. 15:'! 

Intel Nehalem 
;lddress translat ion for, 540 

caches. 541 
d ie processor photo, 539 
memo!")' hiemrchies, 5,10-,13 

mi ss pena lty reduction techniques, 

5'1 1-t\3 
TLI3 hardware for, 540 

Intel Parago n, CD7. 1":7 
Intel Threading Bui lding Blocks, A-60 

Intel Xeon c53<\5 
b'lse versus full), optimized 

perfo rmance. 683 

characteristi cs, 677 

defined,677 
illustrated ,677 
LBI',,'H D perror mance, 682 

ruofline model , 678 
SpMV performa nce, 68 1 

Interrerence graphs, CD2. 15: II 

Interleaving, ,172. ·174 
Intermed iate addressing, 132.133 

Internetworking, CD6.11:1 - 3 
In tcrp rocedural anal),sis, C D2.15: 13 

Interrupt-driven 110.589 
Interrupt enable, 512 

Interrupt handlers, "-33 
Interrupt priority levels (l PLs), 

590-92 
defined . 59 1 

higher, 592 

Interrupt s 
defin ed, 127, 385 
event t)'pes and, 385 
exceptions vcrs us, 384-85 
imprecise. 390, CD4. 15:3 

instructions, 1\-60 
precise, 390 
vectored,386 

Intrin sit)' FastMATH processor, 
,168-70 

caches. 469 
data m iss rates, ,170, "H'I 

Index 

defined,468 
read processing, 506 
TLB,504 
wri tc.tllrough processing, 506 

Inverted page tables, 500 

1/0. B-38~1O. CD6.H. !- S 
bandwidth,618 
chip scts, 586 
coherence problem ror, 595 

control1ers, 593. 615 
ruture directions, 6 18 

inst ructions. 589 
interrupt-drivcn, 589 
mel11or),-mapped, 588,13-38 
parallel ism a nd . 599-606 

performance, 572 
performance measures, 596-98 
processor cOllllllllnica tio n, 

589-90 
rate.596.610,611 
requests, 572, 6 18 
standards, 584 

sys tem pe rformance impact. 

599-600 
systems, 570 
t ransact ions. 583 

1/0 benchmarks, 596- 97 

·file system, 597-98 
transaction p rocessing. 

596- 97 
Web, 597-98 
St't' also Benchmarks 

I/O devices 
characteristics, 571 
commands to, 588-89 

diversit),,57 1 
expandability,572 
il1 ustrated,570 

interfacing, 586-95 
maximum number. 617 

mult iple paths 10. 618 
priorities. 590-92 
reads/writes 10, 572 

t ransfers. 585. 592-93 
110 interco nnects 

fu nction , 583 

of x86 processo rs. 58:1-86 

I/O sys tems 
design. 598-99 
design exa mple, 609- 11 

histo ry, 618 

operating system responsibilities 
and,587-8H 

organization , 585 
peak transfer rate, 617 

performance, 6 18 
power evaluation, 61 1- 12 
weakest link, 598 

Issue packets, 393 

J 

Java 
b)'tecode, 147 
bytecode architecture, C D2.15: 1 fi 
characters in , 126-27 

compiling in, C 02. IS: 18-19 
goals, 1:16 

inte rp reting, 1'18, 16 1,CD2.15:1 ·1-15 
keywords, CD2. 15:20 
method invocat ion in. 

CD2. 15: 19-20 

point ers, CD2. 15:2S 

primitive I)'pes, CD2.15:25 
programs, starting, 146-<18 
reference t)'pes, CD2.1 5:25 
sort algorithms, 157 
strin gs in, 126-27 

translation hierarchy, 148 
while loop compilat ion in. 

CD2.15:17-18 
' ;wa Virtual Machine (jVr ... I), 1,17, 

CD2.15: 15 
J ob~leve l paral1c1ism, 632 

'-t ype in struction rOl'mat, 129 
Jump instruction s, 3 12 

bmnch instruction verSllS, 328 
co ntrol and datapath ror. 329 

implementing, 328 
instruction rormat, 328 

list or, 13-63-6'1 
fvIlPS·6<I . E-26 

lust In Time (Jrl') compilers, 
I ·IR, fiH7 

K 

Karnaugh maps, C-1 8 
Ke rnel mode, 509 

Kernels 
CUDA, 1\- 19, )\-14 

defined,I\-19 

L 

Lahel s 

glob'l\' n~I{), 13 - 11 
local , B-I I 

Lt\ Pt\CK.27 1 
Laptop co IllJllltcr ~, I H 
Large-scale multiprOl:essors, 

CD7. 14:6-7, C D7. 1.1:8-9 
Latches 

defined, C-S I 
D latch , C-5 1. CoS:! 

LatelK)' 
constraints,59R 

instruction,40H 
mem ory, A- 74-75 
pipeline, 3,1,1 

rotational. 576 
u5(',39S,3% 

I.at tice Uoltzmann fvlagneto

HrdroJ ynamics (LBMHD ), 
6HO-82 

defined. 680 
o ptimiza tions. 6H 1-81 

performance,6H2 
Leaf p rocedures 

defin ed, 116 

example, 126 
Sec "Iso Procedures 

Least recently lIsed (LRU ) 
;IS block replacement strategy. 521 
defined, ,185 

pagcs, '199 
Le;lst significa nt b it s, C-32 

defincd ,88 
SPAI{C. E-3 ! 

Left-to-right in struction Oow, 346 

Lc\'d-sensitive clocking. C·7:1, 
C-75-76 

defined, C-7'1 
two -p hase, C-7S 

Lines. See Blocks 
Linkers. 1'12--45. \1-lfI-19 

defined , 1,12, B-:! 

executable fiks, 142, 13-19 

runction il lust ratio n. \1·1 9 

steps, 142 
Llsing, 1:13-,15 

Linking object fil es. 1 '11---45 
l.inpack, 66·1, CD3.IO:3 

Liquid c rystal displays (LCDs), 16 
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LISP, SPARe support. £·30 
Little-cndian byte order, B-43 

Live range, CD2. IS: 10 
Livermore Loops. CD I. IO: IO 

Load balancing, 637- 38 

Loade rs. 145 
Londing, 8 -1 9-20 
Load instruction s 

access, 1\-41 
base register, 319 

block. 165 
compiling with, 85 
dalapath in opcr,ltion fo r, 325 

defined,83 
details, B-66-68 
EX slag,c. 350 
floating-point, B-76-77 
hal fword unsigned, 126 

10 siage, 349 
IF stage, 3,19 
linked, 138, 139 
Iisl of, B-66-68 
load byte unsigned, 124 

load half, 126 
load upper immediate, 128, 129 

MEM stage. 351 
pipclincd da tapa th in, 355 

signed, 12'1 
unit for implementing, 311 

unsigned , 124 
WB stage, 35 1 
S~C (1150 Store instruc tions 

Lo;\d- sto rc architectures, CD1.20:2 

Load-usc data hazard , 338, 377 

Load-usc stalls, 377 
l oad word, 83, 85 
Local area networks (LANs), C06.11:5-8, 

