REVISED PRINTING

COMPUTER
ORGANIZATION
AND DESIGN

THE HARDWARE / SOFTWARE INTERFACE

~ DAVID A PATTERSON
_  JOHNL HENNESSY |




1. Pull along perforation to separate card 2. Fold bottom side (columns 3 and 4) together

MIPS Reference Data Card (“Green Card”)

I
I
I
I
I
|
I
[
I
|
I
I
I
I
I
I
I
I
I
[
I
|
I
[
I
I
I
I
I
I
I
[
I
|
I
[
I
I
I
[
l

@

M I P s Reference Data

CORE INSTRUCTION SET OPCODE
FOR- /FUNCT
NAME, MNEMONIC ~ MAT OPERATION (in Verilog) (Hex)
Add add R R[rd] = R[rs] + R[rt] (1) 07200
Add Immediate addi I R[rt] = R[rs] + SignExtImm (1,2)  Bhex
Add Imm. Unsigned addiu I R[rt] = R[rs] + SignExtImm (2)  hex
Add Unsigned addu R R[rd] = R[rs] + R[rt] 0/ 21 pex
And and R R[rd] = R[rs] & R[rt] 0/ 244
And Immediate andi I R[rt] = R[rs] & ZeroExtImm (3)  Chex
Branch On Equal beq 1 IfI(’IéI:r;’IC:zII{IgIrImchAddr @ e
Branch On Not Equal bne 1 If;}ézi}éﬁﬁkg;nch Addr @ Shex
Jump 3 ] PC=JumpAddr (5)  Znex
Jump And Link jal J  R[31]=PC+8;PC=JumpAddr (5)  3hex
Jump Register jr R PC=R[rs] 0/ 08¢
Load Byte Unsigned 1bu 1 RInI:Ii‘;I;?]‘EI\:I(EiEr;I](%O); o 24hex
Load Ha.lfword Thu I R[rt]={ 16’.b0,M[R[rs] 2510
Unsigned +SignExtImm](15:0)} 2)
Load Linked 11 I R[rt] = M[R[rs]+SignExtimm]  (2,7) 30hex
Load Upper Imm.  1lui T R[rt] = {imm, 16’b0} fhex
Load Word 1w 1 R[rt] = M[R[rs]+SignExtImm] (2)  23pex
Nor nor R R[rd] =~ (R[rs] | R[rt]) 0/27pex
or or R R[rd] = R[rs] | R[rt] 0/25p
Or Immediate ori I R[rt] = R[rs] | ZeroExtImm (3)  dhex
Set Less Than slt R R[rd] = (R[rs] <R[rt])? 1:0 0/ 2ayey
Set Less Than Imm. s1ti T R[rt]=(R[rs] <SignExtImm)? 1:0(2)  apex
Set I{jes:i'é::g Imm. o I Rlrt] = (R[rer?T :S(i)gnExIImm) 06 Bhex
Set Less Than Unsig. s1tu R R[rd] = (R[rs] <R[rt])? 1: 0 (6) 0/2bpey
Shift Left Logical ~ s11 R R[rd] = R[rt] << shamt 0/00pex
Shift Right Logical ~sr1 R R[rd] = R[rt] >>> shamt 0/ 020
Soobye w1 MEREFSmEdIco= oy
Store Conditional  sc 1 MIKISIRenbrEm SR ) 38
Store Halfword ~ sh 1 MIR[“IIS‘g“EX“m;‘%StI]?i? o @ D
Store Word sw I MI[R[rs]+SignExtImm] = R[rt] (2)  2bpey
Subtract sub R R[rd] =R[rs] - R[rt] (1) 0/22pe¢
Subtract Unsigned ~ subu R R[rd] =R[rs] - R[rt] 0/23pex

(1) May cause overflow exception

(2) SignExtImm = { 16{immediate[15]}, immediate }

(3) ZeroExtImm = { 16{1b’0}, immediate }

(4) BranchAddr = { 14{immediate[15]}, immediate, 2°b0 }

(5) JumpAddr = { PC+4[31:28], address, 2°b0 }

(6) Operands considered unsigned numbers (vs. 2’s comp.)

