ELSEVIER

0006

BB A
BT

W L MR B - KRB - REH &

( Sarah L. Harris ) ( David Money Harris )

Digital Design and

Computer Architecture
ARM® Edition

( FNGY - sHrow - SHixkH )

#LHE T Ak AR A

China Machine Press

Sarah L. Harris & David Money Harris



(SEHE - 38285 - ARM)

—
N

M{ grlal " Dedegrn and

f/ P f/;/f///f/’ c,."»»'/fa/fx[zsf/mﬂﬁ: (ARM Edition)

Digital Design and
Computer Architecture
ARM® Edition

[£] Wh L BES Nk 57 - BREF =
.

rris )

Ve WA e ol W JUR L

\z:m’ China Machine Press




EH#EMME (CIP) $iE

BB A SR RS (FEChk - 26 2 ik - ARM Hfz) / () ¥Hi L. 5By (Sarah L. Harris),
() &4 - B8 - ’BEHET (David Money Harris) # . —db5t: #UM T HMRAE, 2018.1
(ZHLREME)

F4 52 Digital Design and Computer Architecture, ARM Edition

ISBN 978-7-111-58679-1

I - 0. Q% Q- . OKRFHE - BKiRiT - H5Y Q- EHIkRSEHE-HX
V. ® TN79 @ TP303

rhERr A& BiE CIP #dEZE (2017 ) 58 309488 =
ABRNZFIES: EF 01-2017-7110

Elsevier (Singapore) Pte Ltd.
3 Killiney Road, #08-01 Winsland House I, Singapore 239519
Tel: (65) 6349-0200; Fax: (65) 6733-1817

Digital Design and Computer Architecture, ARM Edition

Sarah L. Harris, David Money Harris

Copyright © 2016 Elsevier Inc. All rights reserved.

Materials Provided by ARM are copyright © ARM Limited (or its affiliates).
ISBN-13: 978-0-12-800056-4

This reprint of Digital Design and Computer Architecture, ARM Edition by Sarah L. Harris, David Money Harris
was undertaken by China Machine Press and is published by arrangement with Elsevier (Singapore) Pte Ltd.

Digital .Design and Computer Architecture, ARM Edition by Sarah L. Harris, David Money Harris B#UA T\l H bt
HATEEE], FREYUA Tl H AR 552 BHE/R (BN ) FANABRA SR E HibR .

ISBN: 978-7-111-58679-1

Copyright © 2018 by Elsevier (Singapore) Pte Ltd.

All rights reserved. No part of this publication may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including photocopying, recording, or any information storage and retrieval system, without
permission in writing from Elsevier (Singapore) Pte Ltd. Details on how to seek permission, further information about
the Elsevier’s permissions policies and arrangements with organizations such as the Copyright Clearance Center and the
Copyright Licensing Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by Elsevier (Singapore) Pte
Ltd. and China Machine Press (other than as may be noted herein).

Online resources are not available with this reprint.

Notice
Practitioners and researchers must always rely on their own experience and knowledge in evaluating and using
any information, methods, compounds or experiments described herein. Because of rapid advances in the medical
sciences, in particular, independent verification of diagnoses and drug dosages should be made. To the fullest extent
of the law, no responsibility is assumed by Elsg¥ier, authors, editors or contributors in relation to the adaptation or
for any injury and/or damage to persons or pfoperty as a matter of products liability, negligence or otherwise, or
from any use or operation of any methods, preducts, instructions,for ideas contained in the material herein.

Printed in China by China Machine Press under special arrangement with Elsevier (Singapore) Pte Ltd. This edition
is authorized for sale in the People’s Republic of China only, excluding Hong Kong SAR, Macau SAR and Taiwan.
Unauthorized export of this edition is a violation of the contract.