C0 6.14:8 

defined,25 
Ethernet, C06.11 :5-6 
hubs, C06. 11 :6, C 06_11 :7 

routers, C06.11 :6 
sw itches. C06.11 :6-7 
wireless, CD6. 11 :8-11 

Sec also Networks 

LOGllity 
pri nciple, ;152 , 453 

spati;ll , 452-53, 456 
temporal. '152. 453. 456 

Local labels. 8 - I I 
Local memory. A-21. A-40 

local miss rates. 489 
Local optimization, C 02.15:4-6 

defined, C02.15:4 
implementing, C02. 15:7 

Sec (lIsa O ptim ization 

l ocks. 639 
Lock synchronil . .1t ion . 137 

Logic 
address selec t, 0-24, 0-25 

ALU contro\' 0-6 
com binational, 306, C-5, C-9-20 

components, 305 
co nt rol unit equat io ns, 0-11 

design, 303-7, C-I-79 

equatio ns, C-7 
min imization, C-I 8 
programmable army (PAL ), C-78 

sequen tial. C -5. C- 56- 58 
two-levcl,C- II - 14 

Logical operatio ns, 102-5 
AND, 103-:1,8-52 

ARM, 165 
defined, J 02- 5 
desklop RISC, E- II 

embedded RISe. E- 14 
MIPS, 0-51 - 57 
NOR, 104- 5, 8-54 

NOT, 104, 0 -55 

OR. 104, 8-55 

shift s, 102 
Long- haul networks, C06. J 1:5 

Long instruction word (LlW), 

C04.15:4 
Lookup lables (lOTs) , C-79 

Loops, 107- 8 
cond it ional b ranches in, 130 

defined , 107 
for, 157, C02. 15:25 

p red ict ion and, 380 

test, 158, 159 
while. compiling, 107- 8 

Loop unrollin g 

M 

defined, 397, CD2. 15:3 
for multiple- issue pipelines, 397 

register renaming and, 397 

M3211, E- 15, E-40 
Machine code, 95 
Mach ine instructions. 95 

f\'lachine language 
branch offset in, 131-32 

decoding, 13,1 
defined , 11 .95, 8 -3 
floating-point, 260 

iIIustrated, 12 

MIPS, 100 
SRAM,20 

Index 

t ranslating MIPS asse mbly la ng",lge 

into,98- 99 

Macros 
defi ned , 8-4 
example, B-\ 5-17 

use o f, 8-15 
Magnetic d isks. St:c Hard di sks 

Magnetic tapes. 6 15-1 6 

defined,23 
usc hi story, 6 15-16 

Ma in memory, '193 
defined, 21 
page tables, 50 I 
physical addresses, '192, 493 

See fl lso Memory 
Mapping applica tions. A· 55-72 
Ma rk computers, CO 1.1 0:3 I 

Meal}' machine, 532, C-68, C-71, C -72 

Mean time between railures 

(MTBF),573 
Mean time to failure (MTrF). 573, 574 

fa llacies, 61 3 
rati ngs, 600 

Mean tim e to repair (MTTR), 573, 574 

Mem o ry 
addresses,9 1 
affinity. 680, 68 1 

atomic, A-21 
bandwidth. 47 1,472 

cache, 20, 457-92 

CAM, '185 
constant, A·;IO 

conlrol,0·26 
defined, 17 
ORAM, 18-19,453,47 1,473, C-63- 65 

efficiency, 642 
fl ash, 22 , 23, 580-82, C06. 14:4 

globaJ,A-2 1,A-39 

GPU, 656 
instructions, datapalh for, 3 14 

layout, B-2 1 
loca\' A-21, ,\-40 

main,21 

Index 

nonvo latile , 2 1 
operands, 82-83 
parallel sys tem, A-36---11 

read- o nly (RO~'I ), C -14-1 6 
SORilM, 473 
secondary, 22 

sha red , A-2 1, A-39--"1O 
spaces, A-39 
SRAM , C-58- 62 
slalls, 478 
technologies for building, 25- 26 
tex ture, A-40 

usage, 13-20-22 
vi rtual, 492-5 17 
volati le, 2 1 

Memory access in structions, A-33-3'1 

Memory access s tage 
co nt rol line, 362 
IOild in structi on. 350 
store instruct ion, 351 

Memory co nsistency model, 538 
Melllor), cle ments, C-50- 58 

clocked, C-5 1 

o flip-flop , C -5(' C-53 
D latch , C -52 
DRAMs, C-G3-o7 

flip-flo p, C-51 
bpld limc, C·5 4 
btcil . C-51 
setup time, C-53 , C-5'1 
SRAMs, C-58-62 

unclocked. C-5 1 
Memory hierar~hics 

block (or line), 454 

cache perform ance, '175-92 
caches, 457-75 
common framework , 518-25 

defined,453 
design challenges, 525 

development , C 05.1 3:5- 7 
exp lo iting, 450-548 
incl usio n , 5,12 

level pai rs, '155 

multipl e levels. 454 
overall o pera tion of, 507 
paralldis m and, 534- 38 

p itfalls, 5-1 3-47 
program execu tion time and, 491 
quant it at ive design pa rameters, 5 18 

reliance on, 455 

structure, 45'1 

st ructu re diagra m, 456 
variance, 491 

virtual memory, 492-517 
Memory-milpped 110 

defined,588 
usc of, 8 -38 

["Iemory-stall clock c)'cles, ·175, 476 
t\'lc.~sage pass in g 

defined , 6:1 I 

multiprocessors, 641 --45 

tv!et;lstabi lit y, C-76 
Ml,thods 

defined, C 0 2. 15: 14 
invoki ng in lava, CD2. 15: 19-20 
stali c, 13-10 

Microilrchitect UTes 

AMD O pteron X4 (Barcelona ), 405 
defi neci,404 

Microcode 
assembler, D-30 
contro l unit as, 0 -2M 
defined,0-2i 

d ispat ch ROM s, D-30-3 1 
field translation , D-29 

horizontal, 0 -32 
ve rt iCil]' D-32 

Micro instructio ns. D-31 

Mi crop rocessors 
design shift , 633 

Illu lt icorc, 8, '11, 632 
Microprograms 

as abstract control reprl'sentation, 0-30 
tran sl:lIing to hardware, 0 -28- 32 

Migratio n , 536 
Million instructions per second (M IPS), 53 
Minterms 

defined, C- 12, 0-20 
in PLA implementatio n, D- 20 

M IP-map. I\-44 
M IPS, 7B, 9B-99, B-45- BU 

addressing for 32-bit immediates, 

128-36 
addn:ss ing modes, 8 -45-47 
a ri thmetic co re, 280 

arithmetic instruct ions, 77, 13-5 1- 57 
ARM sim ilarities, 162 

assl'mbler di rective support, B-4 i.....:19 
assembler syntax, 13-47- 49 

:lssembly instruct ion, ma pping. 95 
bran ch instructi ons, 13-59-63 

co mpariso n inst ructions, 13-57-59 

1-15 

cOlllpili ng C assign ment state ments 
into, 79 

co mpilin g complex C ass ignmen t 
into , 79-80 

co nstant -manipulating instructions, 
B-57 

con t rol registers, 5 11 
control unit, D- IO 
C PU,B-'16 
dh'ide in , 141 -12 
exceptions in, 385-86 

fields, 96-97 
floatin g-point instructio ns, 259- 6 1 

FP U. 8 -46 
in st ruct io n classes, 179 

instruction encoding, 98, 135,11 -'19 
instruction formats, 136, 164, B-:19-5 1 
in structi o n set , 77, 178,279 

jum p instructions. 11 -63- 66 
logical in structio ns, B-51 - 57 

machine langu:lge, JOO 
memory add resses, 84 

memory allocation fo r program and 
dat a, 120 

multiply in, 235 

upcoele ma p, B-50 
operand s, 78 
Pse udo, 280, 281 

register convent ions, 12 1 
s talic Illultiple issue wi th, 394-97 

MIPS-16, E-15-1 6 
16-b it instruct ion set, [ -'II .....:I! 

immcdinte field s, £-41 
inst ruct ions, E-40--"11 

M IPS co re instnlctioll changes, E-'12 
PC-relative add ressing, E-'II 

MIPS-32 inst ructio n set , 28 1 

MIPS-64 inst ructi ons, E-25- 27 
cund itio nal p rocedure ca ll 

in struction s, E-27 
constant sh ift amuunt, [ -25 
jump/clll not PC -relative, [-26 

1110VC to/ fro m co ntrol registers, E-26 
nona ligned data transfers. E-25 
NO R, [ -15 

parall el single prec ision Ooating-poi nt 
operations, [-27 

recip rocal and rec ipmGl l sq uare root, 
E-2 7 

SYSCA lL, E-25 

TLB instruc tio ns, E-26- 27 
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;,,1 IPS core 
architecture, 243 
arithmcticl10gicill instructions 

not in, E·21, E-23 
common extensions to, E-20-25 
control instructions not in. E-21 
data transfer instructions not in. 