(7) Atomic test&set pair; R[rt] = 1 if pair atomic, 0 if not atomic

BASIC INSTRUCTION FORMATS

R I opcode I IS I 1t I rd I shamt I funct I
31 26 25 2120 16 15 11 10 65 0
I I opcode I TS I rt I immediate I
31 26 25 2120 16 15 0
J I opcode I address I
31 2625 0

ARITHMETIC CORE INSTRUCTION SET

FOR-

NAME, MNEMONIC =~ MAT

Branch On FP True bclt
Branch On FP False bclf

Divide div
Divide Unsigned  divu
FP Add Single add.s
FP Add

Double add.a
FP Compare Single c.x.s*
FP Compare N
Double exd

OPERATION

FI if(FPcond)PC=PC+4+BranchAddr
FI if(!FPcond)PC=PC+4+BranchAddr
R Lo=R[rs]/R[rt]; Hi=R[rs]%R[rt]

R Lo=R[rs]/R[rt]; Hi=R[rs]%R[rt]
FR F[fd ]= F[fs] + F[ft]

{F
R (FIRLFIA+1])
FR FPcond = (F[fs] op F[ft]) 2 1: 0
e FPeond = ((F[SLF[fs+1])} op
(FIRLFIf+111) 210

*(xiseq, 1t, or le) (opis==, <, or <=) (yis 32, 3¢, or 3e)

FP Divide Single  div.s
FP Divide .
Double div.d
FP Multiply Single mul.s
FP Multiply

Double mul-d

FP Subtract Single sub.s
FP Subtract

Double sub-a
Load FP Single lwcl
Load FP Ldel
Double

Move From Hi mfhi
Move From Lo mflo

Move From Control mfco

Multiply mult
Multiply Unsigned multu
Shift Right Arith. sra
Store FP Single swel
Store FP

Double saet

FR F[fd] = F[fs] / F[ft]
FR {F[fd],F[fd+1]} = {F[fs],F[fs+1]} /
{F[ft]F[ft+1]}
FR F[fd] = F[fs] * F[ft]
FR {F[fd],F[fd+1]} = {F[fs],F[fs+1]} *
{F[ft].F[ft+1]}
FR F[fd]=F[fs] - F[ft]
FR {F[fd],F[fd+1]} = {F[fs]F[fs+1]} -
{F[ft]F[ft+1]}
I F[rt]=M[R[rs]+SignExtImm]
F[rt]=M[R[rs]+SignExtImm];
Flrt+1]=M[R[rs]+SignExtImm-+4]
R R[rd] =Hi
R R[rd]=Lo
R R[rd] = CR[rs]
R {Hi,Lo} =R[rs] * R[rt]
R {HiLo} =R[rs] * R[rt]
R R[rd] = R[rt] >> shamt
I M[R[rs]+SignExtImm] = F[rt]
M[R[rs]+SignExtImm] = F[rt];
MIR[rs]+SignExtImm+4] = F[rt+1]

FLOATING-POINT INSTRUCTION FORMATS

fd],F[fd+1]} = {F[fs],F[fs+1]} +

OPCODE
/FMT /FT
/FUNCT
(Hex)
11/8/1/--
11/8/0/--
0/--/--/1a
0/--/--/1b
11/10/--/0

11/11/--/0
11/10/--/y
/11y

)
“4)

(6)

11/10/--/3
11/11/--/3
11/10/--/2
11/11/--/2
11/10/--/1
11/11/--/1
31/-/--/--
35/--/--/--

0 /--/--/10

0 /--/--/12

10 /0/--/0

0/--/--/18

(6) 0/--/--/19
0, /

)
)

