}E%

| 1+’,%-”7FJ15-'EI._,\ 251

— MEREIFIT

(AR FEMAR)

COMPUTER ORGANIZATION
AND ARCHITECTURE

Designing for Performance

o
. I
t_.l

(Fifth Edition)

M William Stallings

e H 5 R B WO M
B Higher Education Press
e P€Arson Education

,,’,E;,l” Hj mi %




B EHEFHF AR E
ESMEFEE BB FERARZTHER B

T EAER S 5H)
—— BRI
(FHRR SEMRD)

COMPUTER ORGANIZATI

AND ARCHITEETYREE | 414

Designing for Performange o
( Fifth Edifon ) ﬁ 3& H

William Stallings

ORI T
Bl Pearson Education H: 542



E=: 01-2001-2168 =

English Reprint Copyright © 2001 by PEARSON EDUCATION NORTH ASIA LIMIED and HIGHER
EDUCATION PRESS
Computer Organization and Architecture: Design for Performance from Prentice Hall's edition of the work
- Computer Organization and Architecture: Designing for Performance, Sth edition by William Stallings,
Copyright © 2001,1996
All Rights Reserved
Published by arrangement with Prentice Hall, Inc., a Pearson Education company
This edition is authorized for sale only in the People’s Republic of China (excluding the Special

Administrative Regions of Hong Kong and Macau)

BEHERSRE (CIP) #1E

TNV S 450 MEREIR T 8B S R (3B BT
/M\ﬁﬁ (Stallings, W ). —RZEA. —JbaD. EEH
& H M, 2001 .

TEALE A zf(f,}?ﬁ‘(if)j‘

ISBN 7 -04 — 010097 — 5

il Ml iHEYE RGN - RGgME
%éﬁ:wl—méf “f - A - L JV TP302.1

HERAE 1R CIP 2R 5 (2001) 55 045057 &

HEHUAM SEM—MRER (0T h MUCEZETER)
Willizom Stallings

HIRRIT =% AF 5t

#ooH kAR (A dr 55 HREL4RED 100009

B 3E 01064054588 f& B 010-64014048
= i heepr//www. hep. cdu.

htep: /fwww. hep. com. en

g W HEbIEILa kT
B Rl REBET R

FF & 7871092 116 kR ®O2001 4E 8 AREEIR
En % 48.25 Ep WRO2001 4E 8 HE 1 IRENR
= 1158000 E fr 41.00 9T

AR5 AT B8] G0 T A R 0 S U R e
IRIRFTA  RIRKELR



Dl

HII

20 K, LU EAAEE A D RENE EHERRA, HEAHEH. FE.
B BB, . DAEAENKRSE TRANYH, EhT L RNE ST E
BRNEREFEBA LA, BN MR, AEN T RAENELS L, WA TH
S BN B

HTRRREREF LHAE, ERE (FREFAIESEREHAEE M
Ey b, BARE UEELEF T, KEFRGY. TAHAET HUBHE
SR ERFUNERESHE LR, AREMA VIO B, REREFLIEE
EAE ST TR, EERMBAHTATREREEAASHE D 51t
4.

fENEER, REELFLEARNAELR, B5EFABETMY, LT
BAh. ATRIARLEFREEAT, RELTMEE EHAAL R, 55 Bk
FoARRAHEARESE I NEATNEERAAS, RARTELS L RERE L
WATHATRE. Ak, AEHELEHFARBAT TS BRABKAEN, £
HENRDBEHRE BN E PR RSN AR L, BB ERYS, RR—
FESH, MBI HEERNE AR S RAREHE S DRRE T, £ AN,
RERTERHENT Y 21 #4850 JLE" B ANEEFE A A RE S B2
b, AA A AR R B R AR R AL P S R B A B MM e
BAATHIERICGEHE, DB REE AL L S ERA R ATHEE, B
BB TRALRE AR 0 EERE,

HTHE EREE, EN— BB B A M, — TR
HEAREWER L, REBTEHTAALABRSERE BIR T RE B
SR ARG B M REHE R AR BT EE B0 IR E AT, s
P 60 BB AT B R At

RAFEMRIIRMG T O H T, REARERE B LR A S bR
Tk £ BB AT AL AR RO BT LR TT R, BT AR B R E £ E B



Wi R AR AR E KA R T RA, B SMEFF b A K B R A R0
FHEERHNEF. APUNREEMN, BOHEMNINEN LS REXFHMN
BAH.

REBEERT AR BB RABMERLEEIR, FEAXKTLA, EA
BAEM 4B NMBEIGER R K. AFEHAEHHRE, REPOEMNGER, T
BEmETTH, UEHES. B EFNIERAMEFHEME.

FlEt, ROME SN X A E X R G # TN RS, RWES M EAE XS
FHEE LTI,

HERHEHFT A
ZO0OO0—&£WH



For my great-hearted wife
ATS
and her constant companions Geoffroi
and Princesse Kate Lan Kinetic,
Les Enfants du Paradis



WEB SITE FOR
COMPUTER
ORGANIZATION
AND ARCHITECTURE

Fifth Edition

J~

The Web site at http://www.shore.net/~ws/COASe.html provides
support for instructors and students using the book. It includes the
following elements.