E-lO, E-11 
Ouating-point instructions 

not in. E-22 
instruction sct, 282, 300-303, 

E-9- 10 
tvli rrori ng.601 
Miss penalty 

defined, '155 
determination. 464 
multilevel caches, reducing. ;11:17-9 1 

rcdm:tion tec hn iques, 54 1-43 

Miss rail'S 

block si7.<.' versus, 465 

data «Khl'. 5 19 
dcflncd,45/1 
glob,d, 4~9 
improvemcnt, '164 
Int ri nsi!)' FastMATH processor, 470 

local,489 
miss sou rces, 524 
split cache. ,170 

i'vl is ... under miss, 5,11 

!Vlodulcs, B- 'I 
Moore machines, 532, C-6S, C-7 1. C-T!. 
Moore's law, 654, 1\-72-73 

Most significant bit 
I-bit ALU for, C-33 
defined,I:H\ 

tvlutherbo.mls. 17 
Mouse anatomy. 16 
Move instructions. U-71l-73 

coprocessor, U-71-72 
details, B-70-73 
floating-point, n-77-7R 

MS-DOS.CD5. 13:10-11 
l\'lult icore multiprocessors, 41 

benchmarking with raoilinc model, 

675-8·1 
charactcristics, 677 
dcfined,8,632 
system org;lIlization, 676 
two sockets, 676 

MULTICS (M ultiplexed Information and 
Computing Service), CD5. 13:8-9 

IVlult ilcvd Glches 
conlplicatiuns, ,189 
ddined, 475, 489 
miss penalty, reduci ng, 487-91 

performance or. '187-88 
summary, 49 1-92 
5,·.: (lIsa Caches 

Multimedia arithmet ic, 227-28 

Multimedia extcnsions 
dcsktop/server RISCs, E- 16-18 

vcctor versus, 653 
Mult iple-dock-cycle pipeline 

diagrams. 356 
ddlned.356 
fIVe instructions, 357 
illustrated,357 

Multiple dimension arrays, 266 
Multiple instruction multiple da ta 

(MIMO),659 

defined,648 
first multiprocessor, C07.14:3 

Multiple instruction singh: data (M IS O), 

6·19 
rvluhi ph: issuc. 39 1-'100 

code scheduling, 396 
defined,391 
dynamic, 392, 397-400 
issue packets, 393 
loop unrolling and, 397 
processors, 391,392 
static. 392. 393-97 
throughput and, '101 

Multiplexors, C- I 0 

controls. 531 
in datapath, 320 
dell ned, 302 
forwa rding, control val lies, 370 

sc\ector control. 3 14 
two -input. C- IO 

Multiplicand,230 
rvluitiplication, 230-36 

fast, hardware, 236 

fas ter. 235 
first algorithm, 232 
nO;lling-point, 255- 58, B-78 

hardware, 23 1-33 
instruction s, 235. U-53-5:\ 

in MIPS. 235 
multiplicand,230 
Illultiplier, 230 
operands, 230 

prod uct, 230 
sequenti.lI version, n 1-33 

signed,23'1 
Sec also Arithmetic 

tvluitiplier,230 
Multiply-add (MAD), A-42 

l"'lu lt ipl)' algor it hm. 234 

Mult ip rocesso rs 
henchmarks.6M-66 
hus-based coherent, CD7. 14:6 

defined ,632 

Index 

historical perspective, 688 
large-sCil le, C0 7. 14:6- 7. C07. 1'1:8-9 

message-passing. M 1-45 
multithreaded architecture. 

A-26-27,1\-35-36 
organization, 631,64 1 
for pe rformance, 686-87 
shared mell1ory, 633, 638-"10 

software. 632 
TROPS, C07.14:5 
UMA,639 

Multistage networks, 662 
r-.'lu\tithreaded mu ltiprocessor 

architccture.I\-25-36 

conclusion, ;\-36 
IS;\, A-31-3·\ 
massive multithreading, A-25-26 

multiprocessor, ;\-26-27 
multiprocessor comparison. 

A-35- 36 
SIMT, A·27- JO 
special funct ion units (SFUs), A-35 
streaming processor (SP), A-3<1 
thread instructions, A-30-31 
thre'lds/thread blocks mamtgemenl. 

A-30 
Multithreading. A-25-26 

coarse-grained,645-46 

defined, (,34 
fine-grainc:d, 645, 647 
hardwa re, 6<15-48 
simultaneous (SMT). 646-'18 

Must -information, CD2.15: 14 
Mutual exclusion. 137 

N 

Na me dependence. 397 
NAND flash memory, CD6. 1,1:4 

NAND gates. C-8 

Index 

NAS (NASA Advanced Supe rcomputing), 
666 

N.bod), 

all-pairs algorithm, '\-65 
GPU simulation, A-71 
mathematics, A-65- 67 
mu ltiple threads per body. A-68-69 
opt imiza tion , A-67 
performance comparison, A-69-70 
resuits, A-70-72 
shared memory usc, A-67-68 

Negation instructions, U-S4. B-78- 79 
Nega tion shortcut, 91- 92 
Nested procedures, 11 6-1 8 

compiling recursive procedure 
showing, 11 7-18 

deflned, 116 
Network of Workstations, C07.14:7-8 
Networks, 2'1-25, 6 12-13, CD6. 11: I-II 

advantages, 24 

bandwidth.661 
charac teristics, C06. 11: I 
crossbar, 662 
fully connected, 66 1,662 
local area ( LANs ). 25. C06.1 1 :5-8, 

CD6. 14:8 
long-haul, C06.11:5 
m~lltislage, 662 
051 modc! layers, C06. 11:2 
peer-to- peer, C06.11:2 
performance, C06. 11 :7- 8 
protocol fa.mil icslsuit es, C06.1 1: I 
swi tched, CD6.11:5 
wide area ( \·VANs). 25. C06.1'1:7-8 

Network topo logies, 660- 63 
implementing, 662-63 
mu ltistage. 663 

Newton's iteration, 266 
Next state 

nonsequen tial, 0-2'1 
sequential, 0-23 

Next-sta te function, 53 1. C-67 
defined. 531 
implementing. with sequencer. 

D-22-28 
Next- state outputs, 0 - 10, 0·12-13 

example, 0-12-13 
implemen tation , 0- 12 
logic equations, 0 - 12-13 
truth tables, 0 - 15 

Nonblocking assignment, C-24 

Nonblocking caches. 403. 5'11 
Nonuniform m ... moryaccess 

(NUMA),639 
Nonvolatile memory, 21 
Nonvolatile storage, 575 
Nops, 373 
NOR nash m ... mory. 58 1, C06. 14:4 
NOR ga tes, C-8 

cross-coupled, C-50 
o latch im plemented with, C· 52 

NOR operation, 104-5, 13- 5<\, E-25 
Nort h bridge, 584 
NOT opera tion. 104. B-55, C-6 
No wri te alloca lion, '167 
Numbers 

binary, 87 
computer verSlIS real-world, 269 
decimal . 87,90 
denormalized,270 
hexadecima l,95- 96 
signed,87-94 
unsigned,87-94 

NV ID1A GeForce 3. COA.ll: 1 

NVID IA GeForce 8800, A-46-55, 
CDA.I I:3 

all- pairs N-bod)' algorithm, 1\-7 1 
dense linear algebr;l computations. 

A-51-53 
FFr performance, A-53 
instruc tion se t, A-49 
performance, A-5 1 
rasterizat ion, A-50 
ROP,A-50-51 
scalability, A·51 
sort ing performance, A-5'1- 55 
special function approximatio n 

stat ist ics. 1\-'13 
special function un it (SFU), A-50 
streaming multiprocessor (SM). 