Q) 39)/-rfovlme
@ g

FR I opcode I fmt ft fs fd funct
31 26 25 2120 16 15 11 10 65
FI I opcode I fmt I ft I immediate
31 26 25 2120 16 15
PSEUDOINSTRUCTION SET
NAME MNEMONIC OPERATION
Branch Less Than blt if(R[rs]<R[rt]) PC = Label
Branch Greater Than bgt if(R[rs]>R[rt]) PC = Label
Branch Less Than or Equal ble if(R[rs]<=R[rt]) PC = Label
Branch Greater Than or Equal bge if(R[rs]>=R[rt]) PC = Label
Load Immediate 1i R[rd] = immediate
Move move R[rd] = R[rs]
REGISTER NAME, NUMBER, USE, CALL CONVENTION
PRESERVEDACROSS
NAME NUMBER USE A CALL?
$zero 0 The Constant Value 0 NA.
Sat 1 Assembler Temporary No
$v0-Sv1 23 Values for F!,mction Res_ults No
and Expression Evaluation
$a0-$a3 4-7 Arguments No
$t0-$t7 8-15  Temporaries No
$50-Ss7 1623 Saved Temporaries Yes
$t8-$t9 24-25  Temporaries No
$k0-Sk1 26-27  Reserved for OS Kernel No
Sgp 28 Global Pointer Yes
$sp 29 Stack Pointer Yes
$tp 30 Frame Pointer Yes
Sra 31 Return Address Yes
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OPCODES, BASE CONVERSION, ASCII SYMBOLS

MIPS (1) MIPS (2) MIPS Hexa- ASCIT[ - "Fexa- ASCIT

IEEE 754 FLOATING-POINT
STANDARD
(-1)S x (1 + Fraction) x 2(Exponent- Bias

where Single Precision Bias = 127,
Double Precision Bias = 1023.

IEEE Single Precision and
Double Precision Formats:

IEEE 754 Symbols

Exponent | Fraction Object
) 0 0 0
0 #0 + Denorm
1to MAX - 1 |anything [+ F1. Pt. Num,|
MAX 0 +oo
MAX #0 NaN

S.P. MAX =255, D.P. MAX = 2047

‘ N ‘ Exponent ‘ Fraction ‘
3130 232 0
‘ S ‘ Exponent ‘ Fraction %% ‘
63 62 52 51 0
MEMORY ALLOCATION STACK FRAME
Higher
Stack g
$sp THEE fffopey Atmiment 6 Memory
—g%A Addresses
rgument 5
Stp —p
Saved Registers
Dynamic Data Stack
$gp 1000 8000y Grows
Static Data i
1000 0000, Local Variables L
Text Ssp—
ex
pe 0040 0000, Lower
Memory
Oper Reserved Addresses
DATA ALIGNMENT
Double Word
Word Word
Halfword Halfword Halfword Halfword
Byte ‘ Byte | Byte ‘ Byte | Byte ‘ Byte | Byte ‘ Byte

T 2 3 7 5 3 7
Value of three least significant bits of byte address (Big Endian)
EXCEPTION CONTROL REGISTERS: CAUSE AND STATUS

Interrupt
Mask

Exception
Code

8 6

U
M

2

15 3 ) T 0
BD = Branch Delay, UM = User Mode, EL = Exception Level, IE =Interrupt Enable