APY IR Elsevier (Singapore) Pte Ltd. ¥ UM Tl iRt fErpE ABRMEEN (RafEEE. BITRBITE
XREE#MX) Hik5k. REFATZHO, WAEREENE, BZESMAEEZ G,

ABEEMA Elsevier Bitiir%s, Fbr&EHE,

HERAEFT: FUE T M (s s S5 AR 222 MBS : 100037)

TifEmE: # E SifEREXt: B ML

2] Jil: JEEIRARENRIABRA &l i K: 2018 £ 1 A% 1 Me8E 1 (RENRI
AR ZK: 186mmx 240mm 1/16 Efl gk: 36.5

+ =: ISBN 978-7-111-58679-1 bl fr: 129.00 7t

JLMAH, AR, BR. R, bAELTHAR

EHR ML, (010) 88378991 88361066 BAML . (010) 88379604

M PHHE: (010) 68326294 88379649 68995259 %154 : hzjsj@hzbook.com
MRLERE - BB R

R AR h &k

AN EARE . AW AARAITFFSI L/ ek




HhRE 8318

SCEE VR, PRI KFLA 0 HE T8 B E AR, VS 0 B R A B AR B2
R &S T BRI EE WERXHENESE, FREEFEEERERH AT 24
M2 Z¥EN, MEXE, ERkemsfd, ERN™LRASHE RERBERLLES,
HEALER BT 2 B 1L FIES BRI FI B2 R SRR SR, B I 7= A i 4 BB 2 25 1
AUEER] T W58 908, 38R TEARMEDE, BEEERME, YAE¥FEME, Hif
EHHFAZHAE R §3HmsaR

T4, E2REBAXFEHES T, REATHEIL LA RRE, & AA TR
Hiia Y] XXHTEVLEE A R A RIS, Rk, MELEM R EELT
it FRAEERE, EREFEEAKENEBREHICRT, EEELASERELITE
PLBHF & R L+ 4R [H R E MR R I & BB A P S EBE S 2. Wik, 5|#—H#tE
SMETE H B VLB W R E T EILEE Bl i & RE BB HEER, tR S5 R
HBRAEIEM TR W RFR 0 H Z B

LR Tl At E A R R BIRE “ERNBERS . B 1998 F G, KA
SR TAEE SUMTE T #%E. BIREMEFEM L. 23 ZFEHARMSE ), &A1 Pearson,
McGraw-Hill, Elsevier, MIT, John Wiley & Sons, Cengage %ttt A& & tHIRA R #Y TR
HRIEVECR, MAATEA A E0A Fh 0k HEi%E . Andrew S. Tanenbaum, Bjarne Stroustrup,
Brian W. Kernighan, Dennis Ritchie, Jim Gray, Afred V. Aho, John E. Hopcroft, Jeffrey D.
Ullman, Abraham Silberschatz, William Stallings, Donald E. Knuth, John L. Hennessy, Larry L.
Peterson 5¢ KM K — A MAES, DL “THEVBSAE" IR, dtiEEyd. o
REEZH . KREASFEMHE, WIEAB T XEMNR A AR,

THRABEART R TR T NS EE SR, ENNE R AR T
R R, AR A T B A T RS 4 A Y e T AR
e e E R, BREETTRRBMTERERF, 24, TREIREAE" BEHRT
EM A, XEEBEETERE PR T R DM, He0F SRR N ER#M fE
ZFE. HRENR ST 5 A I IR o 4 SR 22 St DUE 34 B 22 BT R

BBEITEE . SREBH . —WEFEE . R OHE R KA g, X EHRAN]
HIEBA THRERRIE. BEETTEIURIE S8R %L R85 5 A58 3 M0 08 1 %
WAL, BOR A E SN ENLER BT R RN ER A A — B B, AR BARR R
FIRSE, MR IEERATA B — &R BARRE B B, 425\ 7 0G0 & I i 3
XEEAT TAESR a4 TR E, BATRBRR BT .

£ ZM YL www.hzbook.com ]
BT HB 4. hzjsj@hzbook.com ; E
BXAREIE. (010) 88379604
BERMLE. F T EAREE T E DA 5 i

HRBI4RAD . 100037 4 SHHE L R PO



In Praise of Digital Design
and Computer Architecture

ARM® Edition

Harris and Harris have done a remarkable and commendable job in
creating a true textbook which clearly shows their love and passion for
teaching and educating. The students who read this book will be thankful
to Harris and Harris for many years after graduation. The writing style,
the clearness, the detailed diagrams, the flow of information, the gradual
increase in the complexity of the subjects, the great examples throughout
the chapters, the exercises at the end of the chapters, the concise yet clear
explanations, the useful real-world examples, the coverage of all aspects
of each topic—all of these things are done very well. If you are a student
using this book for your course get ready to have fun, be impressed, and
learn a great deal as well!