A·'IR-49 
st reaming processor, A-49-50 
streaming processor array (SPA), A-'16 
textllTelprocessor cluster (TPC), 

A-47-'18 
NVIDIA GPU architect ure, 656-59 

o 
Object fi les, 14 \, 1l-4 

debugging information. 1'12 
defined, B-1 0 

format, B- 13-14 
ht:adcr. 1·11, B-13 

li nking, 143-45 
relocation information, 141 
slat ic data segment, 14 I 
s),lllboltab le. I 'll, 142 
text segment , I ,l l 

Object -oriented languages 
brief history. CD2.20:7 
defincd ,1 6 1, CD2.1 :i:1 4 
Sec also );1\'a 

One's complement, 9,1. C-29 

Opcodes 
con lrolline sett ing and, 323 
defincd, 97, 3 19 

OpenGL,A-13 

1·17 

OpcnM P (Open MultiProcessing), 666 
Open Systems Interconnect (051) model, 

C06. 11 :2 
Ope rands, 80-87 

32-bit immediate, 128-29 
add in g, 225 
arithmetic instructions, 80 
compil ing assignment when in 

memory. 83 
constant. 86-87 
division, 237 
noa ting-point, 260 
memory, 82-83 
MlpS,78 
mult iplicat ion, 230 
shifting, 164 
Sec also Instructions 

Operating sys tems 
brief history, CD5.13:8- 11 
defined, 1O 
disk access schedulin g pit fall. 616-17 
encapsu lation, 21 

Operations 
atomic. implementing, 138 
h'lrdware, 77-80 
logica l, 102-5 
x86 integer. 168-71 

Optical disks 
deflned.23 
technology, 24 

Optimization 
class ex planation. C02. IS: 13 
compiler. 160 
control implementation. 0-27-28 
global, CD2.15:4-6 
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Optimiz,lIion (COllliIlUl'li) 

high -level, CD2. \ 5:3 ~ 
local, C02. 15:4-6, C02.1~:7 

manual, 160 
OR operation, 104, 13-55, C-6 

Out-of-order execution 

defined, ,100 
performance complexity, 489 

processo rs, 403 

Output devices, 15 

Overtlow 

p 

defmcd, 89, 245 

detection, 226 
exceptions, 387 
floating point, 245 

occurrence, 90 
saturation and, 227-28 

subtraction, 226 

Packed Iloating-point format, 274 

Pagc faults, 498 
for data access, 513 

defIned, 493, 494 
handling, 495, 510-16 
virtual address causing, 514 

Sec Ii/SO Virtual memory 

Pages 
delined,493 

dirty, 501 
fmding,496 

LllU, 499 
offset, 494 
physical number, 49,1 

placing, ,196 

size, 495 
virtual number, 494 

Sec also Virtual memory 

Page tables, 520 
delinec\,490 
illustrated , 499 

indexing, 497 
inverted,500 
levels, 500-50 I 
main memory, 50 I 

regi ster, 497 . 
storage reduction techlllques, 

500-501 

updating, 496 

VMtvl ,529 

Paralleli sm, ,II, WI-A03 

data-level,649 
debates, C07.14:'1-6 
GPUs ,md, 655, A-76 
instruction-level, 4 \, 391, 402 

I/O and, 599-606 

job-level, 632 
memory hierarchies and, 53'1-38 

tllulticore and, 648 
Illultiple issue, 391--400 
multithreading and , 648 
performance benefits, 43 

process- level ,632 
subword, E-17 

task, A-2'1 
thread,I\-22 

Parallel memory system, A-36-41 

caches, A-38 
constant memory, 1\-,10 
DRAM considerations, A-37-38 

global memory, 1\-39 

load/store access, 1\-41 
local memory, A-<\O 
memory spaces, 1\-39 

MM U, 1\-38-39 

ROP,A-<\I 
shared memory, A-39-40 

surfaces, A-41 
texture memory, 1\-4 0 . 

Sec illsa Graphics processing 11111ts 

(GPUs) 
Parallel processing programs, 634-3l:1 

creation difficulty, 63 4-3H 

dc!ined,632 
for message passi ng, 642-43 
for shared address space, 639-40 

usc of, 686 
Parallel reduction, A-62 

Parallel scan, A-60-63 
CUDI\ template, A-61 

deflned, A-60 

inclusive , A-60 
tree-based, A-62 

Parallel software, 633 
Paravirtualization,547 
PA-RISe, E-I ,I, E-17 

branch vectored, [-35 . ~ 
conditional branches, E- 34, E-3~ 
debug instructions, E-36 

decimal operations, E-35 
extract and deposit , [ -35 

Index 

instructions, E-34-36 
IO;ld and clear instructions, E-36 

multiply/add and multiply/ 

subtract, [-36 

nullification, E-34 
nullifying branch option, E-25 

store bytes short , E-36 . . 
synthesized multiply and dIVIde, 

E-3<\-35 

Parity, 602 
bit_interleaved,602 
hlock_interleaved,602-04 

code, C-65 
d isk,603 
distributed block-interleaved, 603-<\ 

PARSEC (Princeton Application 
Repository for Shared !"v!emory 

Computers),666 

Pass transistor, (-63 
PO -Express (POe),A-8 
PC-relative ,lCldressin g, 130, 133 
Peak Iloating-point performance, 66l:1 

Peak transfer f;lte, 6 17 
Peer-Io-peer networks, C D6.11:2 
Pentium bug mo rality play, 276-7? 

Performance, 26-38 
assessing, 26-27 
classic CPU equation, 35-37 

components, 37 

CPU, 30-32 
defming, 27-30 
equation, using, 34 
improving, 32-33 

instruction, 33-34 
measuring, 30-32, COl 10:9 

networks, CD6.11:7-S 

program, 38 

ratio, 30 
relative, 29 
response time, 2H, 29 

sort ing, A-54-55 

throughput, 28 
time measurement, 30 

Petahvtes,5 
Plws i~al addresses, ,193 

, dellnec\, 492 

mapping to, 494 
space, 638, 640 

Physically addressed cach~s, 508 
Physical memory. See fvbm memory 

Pipelincd branches, 378 

Index 

Pipclined control, 359-63 

control lines, 360, 361 
overview illustration, 375 
specifying, 361 
See 11150 Control 

Pipel ined datapaths, 3'!4-58 

with co nnected co nt rol signals, 362 
with control signals, 359 
corrected,355 

ilIustrated,347 

in load instruction stages, 355 
Pipelined dependencies, 364 
Pipeline registers 

before forwarding, 368 

dependences, 366, 367 
forwarding unit selection, 371 

Pipelines 

AMD Opteron X4 (Barcelona), '104-6 
branch instruction impact, 376 

effectiveness, impro\'ing, CD'I. 15:3-4 
execute and address calculation stage, 

350,352 

five-stage, 333, 3'18-50, 358 

fixed-function graphics, CDA. II: I 
graphic representation, 337, 

356-58 

instruction decode and register file 
.. read stage, 348, 352 

imtruction fetch stage, 3,18, 352 
instructions sequence, 372 
laten cy, 3,14 

memory ac-cess st age, 350, 352 

multiple-clack-cycle diagrams, 356 
performance bottlenecks, 401 

single-dock-cycle diagrams, 356 
st,lges,333 

static two-issue, 394 
write-back stage, 350, 352 

Pipeline stalls, 338-39 

avoiding with code reordering, 
338- 39 

data hazards and, 371-74 
defined,338 
insertion, 37,1 

load-usc, 377 

as solution to control hazards, 340 
Pipelining, 330---4,1 

advanced,402-3 

bene/lts, 331 

control hazards, 339--'13 
data hazards, 336-39 

defined , 330 
exceptions and, 386-91 
executio n tim e and, 344 
fallacil's, ,107 

hazards, 335-43 
instruction set design for, 335 
lau ndry analogy, 33 1 
overview, 330-44 
paradox, 331 
performance improve ment , 335 
pitfall,407-H 

simultaneous executing instructions, 
344 

speed-up formula, 333 
st ructura l hazards, 335-36, 352 
summary, 343 

throughput and, 344 
Pitfalls 

address space extension, 5'15 
associativity, 545 
defined ,51 
GPUs, ,\-74-75 

ignoring memory system 
behavior, 544 

magnetic tape backups, 6 15-16 
memory hierarchies, 543 ...... 47 
moving functions to I/O 

processor, 6 15 

network feature provision, 6 1'1-15 
oper,lting system disk accesses, 6 16- 17 
o ut -oF-order processor 

evaluation, 545 

peak transfer rate performance, 6 17 

performance equat ion subset, 52-53 
pipclining, 407 ...... 8 

pointer to automatic variables, 175 
sequent ial word addresses, 175 
simulating cache, 543-44 

software development with 

multiprocesso rs, 685 
VMtvl implementation, 545---17 
Sec also ral1:lcies 

Pixel shader example, A-1 5-17 
Pizza boxes, 607 
Pointers 

arrays versus, ! 57-61 
frallle, 119 
global, 118 

inc rementing, 159 

Java, CD2.15:25 
stack, 114, 116 

Polling, 589 

Pop, I I" 
Power 

dock rate and , 39 
cri tical nature of, 55 
efficiency, 402-3 
relative, 40 

Po\\'erPC 

algebraic right shift, E-33 
branch registers, E-32-33 
condition codes, E-12 
instructions, ]:- 12-13 

instruct i(Jn .~ unique to, E-3 1-33 

load lllultiplclstore multiple, [-33 
logical shifted immediate, E-33 
rotate with mask, E-33 