opcode  funct funct Binary Deul deci- Char- De 1 deci- Char-
(31:26)  (5:0) (5:0) M mal acter | ™ mal  acter
[)) s11 add,f 000000 0 0 NUL|[ 64 40 @
sub.f 00 0001 1 1 SOH | 65 41 A
j srl mul,f 000010 2 2 STX 66 42 B
jal sra divf 000011 3 3 ETX | 67 43 C
beq s1lv sqrt,f 00 0100 4 4 EOT | 68 4 D
bne abs/ 000101 5 5 ENQ| 69 45 E
blez  srlv mov.f 000110 6 6 ACK | 70 46 F
bgtz  srav neg,f 000111 7 7 BEL | 71 47 G
addi  Jr 00 1000 8 8§ BS 72 48 H
addiu jalr 00 1001 9 9 HT 73 49 1
slti  movz 001010 10 a LF 74 4a 1
sltiu movn 001011 11 b VT 75 4b K
andi  syscall round.wf|001100 12 ¢ FF | 76 4c L
ori break trunc.w/|00 1101 13 d CR 77 44 M
xori ceil.wf (001110 14 e SO | 78 4e N
lui sync floor.w/f|00 1111 15 f SI 79 4 O
mfhi 010000 16 10 DLE | 80 50 P
2) mthi 010001 17 11 DCI1 81 51 Q
mflo movz,f 010010 18 12 DC2 82 52 R
mtlo movn,f 010011 19 13 DC3 83 53 S
010100 20 14 DC4 | 84 54 T
010101 21 15 NAK | 85 55 U
010110 22 16 SYN | 86 56 V
010111 23 17 ETB 87 57 W
mult 01 1000 24 I8 CAN| 88 58 X
multu 011001 25 19 EM 89 59 Y
div 011010 26 la SUB | 90 Sa  Z
divu 011011 27 1b ESC 91 5b [
011100 28 Ic FS 92 Sc \
011101 29 1d GS 93 5d 1
011110 30 le RS 94 Se ”
011111 31 If US 95 5
1b add cvt.s/ [100000 32 20 Space| 96 60  °©
1h addu cvt.df (100001 33 21 ! 97 61 a
1wl sub 100010 34 22 " 98 62 b
1w subu 100011 35 23 # 99 63 c
1bu and cvt.w/ [100100 36 24 S 100 64 d
lhu or 100101 37 25 % 101 65 e
lwr xor 100110 38 26 & 102 66 f
nor 100111 39 27 i} 103 67 g
sb 101000 40 28 ( 104 68 h
sh 10 1001 41 29 ) 105 69 i
swl slt 101010 42 2a % 106 6a j
sw sltu 101011 43 2b + 107 6b k
10 1100 44 2c s 108 6c I
10 1101 45 2d - 109 6d m
swr 10 1110 46 2e . 110 [ n
cache 10 1111 47 2f  / 111 6f o
11 tge c.£f 110000 48 30 0 m 70 p
lwcl  tgeu c.unf 110001 49 31 1 113 71 q
lwec2 tlt c.eqf 110010 50 32 2 114 72 T
pref  tltu c.ueqf |[110011 51 33 3 115 73 s
teq c.olt,/ [ITOI00 52 34 4 116 74 t
ldel coultf [110101 53 35 5 |117 75 u
ldc2  tne c.olef |110110 54 36 6 118 76 v
c.ule/ |110111 55 37 7 19 77 w
sc c.stf 111000 56 38 8 120 78 X
swcl c.nglef 111001 57 39 9 121 79 y
swc2 c.seqf [111010 58 3a : 122 Ta z
c.nglf [111011 59 3b  ; |123 7b |
c.lt.f 11 1100 60 3¢ < 124 Tc |
sdcl c.ngef |111101 61 3d = 125 7d }
sdc2 c.lef [111110 62 3e > [126 Te ~
c.ngt,/ |111111 63 3f 2 127 7f DEL

(1) opcode(31:26) ==

(2) 0peode(31:26) == 17, (1jyey); if fnt(25:21)==16,ep (10450 /=  (single);
if fnt(25:21)==17,¢, (116,) = d (double)

EXCEPTION CODES
Number Name  Cause of Exception  |Number Name  Cause of Exception
0 Int Interrupt (hardware) 9 Bp  Breakpoint Exception
Address Error Exception Reserved Instruction
4 AdEL (load or instruction fetch) 10 RI Exception
Address Error Exception Coprocessor
3 AdES (store) 1 CpU Unimplemented
Bus Error on Arithmetic Overflow
6 IBE Instruction Fetch 12 Ov Exception
Bus Error on
7 DBE Load or Store 13 Tr Trap
8 Sys Syscall Exception 15 FPE Floating Point Exception
SIZE PREFIXES (10* for Disk, Communication; 2* for Memory)
PRE- PRE- PRE- PRE-
SIZE FIX SIZE FIX |SIZE FIX |SIZE FIX
103,219 Kilo- [10'5,250 Peta- | 107 milli- | 10" femto-
10°,220 Mega- |10'%,2° Exa- | 10 micro- | 108 atto-
10°, 230 Giga- 1021270 Zetta- | 10° nano- | 102! zepto-
1012, 240 Tera- 1024, 280 Yotta- | 10712 pico- 1024 yocto-