Course Support Materials

The course support materials include

Copies of figures from the book in PDF format

A detailed set of course notes in PDF format suitable for
student handouts or for use as viewgraphs

A set of PowerPoint slides for use as lecture aids
An errata sheet for the book, updated at most monthly

[

COA Courses

The COASe Web site includes links to Web sites for courses taught
using the book. These sites can provide useful ideas about sched-
uling and topic ordering, as well as a number of useful handouts
and other materials.



Useful Web Sites

The COASe Web site includes links to relevant Web sites, orga-
nized by chapter. The links cover a broad spectrum of topics and
will enable students to explore timely issues in greater depth.

Internet Mailing List

An Internet mailing list is maintained so that instructors using this
book can exchange information, suggestions, and questions with
each other and the author. Subscription information is provided at
the Web site.

Simulation Tools

The Web site includes a link to the SimpleScalar Web site. This is
a simulation tool that can be used to analyze an experiment with
processor design issues. The site includes downloadable software
and background information. The instructor’s manual includes
more information on loading and using the software and suggested
student projects. See Appendix B for more information.



PREFACE

This book is about the structure and function of computers. Its purpose is to
present, as clearly and completely as possible, the nature and characteristics
of modern-day computer systems.

This task is challenging for several reasons. First, there is a tremendous
variety of products that can rightly claim the name of “computer”, from sin-
gle-chip microprocessors, costing a few dollars, to supercomputers, costing
tens of millions of dollars. Variety is exhibited not only in cost, but in size,
performance, and application. Second, the rapid pace of change that has
always characterized computer technology continues with no letup. These
changes cover all aspects of computer technology, from the underlying
integrated circuit technology used to construct computer components, to
the increasing use of parallel organization concepts in combining those
components.

In spite of the variety and pace of change in the computer field, certain
fundamental concepts apply consistently throughout. The application of
these concepts depends on the current state of the technology and the
price/performance objectives of the designetr. The intent of this book is to
provide a thorough discussion of the fundamentals of computer organization
and architecture and to relate these to contemporary design issues.

The subtitle suggest the theme and the approach taken in this book. It
has always been important to design computer systems to achieve high per-
formance, but never has this requirement been stronger or more difficult to
satisfy than today. All of the basic performance characteristics of computer
systems, including processor speed, memory speed, memory capacity, and
interconnection data rates, are increasing rapidly. Moreover, they are
increasing at different rates. This makes it difficult to design a balanced sys-
tem that maximizes the performance and utilization of all elements. Thus,
computer design increasingly becomes a game of changing the structure or
function in one area to compensate for a performance mismatch in another
area. We will see this game played out in numerous design decisions through-
out the book.
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A computer system, like any system, consists of an interrelated set of compo-
nents. The system is best characterized in terms of structure—the way in which com-
ponents are interconnected, and function—the operation of the individual
components. Furthermore, a computer’s organization is hierarchic. Each major
component can be further described by decomposing it into its major subcompo-
nents and describing their structure and function. For clarity and ease of under-
standing, this hierarchical organization is described in this book from the top down:

¢ Computer system: Major components are processor, memory, 1/0.

* Processor: Major components are control unit, registers, ALU, and instruction
execution unit.

¢ Control unit: Major components are control memory, microinstruction sequenc-
ing logic, and registers.

The objective is to present the material in a fashion that keeps new material
in a clear context. This should minimize the chance that the reader will get lost and
should provide better motivation than a bottom-up approach.

Throughout the discussion, aspects of the system are viewed from the points
of view of both architecture (those attributes of a system visible to a machine lan-
guage programmer) and organization (the operational units and their interconnec-
tions that realize the architecture).

Throughout this book, examples from a number of different machines are used to
clarify and reinforce the concepts being presented. Many, but by no means all, of
the examples are drawn from two computer families: the Intel Pentium II, and the
PowerPC. (The recently introduced Pentium IIT is essentially the same as the Pen-
tium II, with an expanded set of multimedia instructions.) These two systems
together encompass most of the current computer design trends. The Pentium IT is
essentially a complex instruction set computer (CISC) with a RISC core, while the
PowerPC is essentially a reduced-instruction set computer (RISC). Both systems
make use of superscalar design principles and both support multiple processor con-
figurations.

The book is organized into five parts:

Part One—Overview: This part provides a preview and context for the
remainder of the book.

Part Two—The computer system: A computer system consists of processor,
memory, and I/O modules, plus the interconnections among these major com
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ponents. With the exception of the processor, which is sufficiently complex to
be explored in Part Three, this part examines each of these aspects in turn.

Part Three—The central processing unit: The CPU consists of a control unit,
registers, the arithmetic and logic unit, the instruction execution unit, and the
interconnections among these components. Architectural issues, such as
instruction set design and data types, are covered. The part also looks at orga-
nizational issues, such as pipelining.