P + Q redundancy, 61l·! 
Precise interrupts, 390 
Prediction 

2-bit scheme, 381 
accuracy, 380, 38 1 

dynamic branch, 380-83 
loops and, 380 
steady-state,3l:10 

Preretching, 54 7, 680 

Primary memor y. Sec t-.'Iain memory 
Primitive types, CD2.15:25 
Prio rit y levels, 590 ...... 92 
Procedure ca lls 

convent ion, 13-22- 33 
example~, 13 -27-33 
frame , 13-23 

preservation across, 118 
Procedures, 112-22 

com piling, 114 

1-19 

compiling, showing nested procedure 
linkin g, 117-18 

defined, 112 

execution steps, 11 2 
fr<lrnes, 11 9 
leaf, 116 

nested, 116- 18 

recursive, 12 1,13-26--27 
for sett ing arrays to zero, 158 
so rt . 150-55 

s U c py . ~2'1-25, 126 
string copy, 12,1-26 
s l1ap . 1'19 ...... 50 

Process ide ntifiers, 510 
Process- level parallelism, 632 

Processor-memory blls, 582 
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Processors, 298-409 
control, 19 

as corcs, '11 
datapath, 19 

defined, 1'1, 19 
dynami c multiple- issue, 392 

I/O communication wilh. 589-90 
multiple-issue. 391,392 
out-of-order execution, 403. 489 

performance growt h, 42 
ROP, A- 12, 1\-·11 
spccu\nlion.392-93 
slat ic multip le-issue. 392, 393- 97 
st ream ing, 657. 1\-34 

supcrscalar, 397, 398, 399- 400, 646, 

CD4.1S:4 
technologies for building, 25- 26 
two-issue, 395 
vector, 650-53 
VLlW, 394 

Product, 230 
Product of sums, C- 11 

Program counl ers (pes) , 307 
changing with condit ional 

branch, 383 

defined, 11 3,307 
exception, 509, 511 
incrementing, 307, 309 
instruction updates, 348 

Program libra ries. 8-4 
Programmable array logic (PAL ), C-78 

Programmable logic arrays (PLAs) 
component do ts illustration, C- 16 

control function implcmcntation, 
0 -7,0-20- 2 1 

defined , C- 12 
example. C-1 3-14 
illustrated, C-1 3 
ROMs and, C- 15-16 

size, 0 -20 

truth table implcmentation . C- J 3 
Programmable logic dcviccs (PLDs) , 

C-78 

Programmable real-time graphics. 
CDA.II:2-3 

Programnmblc RO Ms (PROMs). C- I '\ 
Programming languagcs 

brief h istory of, C D2.10:6- 7 

object-oriented. 16 1 
variables, 8 1 

See also specific hl1lgllnges 

Program perfo rmance 
elements affecting, 38 

understanding, 9 
Programs 

assembly language, 139 
Java, starting, 146 ..... 48 
parallel p rocessing, 634- 38 

starting. 139-48 
translating, 139-48 

Propagate 

defined, C-40 
example, C-44 

super. C-41 
Protec ted keywords, C 02.15:20 

Prot cc tion 
defi ned ,491 

group, 602 
implementing. 508-10 
mcchanisms, COS. 13:7 
VMs for, 526 

Protoco l fa milies/suites 
analogy, C06.11:2-3 

dcfined, C06.II:1 
goal, C06.1 1:1 

Prolocol stacks, C06. 11 :3 
Pscudodirect addrcssing, 133 

Pscudoi nstructions 
dcfined,140 

summary, 141 
Pseudo t-.'IIPS 

defincd.280 
instruction set, 281 

Pthreads (POS1X thrcads), 666 
PTX instructions, r\-3 1, A-32 

Public keywords, C02.15:20 

Push 

Q 

defi ned. 11 4 
using, 116 

Q uad wo rds. 168 

Quickso rt . ·189. 490 
Quotient, 237 

R 

Race, C·73 
Radi x so rt , <189, 490. A-63-65 

CUOA code, A-64 

implemcntation. A-63-65 

RAID. See Redundant arrays of 
inexpensive di sks 

RAMAC (Random Access Me th od 
of Accounting and Contra\), 

CD6. 14: I, CD6. 14:2 

Rank unit s. 606, 607 
Rasteriz..1tion. A-50 

Rastcr operation (ROP) processors. 

A-12, A-'ll 
fixed function. A-41 
GcForce 8800, A-SO- 51 

Rastcr refresh butTer, 17 

Index 

nead -onl}' memories (ROMs) . C - 14- 16 
cont rol ent ries, D-1 6- 17 
control function encoding, 0 - t 8-19 

defincd. C-14 
dispatch, 0·25 
implcmcn ta ti on. D-1 5-19 

logic function encod ing. C- 15 
overhcad , D- 18 
PLAs and, C- 15- \6 
programmable (PROM), C- 14 

total size, 0 - 16 
Read-st all cycles. 1176 

Receive message roul inc, 6<! I 
Recciver Control register, B~39 

Receivcr Dat;:! regi ster, B-38, 8 -39 
Hecllfsivc proccdures, 121, 13-26- 27 

c10nc invoca tion, 116 
defined, B-26 

Slack in , 8 -29- 30 
SCI' (lIsa Procedures 

Hcduccd instruct ion sct computer (RI SC) 

architectures, E-2- 45. C D2.20:4, 

CD4.15:3 
group types. E-3--=1 
inst ruct ion sct lineage, E-44 

Sec (lIsa Dcsktop and scrver RISCs; 

Embedded RISCs 
Reduction, 640 

Redundant .lrra)'5 of incxpensivc di sks 
(RAID),600-606 

calculation o f. 605 
defined,600 
cxamplc illust ration, 601 

history, C06. 14:6-7 
PCI con troller, 61 1 

popularity, 600 
RJl ID 0, 60 1 
RAID 1, 602 , CDG. I<l:6 
RAID I + ]] , GOG 

Index 

RAID 1. 602, CD6. 1'1:6 
RAID 3, 602 , CDG. I'I:6, CDG. I ']:? 
RAID 4, 602- 3, CD6.14:6 
RJl ID 5, G03-4, CDG.I'I:6, CDn. I'I:7 
RAID 6, G04 

sprcad of,C0 6. 1'1:7 
summar),. 60'1-5 
usc statist ics, C06. 1;!:7 

Reference bit • .-199 
Refercnces 

abso lute, 1,12 

forward, 13 - 11 

typcs. C 02.1S:15 
lIllrcsoh'cd, (3- ,1. B-18 

Regis ter addressing, 132. 133 

Register all ocat ion , CD2. 1 5: 10- 12 
Register files, C-50, C-54-56 

in behaviora l Vcril og, C·57 
defined. 308. C-50. C·5,1 
single.3 14 

two read po rts im plcmentation, 
C-55 

with two rcad port s/one writc port, 
C·55 

writc port implcmentation , C-56 
Register- memor), architecture, C02.20:2 
Regis ters 

;.lrchit cctura l, 404 

base, 83 
ca ll ce-saved, ll-23 

ca ller-saved , B-23 

Cause, 386, 590, 591. B-35 
clock cyclc· time and, III 
compiling C a .~s ignrnel1t with, 81-82 
Co ullt , B-3'1 
defincd,80 

destination , 98, 319 
noati ng- poin t, 265 
lcft half, 348 

mapping, 94 

MIPS conventions, 12 1 

nllmber specification. 309 
page table, :197 

p ipeline, 366, 367, 368, 37 1 
primit ives, 80-8 1 

Receiver Con trol. 8-39 
Receiver Data, B-38, B-39 
renam ing, 397 
right half, 348 

sp illing, 86 

Stat us, 386, 590, 591, B· 35 

temporaf)', 8 1. 115 
Transmitt er Co ntrol . B-39-10 
Transmitter Data, B-'IO 
usagc co nvent io n, B-24 
lise convention. n-22 
variablcs,81 
x86, 168 