The symbol for each prefix is just its first letter, except [t 1s used for micro.
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In Praise of Computer Organization and Design: The Hardware/
Software Interface, Revised Fourth Edition

“Patterson and Hennessy not only improve the pedagogy of the traditional mate-
rial on pipelined processors and memory hierarchies, but also greatly expand the
multiprocessor coverage to include emerging multicore processors and GPUs. The
fourth edition of Computer Organization and Design sets a new benchmark against
which all other architecture books must be compared.”

—David A. Wood, University of Wisconsin-Madison

“Patterson and Hennessy have greatly improved what was already the gold stan-
dard of textbooks. In the rapidly evolving field of computer architecture, they have
woven an impressive number of recent case studies and contemporary issues into
a framework of time-tested fundamentals.”

—Fred Chong, University of California at Santa Barbara

“Since the publication of the first edition in 1994, Computer Organization and
Design has introduced a generation of computer science and engineering students
to computer architecture. Now, many of those students have become leaders in the
field. In academia, the tradition continues as faculty use the latest edition of the
book that inspired them to engage the next generation. With the fourth edition,
readers are prepared for the next era of computing.”

—David I. August, Princeton University

“The new coverage of multiprocessors and parallelism lives up to the standards
of this well-written classic. It provides well-motivated, gentle introductions to the
new topics, as well as many details and examples drawn from current hardware.”

—]John Greiner, Rice University

“As computer hardware architecture moves from uniprocessor to multicores, the
parallel programming environments used to take advantage of these cores will be
a defining challenge to the success of these new systems. In the multicore systems,
the interface between the hardware and software is of particular importance. This
new edition of Computer Organization and Design is mandatory for any student
who wishes to understand multicore architecture including the interface between
programming it and its architecture.”

—Jesse Fang, Director of Programming System Lab at Intel

“The fourth edition of Computer Organization and Design continues to improve
the high standards set by the previous editions. The new content, on trends that
are reshaping computer systems including multicores, Flash memory, GPUs, etc.,
makes this edition a must read—even for all of those who grew up on previous
editions of the book.”

—Parthasarathy Ranganathan, Principal Research Scientist, HP Labs
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Preface

The most beautiful thing we can experience is the mysterious.
It is the source of all true art and science.

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 capabilities, 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 current computers.

The recent switch from uniprocessor to multicore microprocessors confirmed
the soundness of this perspective, given since the first edition. While 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. While 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 going 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 little 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 Computer Architecture: A Quantitative 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 Computer Architecture, and the material was extensively revised to match the
different audience. We were so happy with the result that the subsequent editions
of Computer Architecture 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 Computer Organization and
Design: 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 focus. Chapter 1
is a new introduction that includes a discussion 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 datapath or in
learning more about floating-point arithmetic. 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 multicores, 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 edition. 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 microprocessors
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:

B Chapter 1: Parallelism and Power. It shows how power limits have forced the
industry to switch to parallelism, and why parallelism helps.

B Chapter 2: Parallelism and Instructions: Synchronization. This section dis-
cusses locks for shared variables, specifically the MIPS instructions Load
Linked and Store Conditional.

B Chapter 3: Parallelism and Computer Arithmetic: Floating-Point Associativity.
This section discusses the challenges of numerical precision and floating-
point calculations.

B Chapter 4: Parallelism and Advanced Instruction-Level Parallelism. It
covers advanced ILP—superscalar, speculation, VLIW, loop-unrolling, and
O00O—as well as the relationship between pipeline depth and power
consumption.

B Chapter 5: Parallelism and Memory Hierarchies: Cache Coherence. Itintroduces
coherency, consistency, and snooping cache protocols.

B Chapter 6: Parallelism and 1/O: Redundant Arrays of Inexpensive Disks. It
describes RAID as a parallel I/O system as well as a highly available ICO
system.
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Chapter 7 concludes with reasons for optimism why this foray into parallelism
should be more successful than those of the past.