Part Four—The control unit: The control unit is that part of the processor that
activates the various components of the processor. This part looks at the func-
tioning of the control unit and its implementation using microprogramming.
Part Five—Parallel organization: This final part looks at some of the issues
involved in multiple processor and vector processing organizations.

A more detailed, chapter-by-chapter summary appears at the end of Chapter 1.

There is a Web site for this book that provides support for students and instructors.
The site includes links to other relevant sites, transparency masters of figures in the
book in PDF (Adobe Acrobat) format, and sign-up information for the book’s
Internet mailing list. The Web page is at http://www.shore.net/~ws/COASe html; see
the section, “Web Site for this Book,” preceding this Preface, for more information.
An Internet mailing list has been set up so that instructors using this book can
exchange information, suggestions, and questions with each other and with the
author. As soon as typos or other errors are discovered, an errata list for this book
will be available at http://www.shore.net/~ws.

For many instructors, an important component of a computer organization and
architecture course is a project or set of projects by which the student gets hands-
on experience to reinforce concepts from the text. This book provides an unparal-
leled degree of support for including a projects component in the course. The
instructor’s manual not only includes guidance on how to assign and structure the
projects, but also includes a set of suggested projects that covers a broad range of
topics from the text:

* Research projects: The manual includes series of research assignments that
instruct the student to research a particular topic on the Web or in the litera-
ture and write a report.
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e Simulation projects: The manual provides support for the use of the simula-
tion package SimpleScalar, which can be used to explore computer organiza-
tion and architecture design issues.

« Reading/report assignments: The manual includes a list of papers in the liter-
ature, one or more for each chapter, that can be assigned for the student to
read and then write a short report.

See Appendix B for details.

In the four years since the fourth edition of this book was published, the field has
seen continued innovations and improvements. In this new edition, I try to capture
these changes while maintaining a broad and comprehensive coverage of the entire
field. To begin this process of revision, the fourth edition of this book was exten-
sively reviewed by a number of professors who teach the subject. The result is that,
in many places, the narrative has been clarified and tightened, and illustrations have
been improved. Also, a number of new “field-tested” problems have been added.
Beyond these refinements to improve pedagogy and user friendliness, there
have been substantive changes throughout the book. Roughly the same chapter
organization has been retained, but much of the material has been revised and new
material has been added. Some of the most noteworthy changes are the following:

» Optical memory: The material on optical memory has been expanded to
include magneto-optical memory devices.

¢ Superscalar design: The chapter on superscalar design has been expanded, to
include a more detailed discussion and two new examples, the UltraSparc II
and the MIPS R10000.

¢ Multimedia instruction set: the MMX instruction set, used in the Pentium 1I
and Pentium III, is examined.

» Predicated execution and speculative loading: This edition features a discus-
sion of these recent concepts, which are central to the design of the new 1A-
64 architecture from Intel and Hewlett-Packard.

e SMPs, clusters, and NUMA systems: The chapter on parallel organization has
been completely rewritten. It new includes detailed descriptions of and com-
parisons among symmetric multiprocessors (SMPs), clusters, and nonuniform
memory access (NUMA) systems.

e Expanded instructor support: As mentioned previously, the book now pro-
vides extensive support for projects. Support provided by the book Web site
has also been expanded.
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ALU
ASCIL
ANSI
BCD
CD
CD-ROM
CPU
CISC
DRAM
DMA
EPIC
EPROM
EEPROM
HLL
1’0
IAR

IC
1IEEE
ILP

IR
LRU
LSI
MAR
MBR
MESI
MMU
MSI
NUMA
PC

PCI
PROM
PSW
PCB
RAID
RALU
RAM
RISC
ROM
SCSI
SMP
SRAM
SSI
VLSI
VLWI
WORM

Arithmetic and Logic Unit

American Standards Code for Information Interchange
American National Standards Institute
Binary Coded Decimal

Compact Disk

Compact Disk-Read Only Memory
Central Processing Unit |
Complek Instruction Set Computer
Dynamic Random-Access Memory
Direct Memory Access _
Explicitly Parallel Instruction Computing
Erasable Programmable Read-Only Memory
Electrically Erasable Programmable Read-Only Memory
High-Level Language

Input/Output

Instruction Address Register

Integrated Circuit

Institute of Electrical and Electronics Engineets
Instruction-Level Parallelism

Instruction Register

Least Recently Used

Large-Scale Integration

Memory Address Register

Memory Buffer Register
Modify-Exclusive-Shared-Invalid
Memory Management Unit
Medium-Scale Integration

Nonuniform Memory Access

Program Counter

Peripheral Component Interconnect
Programmable Read-Only Memory
Processor Status Word

Process Control Block

Redundant Array of Independent Disks
Register/Arithmetic Logic Uit
Random-Access Memory

Reduced Instruction Set Computer
Read-Only Memory

Small Computer System Interface
Symmetric Multliprocessors

Static Random-Access Memory
Small-Scale Integration

Very Large-Scale Integration

Very Long Instruction Word

Write-Only Read-Many
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