UcJa tio nal databases. C06. 1 '1:5 
Relative performa nce, 29 

Relat ivc powcr, 40 

Reliability, 573 

Rel ocation information, B-1 3, 0·14 
Hemaindc r 

dcfincd . 237 
instructions, B-55 

Reorder buffers, 399, 402, ,103 

Ikplication,536 
Requcsted word first, ,165 
Reservat ion stat ions 

buffering operands in. '100 
dcfined ,399 

Respo nse timc, 28, 29 

Restartable instru ctions, 513 
Restorations. 573 
Heturn address, 113 

Return from exception (ERET). 509 
R-format, 319 

ALU opcrations, 3 10 
dcfim'd ,97 

Ripple carr)' 

addcr. C · 29 

ca rry lookahead speed verSllS, C-46 
RISe. See Desktop and servcr RI SCs; 

Embcdded RISCs; Reduced 

inst ruct ion set computer (R iSe) 
architectures 

noon inc model, 667-75 

benchmarking 11111lticores with, 
675-84 

with ccilings, 672, 674 

co mputational rooflinc, 673 
IBM Cell QS20 , 678 
illust rated, 669 

1r1lel Xco n e5345, 678 
1/0 in tensive kernel, 675 

Opternn ge nera tions, 670 

with overla pping arcas sh,u1cd. 674 
pcak floating-point perfo rmancc.668 
peak memory performilllce, 669 
Sun UltraSPARC T2, 678 
wi th two kerncls, 674 

I ~ola t ionallatcllcr, 576 
nound ing 

accurate, 266 
hit s, 268 

ddined,266 

with gua rd d igit s, 167 
IEEE 754 modes, 268 

Rou ters, C06. 11:6 

Row-major order. 265 
R-t ype instructions, 308- 9 

datapath for, 323 

dat apath in opcration for, 32,1 

5 

Saturation, 227-28 

Sca lable G PUs , COA. I 1:'1-5 
SCALAPAJ..:,27 1 
Scaling 

slrong. 637. 638 
weak,637 

Sc icn lifi, notation 

adding numbers in, 250 
defi ned. 244 

for re;ll s. 24'1 
Seco ndary Illemory. 22 
Sectors, 575 

Seck t ime, 575 

Scgmentation,495 
Selcctor valucs, C- I 0 
Se micomluctors, -IS 

Send message routine, 6'11 
Se nsitivit y list , C-24 

SC'lLlcIKcrs 
explicit, D-32 

implcmenting nex t·slate func tion 
with , 0-22-28 

Sequ ent ial logic, C-5 
Servers 

cost .md capability,S 
defined,S 

SI.'~' (1150 Desktop and server RlSCs 
Set-associat ive (;lChes, '179- 80 

address port ions, 48'1 

blo,k replacclllent strat eg ies, 
52 1 

choice of, 520 
dcfi ned. :179 

fo ur-wa),. 481 , 486 

memory-block location, ' IB£) 
misses, ,182-83 
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Set-associative caches (collii/wed) 

II-way, 479 
two-way, 481 

Sec 0/50 Caches 
SCi instructions, 109 
Setup time. C-53 , (-54 
Sbadcrs, C!JA.ll:3 

defined, A- \4 
floating-point arithmetic, 1\- 14 

graphics,1\-14- 15 
pixel example, A-15- 17 

Shad ing languages, A-I ,I 

Shared memory 
cach ing in, A-5S-60 

(UDA, A-58 

defined , I\-21 
as low- latency memory, A-2 1 
N-bo~ly and, 1\-67-61:1 

per-erA, A-39 
SRAM bani;:s, 1\-,10 
Sec a/so Memory 

Shared memory mllhiprocc~sors (SJlvl P)' 

638-40 
defined, 633, 638 
single physical address 

space, 638 
synchronization, 639 

Shift amou nt , 97 
Shift instructions, 102, 13-55-56 

Signals 
asserted, 305, C-4 
control, 306, 320, 321, 322 

dcasscrtcd, 305, C-4 

Sign and magnillldc, 245 

Sign bit, 90 
Signed division, 239-41 
Signed multiplication, 234 

Signed numbers, 87-94 
sign and magnitude, 89 
treating as unsigned, 110 

Sign extension, 3 10 
defined, 12'1 
shortcut, 92-93 

Signiiicands, 246 
addition, 250 
multiplication, 255 

Silicon 
crystal ingot, 45 

dcllned,45 
as key hardware technology, 54 

wafers, 45 

SIM D (Single Inst ruct ion rvlult iple Data), 

649,659 
computers, CD7 .14: 1-3 

data vector, A-35 
extensions, CD7. 14:3 
for loops and, CD7.14:2 
massively pa rall el multiproce.~sors, 

CD7.140 1 
small-scale, CD7.14:3 
vector architecture, 650-53 

in x86, 6,19-50 
SIMMs (single inline memory modules ), 

CD5 .1 3:4, CD5. 13:5 
Simple programmable logic devices 

(S pLDs), C-78 

Simplicity, 176 
Simultaneous multithreading 

(SMT), fi46~18 

defined,6'16 
support, 647 
thread-level parallelism, 647 

unused issue slots, 648 

Sin gle-clack-cycle pipeline 
diagrams, 356 

defined,356 

illustrated,358 
Single-cycle datapaths 

illustrated,345 
instruction execution, 346 

Sec a/so Datapaths 
Single-cycle implementation 

control function for, 327 

defined,327 
nonpipelined execlltion versus 

pipelined execution, 334 

non-use of, 328-30 

penalty, 330 
p ipeli lled performance versus, 

332-33 
Sin gle-inst ruction multiple-thread 

(S IMT), A-27-30 
defined, A-27 
multithreaded warp scheduling, A-28 

overhead, A-35 
processor architecture, A-28 
warp execution and divergence, 

A-29-30 
Single instruction sin gle data 

(S ISD),648 

Single precision 
binary representation, 248 

Index 

defi.ned,245 
Sec Illsa Double precision 

Single-prog ram multiple data (SptvlD), 

648, A-22 
Small Computer Systems Interface (SCSI) 

disks, 577, 613 

Smalltalk 
Smalltal k-HO, C02.20:7 
SPARC support, E-30 

Snooping protocol, 536-37, 538 
Snoopy cache co llerence, CD5.9: 16 

Software 
GPU d river, 655 

layers, 10 
multiprocessor, 632 

parallel,633 
as service, 606, 686 

systems, 10 
Sort algorithms, 157 
Sorting performance, A-54-55 

So r t procedure, 150-55 
code for body, 151-53 

defined, 150 
full procedure, 154-55 
passing paramcters in, 154 
preserving register.~ in, 154 

procedure call, 153 
register allocation for, 151 

Sec IIlso Procedures 

Source files, (3~4 
Source language, B-6 
South bridge, 584 

Space allocation 
on heap, ! 20-22 
on stack, I 19 

SPARC 
annull ing branch, E-23 

CASA, E-3\ 
conditional branches, E-\ 0- 12 

fast traps, E-30 
Ooating-point operat ions, [-31 

in st ru ctions, E-29-32 
least signi!lcant bits, E-3 1 
multiple precision Ooating-point 

results, E-32 
nonfaulting loads, [-32 
overlapping intege r operations, E-3 1 

quadruple precision !1o<l1ing-point 

arithmetic, E-32 
register windows, £-29-30 
support fo r LISP and Smalltalk, E-30 

Index 

Sparse matrices, A-55-58 
Sparse Matrix -Vector multiply (Spl'-.'IV ), 

679-80,68 1, A-55, 
A~57, A~ 58 

CUD/\ version , A-57 
serial code, A-57 
shared memory version, A-59 

Spatial local ity, 452-53 
defined,452 
large block exp loitation of, ,164 

tendency, 456 
SPEC, CDI.IOoIO-11 

CPU benchmark, 48-19 
defined, CD 1.1 0: I 0 
power benchmark, 49-50 

SPEC89, CD 1.1 Do I 0 
SPEC92, CD 1.1 Do II 
SPEC95, CD 1.1 00 II 
SPEC2000, CD I. IO: II 
SpEC2006, 282, CD 1.1 0: 11 
SPECPower, 597 
SPEC rate, 664 