I am particularly excited about the addition of an appendix on Graphical
Processing Units written by NVIDIA’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 edition to present a style of computing that allows
the programmer to think MIMD vyet 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—and their programming environments 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 necessary. The
coarse-grained changes were the merging of chapters and dropping of topics. Mark
Hill suggested dropping the multicycle processor implementation and instead
adding a multicycle cache controller to the memory hierarchy chapter. This allowed
the processor to be presented in a single chapter instead of two, enhancing the
processor material by omission. The 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 1 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 “single 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 than 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 section containing the Verilog
code for that cache.

The accompanying CD-ROM introduced in the third 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 enthusiasm
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 chapter now has the Historical Perspectives section on the CD and
four chapters also have one advanced material section on the CD. Additionally, all
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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 material: a search engine is included that allows
you to search for any string 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 fast-moving field, and as is always the case for our new editions, an
important goal is to update the technical content. The AMD Opteron 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 1 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 multicore 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 cores, 16 DIMMs,
and 8 disks into a single 1U bit. It also includes the recent results on long-term
disk failures. Chapter 7 covers a wealth of topics regarding parallelism—including
multithreading, SIMD, vector, GPUs, performance models, benchmarks, multipro-
cessor networks—and describes three multicores plus the Opteron X4: Intel Xeon
model 5345 (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 flexibility 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 editions. 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-
formance” 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 tradeoffs at this interface. “The Big Picture” section
remains so that the reader sees the forest even despite all the trees. “Check Yourself”
sections help readers to confirm their comprehension of the material on the first
time through with answers provided at the end of each chapter. This edition also
includes the green MIPS reference card, which was inspired 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, lecture notes,
lecture slides, and other materials are available to adopters from the publisher.
Check the publisher’s Web site for more information:

textbooks.elsevier.com/9780123747501

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 cod4bugs@mkp.
com or by low-tech mail using the address found on the copyright page.

This edition 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 commitment 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 acknowledgments 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 colleagues at NVIDIA (Michael
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.

Iam 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:

B Chapter 1: Javier Bruguera (Universidade de Santiago de Compostela)

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

m Chapter 3: Matthew Farrens (University of California, Davis)
B Chapter 4: Milos Prvulovic (Georgia Tech)

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

B Chapter 6: Perry Alexander (The University of Kansas)
B Chapter 7: David Kaeli (Northeastern University)

Peter Ashenden took on the Herculean task of editing and evaluating all 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:

B AMD—for the details and measurements of the Opteron X4 (Barcelona):

William Brantley, Vasileios Liaskovitis, Chuck Moore, and Brian
Waldecker.

B Intel—for the prereleased information on the Intel Nehalem: Faye Briggs.
B Micron—for background on Flash Memory in Chapter 6: Dean Klein.

B Sun Microsystems—for the measurements of the instruction mixes for the
SPEC CPU2006 benchmarks in Chapter 2 and details and measurements of
the Sun Server x4150 in Chapter 6: Yan Fisher, John Fowler, Darryl Gove,
Paul Joyce, Shenik Mehta, Pierre Reynes, Dimitry Stuve, Durgam Vahia,
and David Weaver.

m U.C. Berkeley—Krste Asanovic (who supplied the idea for software
concurrency versus hardware parallelism in Chapter 7), James Demmel



Preface

xXxiii

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: Focus Group: 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
(UC San Diego), Ken Vollmar (Missouri State University), David Wood (University
of Wisconsin, Madison), Ki Hwan Yum (University of Texas, San Antonio); Surveys
and 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), Merrill Hall (The Master’s College), Tyson Hall (Southern Adventist
University), Ed Harcourt (Lawrence University), Justin E. Harlow (University of
South Florida), Paul E 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 (Ursinus College), Christos Kozyrakis
(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 (Arizona State University), Li Liao (University of Delaware), Gary
Livingston (University of Massachusetts), Michael Lyle, Douglas W. Lynn (Oregon
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), Nozar 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 (University 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,
Jike Chong, Kaushik Data, Greg Giebling, Anik Jain, Jae Lee, Vasily 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
was done as a solo act.
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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 cut 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
to London 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 of 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 revolu-
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 10, the opportunities for computers multiply. Applications
that were economically infeasible suddenly become practical. In the recent past, the
following applications were “computer science fiction.”

m Computers in automobiles: Until microprocessors improved dramatically in
price and performance in the early 1980s, 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.

m 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?

B Human 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 100 times higher, as they would have been 10 to 20 years ago. More-
over, costs continue to drop; you may be able to acquire your own genome,
allowing medical care to be tailored to you.

m 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 WWW has
replaced libraries.

B Search engines: As the content of the WWW 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.
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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 are 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 6.10). 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, Internet 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, a key-
board, and a mouse.

server A computer

used for running larger
programs for multiple
users, often simultaneously,
and typically accessed only
via a network.

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

terabyte Originally
1,099,511,627,776 (2*°)
bytes, although some
communications and
secondary storage systems
have redefined it to mean
1,000,000,000,000 (10'2)
bytes.

petabyte 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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FIGURE1.1 The number of cell phones, personal computers, and televisions manufactured
per year between 1997 and 2007. (We have television data only from 2004.) More than a billion new
cell phones were shipped in 2006. Cell phones sales exceeded PCs by only a factor of 1.4 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 6.4B 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 cell phones.
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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). In consumer-oriented embedded applications, such
as a digital home appliance, dependability is achieved primarily through simplic-
ity—the 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 throughout the text to provide more
detail on a particular subject that may be of interest. Disinterested readers may skip
over an elaboration, since the subsequent material will never depend on the 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 Verilog or VHDL (see Chapter 4).
The core allows a designer to integrate other application-specific hardware with the 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. In 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
competitive versions of compilers, operating systems, databases,and even applications
will 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
(“cores”) in a single
integrated circuit.

acronym A word
constructed by taking the
initial letters of a string of
words. For example:
RAM is an acronym for
Random Access Memory,
and CPU is an acronym
for Central Processing
Unit.

m 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 execute
the resulting program? Comprehending these concepts forms the basis of
understanding the aspects of both the hardware and software that affect
program performance.

B 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.

B What 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 material on this topic in our advanced
book, Computer Architecture: A Quantitative Approach.

B 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 understanding 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 power, 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. In addition, computer designers (including your authors) love using
acronyms, which are easy to understand once you know what the letters stand for!
To help you remember and locate terms, we have included a highlighted 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 acronyms such as BIOS, CPU, DIMM, DRAM,
PCIE, SATA, and many others.
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To reinforce how the software and hardware systems used to run a program will
affect performance, we use a special section, Understanding Program Performance,
throughout the book to summarize important insights into program performance.
The first one appears below.

The performance of a program depends on a combination of the effectiveness of Unders’tanding
the algorithms used in the program, the software systems used to create and trans-

. .o . : Program
late the program into machine instructions, and the effectiveness of the computer
in executing those instructions, which may include input/output (I/O) operations. Performance
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/0 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/0 system (hardware and Determines how fast I/0 operations may be | Chapter 6

operating system) executed

Check Yourself sections are designed to help readers assess whether they compre- Check
hend the major concepts introduced in a chapter and understand the implications  Yourself
of those concepts. Some Check Yourself questions have simple answers; others are

for discussion among a group. Answers to the specific questions can be found at

the end of the chapter. Check Yourself 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 year
greatly outnumbers the number of desktop processors. Can you confirm or
deny this insight based on your own experience? Try to count the number of
embedded processors in your home. How does it compare with the number
of desktop computers in your home?

2. Asmentioned 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?

B The algorithm chosen

The programming language or compiler

|
B The operating system
m The processor

|

The I/O system and devices
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In Paris they simply
stared when I spoke to
them in French; I never
did succeed in making
those idiots understand
their own language.

Mark Twain, The
Innocents Abroad, 1869

systems software
Software that provides
services that are
commonly useful,
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 computer.

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 