SPECratio,48 
Special function units (S FUs) , '\-35 

defined, A-43 

GeForce 8800, A-50 
Speculat ion, 392-93 

.defined,392 

hardware-based,400 

imp lementation, 392 
performance and, 393 

problems, 393 
recovery mechanism, 393 

Speed-up challenge, 635-38 
balancing load, 637- 38 

bigger problem, 636-37 
Spilling registers, 86, 115 
SPIM, B·40~IS 

byte order, (3 -43 

defined,8-40 
features, (3~"12-43 

getting sta rted with, 13-42 
MIPS assembler di rectives support, 

13 -47-49 

speed, 13-41 
system calls, 13-43- 45 
versions, B ~42 

virtual machine simula tion, 13-41-42 
SPLASH/SPLASH 2 (Stanford Parallel 

Applications for Shared Memory), 
664-66 

Split caches, 470 

Square root instruc ti ons, 13-79 
Stack architectures, C D2.20:3 
Stack point ers 

adjustment, 116 
defined, 114 
values, 11 6 

Stacks 

allocating space on, 119 
for arguments, 156 
defined, 114 

pop, 114 
push, 11 4, 11 6 

recursivc procedures, 13-29-30 
Stack segment, 13-22 
Stall s, 338-39 

avoid ing with code reordering, 
338- 39 

behavioral Verilog with detection, 
CD4. 12:5-9 

data hazards and, 37 \-74 
defined,338 

illu strations, CD4. 12:25, 
CD4.12:28-30 

insert ion into pipeline, 374 
load-use, 377 
memory, 478 
as so lut ion to control hazard, 340 

write-back scheme, 476 
write buffer, 476 

Standby spares, 605 
State 

in 2-bit prediction scheme, 381 
assignment, C-70, 0~27 

bits, 0-8 

except ion, saving/restoring, 515 
logic components, 305 
specification of, 496 

State clements 
clock and, 306 

combinationa l logic and, 306 
defined, 305, C-48 

inputs, 305 
registe r file, C-50 

in storin g/accessing instructions, 

308 
Stat ic branch prediction, 393 
Sta tic data 

defined,I3-20 
as dynamic data, (3-21 

segment , 120 

Stat ic multiple-i ssue processors, 392, 

393-97 
control hazards and, 394 
instructi o n sets, 393 
with M IPS ISA, 394-97 
SL'e (/150 Multip le issue 

1·23 

Static random access memories (SRAMs), 
C~58-62 

array organization, C~62 

basic structure, C -61 
deli ned, 20, C~58 
fixed access time, C-58 
large, C-59 

read/write initiation, C-59 
synchronous (SSRAMs), C-60 
three-statc buffers, C-59, C-60 

Stat ic variab les, 118 
Sta tu s register, 590 

Ilelds, B-3 4, B-35 
ill mtraled,59 1 

Steady-state prediction, 380 
Sticky bits, 268 
Storage 

disk,575-79 
flash,580-82 

nonvolatile, 575 
Storage area networks (SANs), 

CD6.lloll 
Store buffers, 403 

Stored program concept, 77 
as computer principle, 100 
illustrated , 10 1 

principles, 176 
Store in struc tions 

access, 1\-4 I 

base register, 319 
block, 165 

compiling with, 85 
cond itional, 138-39 

defined,85 
details, 13-68-70 

EX stage, 353 
floating-point, 13-79 

ID stage, 349 
[F stage, 349 

instruction dependency, 37 1 
list of, B-68-70 

MEM stage, 35'[ 

unit for im plementing, 3 11 
WB stage, 354 
See olso Load instructions 
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Store word, H5 

Str c py procedure, 1:2'1-25 
dcfi nc:d , 114 

as lea f procedure. 126 
pointc:.'rs, 116 

Sec II{SO Proccdun:s 

Stream benchmark, 675 

Streaming multiprocessor (5Ivl), '\-48-19 

Streaming processors, 657. ;\-3'1 
ar ray (SPA ), A-4 I , '\-'16 

GcFol'cc 8800, A-49- 50 

Streaming SIMD Extension::: (SSE2) 
l1u;tt ing-point architec ture, 

27,1-75 

StreIch co mputer, CD'I. 15: 1 

Strings 

defined. 1~4 
in Java, 126-17 
representation , [2·1 

Striping, 60 I 

St rong 5(;lling. 637. 638 
St ructural hazards, 335- 36, 352 
Structured Qucr}' Language (SQL), 

CD('.I'kS 
Sub nurmals, 270 

SUbt r:1Cks.606 

Suhtf<lClion, 124-29 
binary, 224- 25 

Oo<tling- point , 259, 13-79-80 

inst ructions, 0-56-57 
nega tive number, 226 

oven'now,226 

Sec also Arithmetic 
Subwurd pa rallelism, E- 17 

SlI lll o f products, C-l l. C-12 
S UIl fire x41 50 serVl.'r, 606-12 

frontlrear illustrat ion, 608 
idle and peak powe r. 6 12 

logical co nnect io ns and bandw idt hs. 

609 
minimum memory,61 1 

Sun Ult raSPARC T2 (N iagar'12 ), 
6<17 , 658 

base versus fu ll ), optim ized 

perfo rman ce, 683 
characteristics, 677 

dcfined.677 
ill ustrated ,676 
LB M l-I D perfo rm ance, 61:12 
roolline Illode!, 678 

SpMV performance, 68 1 

Superco mputers,S, C D,1. I 5: 1 

5llpcrl-1, E-15, E-39- '1O 
Sllpc rscalars 

defi ned, 397, CD".15:'1 
dynam ic pipd ine scheduling, 

398, 399-400 
multithreading opt ions, 6,16 

Surfaces, A- ,ll 

51'lap procedure, 149-50 
body code, 150 

defined,14 9 
fuli , 150, lS I 

register alloca tio n, 1·19-50 
Sec a/so Procedu res 

Swap space, ,198 
Swi tched networks,CD6.1 1:5 

Switches, C D6. 11 :6-7 
Symbol tahles, I 'll, B- 12, B- 13 
Synchro niza tion, 137-39 

ba rrier, A-18, A-20, A-34 
defined, 639 
lock, 137 

overhead , reci llcing, 43 
un lock, 137 

Synchronizers 
defi ned, C-76 
from D flip-nop, C-76 

f:lilure, c-n 
Synchro nous bus, 583 
Synchro no us DItMvl (SRMvl), 

473, C-60, C-65 
Synchronous 5RAi..,1 (SSRAM), 

C-60 

Synchronous SystL'Ill, C-'18 

SYlltax t ree, C D2, 15:3 
System ca li s, 13-'13- 45 

code, 13-43--'1" 
dC/ined, S09 
load ing, 8 -:13 

Syslem Performance Evalu at ion 

Cooperative. Sr:r: SPEC 
Systems so ftwa re, 10 
SystemVerilog 

c;lche cont roiler, C D5.9: 1- 9 
cache data :llld lag modules, 

C DS.9:S 
FSM, CDS.9:6-9 
simple cache block d iagrill1l . 

C D5,9:3 

type declarations, CD5,9: I, 
C D5.9:2 

T 

·r;lgs 

defi ned,458 

in locat ing block, 'IlH 
page tables :lnd, ,198 
size of. 486-1'17 

Tail cail, 12 1 

Task idenl ifiers, 5 10 
Task para ll elism, A-24 

TCP/! P p'lck!!t format, CD6. 11 :4 
'Idsa PTX ISA, A-31 - 34 

arithmetic inst ructions. A-33 
barrier s),nchroniz:ltion, A-3'1 
GPU thr!!'ld instruct ions, A-32 
memor), access instruc tions, 

A-33-34 

Temporal local it y. ·153 
defined,452 
tendency, 456 

'Ie mporar y registers. 1:11 , I J 5 
·lc rab),tes,5 

Tesla Illulti processor, 65H 
·Ih t segmen t. B-13 

Tex ture memory, A-'IO 

·' l.-xt urc!processor cluster (TPC ), 
1\-,17 ..... 18 

TFLOPS multi processor, CD7.1 '1:5 
Thrashing, 517 
Thread blocks, 6S9 

creation, A-23 
defined, A- 19 

managing, A-30 
memory sharing. A-20 

sYllchroni za tion, A-l0 
·I·hread dispatch, 659 

Thread p.lTilllclism, A- 21 

Th reads 
crea tion,I\-2J 
CU DA, A-36 

ISA,I\-3 1-34 
managi ng, A-30 

memory latencies and , 1\-7'1-75 
multiple, per body, A-68- 69 
warp,~, A-27 

Three Cs model, 523 
Three-state buffe rs, C-59, C-60 

Th rough put 
defined, 28 
multiple iss ue and, 40 I 

pipclining and. 344, 40 I 

Index Index 

Thumb, E-15, E-38 

Timing 
4ls}'llchronous inputs, C-76-77 

level -sensit ive. C-75-76 
meth odologi es. C-72-77 

two -phase, C-75 

TLO misses, 503 
ent ry point ,S 14 

handler, 51 4 
handling, 5 10- 16 
minimization, 6R I 

occurrence. 5 10 

problem, 517 
Ser: 11150 Translation-Iookaside buffer 

("fLU) 
Tomasulo's al~o rithm, CD4. 15:2 
Tournament b ranch predicators, 

383 

Tnlcks, 575 
Transaction Processing Counc il 

(TIlC) ,596 
Transact ion process in~ (TI') 

defined, 596 
110 benchmarks, 596-97 

Transfer time. 576 

Transistors. 26 
Translati on-Ioolwside buffer (TLB), 

502 ..... 1, C DS, 13:5 

associativities, 503 

defined , 502 
illustr;lt cd ,502 
integration, 50<1-8 
lntrinsity FastMAT H, 50'1 

M IPS-6<\, E- 26-27 

typical values, 503 
See (lIsa TLB misses 

Transm itter Co ntrol register, 

B·39~\O 

Transmitter Data register, B-'IO 

Trap instructions, 13 -64- 66 
'Cree-based parallel scan , A-62 

Truth tables, C-S 
ALU cont rol lines, 0-5 
for control bits, 318 
datapath co nt rol outputs, D- 17 

data path co ntrol signals, 0 - 14 

defined ,317 

example. C -S 
next -state output bits, 0 - 15 
PLA implementation , C- 13 

Two-level logic, C- I I-14 

Two-phase docki]l ~, C-75 
·!\vo's complement re pn:scntatio]l, 

R9,90 
advant<1ge,90 

defined. ij9 
neg<1t ion shortcut, 9 1- 92 

rule, 93 
sign ex tension shortcut , 92-93 

T X-2 computer, CD7. 1 4:3 

u 
Uncond it ional hranchcs, 106 

Underflow, 2'15 

Unicode 
alphabet s, 126 
defi ned, 126 
example alphabet s, 127 

Unified G PU arch itect lIfe , 

A- IO- 12 
ill ustrated, A-I I 
processor array, A- I 1-12 

Uni form memory access (UMA), 638-39, 

1\-9 

defmed,638 
mult iprocessors, 639 

Units 
commit, 399, 402 
control. 303, 316-17, 0-4-8, 0-10, 

D-1 2-1 3 

defined,267 
fl oating point, 267 
h;lZard detection, 372, 373 
fo r load/store impkme ntatio n, 311 

rank, 606. 607 
special function (SFUs), A-35, 

1\-,13, A-50 

UN IVAC I. CDI. IO,4 
UNI X, CD2.20,7, CD5.D:8- 11 

AT &T, CDS. I 3,9 
Berkeley version (BSD) , CD5.1 3:9 

genius, CDS.13: I I 
histor y, CD5.1 3:8- 11 

Un lock synchronizatio n, 137 

Unresolved references 

defined, B-4 
lin kers and, B-1 8 

Unsigned numbers, 87-9'1 

Use lat ency 
defi ned,395 
one-inst ruction, 396 

1·25 

v 
Vacuum lUbes, 26 

Valid bit , 458 

V'lriabks 
C language, 118 
programmi ng l4lnguage, 8 1 

fl!gislcr, R I 

static, 11 8 
storage c\;lSS, 11 8 

type, 118 
VAX architecture, CD2.20:3, C05. 13:6 

Vectored interrupts, 386 
Vector processors, 650- 53 

co nventional code co mparison, 

650-5 1 
instruct ions, 652 
Illult imedia ex tensio ns and , 653 

scalar versus, 652 
St:t: II /SO ProcesSOrs 

Ve rilog 
behavio ral definit ion of MIPS 

AI.U, C-25 
behavioral defi nitio n wi th bypassing, 

CD4.12:4- 5 
behav io ral definition wit h st;1l1s for 

loads, C D4. 12:6-7, C D4 .12:8-9 

behavio ral spec ification, C-2 1. 

CD4,1 2:2-3 
be havioral spec iftca tion of Illulticycle 

M IPS design, C D4 .12: 1 1-12 
behavioral spec ifica tion with simula 

tion, CD4.12: 1-S 
behavio ral specifICation with stall 

detec tion , CD4, I 2:5-9 
beh;1vioral specifi cation with synthe

sis, CD'1. 12: 10- 16 
blocking assignme nt , C-2" 
branch haz4lr<llogic implementation, 

C D4.12,7- 9 
combinational logic, C-23-26 

data types, C-2 1-22 

defined, C -20 
fo rwarding im plementation, 

C D<l.1 2:3 
1'.,,11 1'5 ALU definition in . C-35- 38 

Illodull!s, C-23 
multicycle MIPS datap;lIh , CD4. 12: 13 

nonblocking assignment , C-24 

op!!rators, c-n 
\Jf9gram "strlH:{ufe , Co: : 
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Verilog (COllliIllICfi) 

reg, C-21-22 
sensitivity list, C-24 
sequential logic specification, 

C-56-58 
structUf.11 spccifi cation, C-l i 

wire, C-21-22 
Vertical microcode, D-32 
Very "lrge-scale integrated (VLSI) 

circuits, 26 
Very Long Instruction Word (VLlW) 

defined,393 
first generat ion computers. CD4_ 15:4 

processo rs, 394 
VI-IDL, C-20-2 1 
Vidco graphics array (VGA) con trollers, 

1\-3- 4 
Virtual addresses 

causing page faulls, 514 
defined ,493 
mapping from, 494 
size, 495 

Virt ualizable hardware, 527 
Virtually addressed caches, 508 
Virtual machine monitors (VMMs) 

defined,526 
implementing, 5,15--47 
laissez-faire altitude, 5'16 

page tables, 529 
in performance improvement , 528 

requirements, 527 
Virtual machines (VMs), 525-29 

benefit s. 526 
defined, B-41 

illusion, 529 
instruction se t ;lrch itcctu re suppor t, 

527--28 
performance improvement, 528 
for protection improvement . 526 

simulation of, 13-41-42 
Virtu al memory, 492--517 

address translation, 493, 502--\ 

defined,492 
integration. 504--8 
mechanism, 516 
motivations, 492-93 
page faults, 493, 498 
protection implementation, 508-10 

segment.Hion , 495 
summary, 516 
virtualization of, 529 
writes. 50 1 
Sec 0150 Pages 

Visual computing, ,\-3 
Volatile memory, 21 

w 
Wafers, 46 

defects. '16 
defined,45 
dies, 46 
yield,46 

Wa rps, 657,1\-27 
Weak scaling, 637 
Wear leveling, 581 
Web sef\'er benchmark 

(SPECWeb),597 

While loops, 107-8 
Whirlwind , CD5. 13:1, CD5.13:3 
Wide area networks (VlANs), CD6.1-1:7--8 

deflned,25 
history of, CD6.14:7-8 
Sec (1/50 Networks 

Winchester disk, CD6.14:2--4 
Wirelcss LANs, CD6.11:8-10 

Wo rd s 
accessing, 82 
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