Mehdi Hatamian, Sr. Vice President, Broadcom

Harris and Harris have done an excellent job creating this ARM version
of their popular book, Digital Design and Computer Architecture. Retar-
geting to ARM is a challenging task, but the authors have done it success-
fully while maintaining their clear and thorough presentation style, as
well as their outstanding documentation quality. I believe this new edition
will be very much welcomed by both students and professionals.

Donald Hung, San Jose State University

Of all the textbooks I've reviewed and assigned in my 10 years as a pro-
fessor, Digital Design and Computer Architecture is one of only two that
is unquestionably worth buying. (The other is Computer Organization
and Design.) The writing is clear and concise; the diagrams are easy to
understand; and the CPU the authors use as a running example is com-
plex enough to be realistic, yet simple enough to be thoroughly under-
stood by my students.

Zachary Kurmas, Grand Valley State University



Digital Design and Computer Architecture brings a fresh perspective to
an old discipline. Many textbooks tend to resemble overgrown shrubs,
but Harris and Harris have managed to prune away the deadwood while
preserving the fundamentals and presenting them in a contemporary con-
text. In doing so, they offer a text that will benefit students interested in
designing solutions for tomorrow’s challenges.

Jim Frenzel, University of Idaho

Harris and Harris have a pleasant and informative writing style. Their
treatment of the material is at a good level for introducing students to com-
puter engineering with plenty of helpful diagrams. Combinational circuits,
microarchitecture, and memory systems are handled particularly well.

James Pinter-Lucke, Claremont McKenna College

Harris and Harris have written a book that is very clear and easy to
understand. The exercises are well-designed and the real-world examples
are a nice touch. The lengthy and confusing explanations often found in
similar textbooks are not seen here. It’s obvious that the authors have
devoted a great deal of time and effort to create an accessible text.
I strongly recommend Digital Design and Computer Architecture.

Peiyi Zhao, Chapman University



Preface

This book is unique in its treatment in that it presents digital logic design
from the perspective of computer architecture, starting at the beginning
with 1’s and 0’s, and leading through the design of a microprocessor.

We believe that building a microprocessor is a special rite of passage for
engineering and computer science students. The inner workings of a proces-
sor seem almost magical to the uninitiated, yet prove to be straightforward
when carefully explained. Digital design in itself is a powerful and exciting
subject. Assembly language programming unveils the inner language spoken
by the processor. Microarchitecture is the link that brings it all together.

The first two editions of this increasingly popular text have covered the
MIPS architecture in the tradition of the widely used architecture books by
Patterson and Hennessy. As one of the original Reduced Instruction Set
Computing architectures, MIPS is clean and exceptionally easy to understand
and build. MIPS remains an important architecture and has been infused
with new energy after Imagination Technologies acquired it in 2013.

Over the past two decades, the ARM architecture has exploded in
popularity because of its efficiency and rich ecosystem. More than 50 bil-
lion ARM processors have been shipped, and more than 75% of humans
on the planet use products with ARM processors. At the time of this writ-
ing, nearly every cell phone and tablet sold contains one or more ARM
processors. Forecasts predict tens of billions more ARM processors soon
controlling the Internet of Things. Many companies are building high-per-
formance ARM systems to challenge Intel in the server market. Because of
the commercial importance and student interest, we have developed this
ARM edition of this book.

Pedagogically, the learning objectives of the MIPS and ARM editions
are identical. The ARM architecture has a number of features including
addressing modes and conditional execution that contribute to its effi-
ciency but add a small amount of complexity. The microarchitectures also
are very similar, with conditional execution and the program counter
being the largest changes. The chapter on I/O provides numerous exam-
ples using the Raspberry Pi, a very popular ARM-based embedded Linux
single board computer.

We expect to offer both MIPS and ARM editions as long as the mar-
ket demands.



FEATURES

Side-by-Side Coverage of SystemVerilog and VHDL

Hardware description languages (HDLs) are at the center of modern digi-
tal design practices. Unfortunately, designers are evenly split between the
two dominant languages, SystemVerilog and VHDL. This book intro-
duces HDLs in Chapter 4 as soon as combinational and sequential logic
design has been covered. HDLs are then used in Chapters 5§ and 7 to
design larger building blocks and entire processors. Nevertheless, Chapter
4 can be skipped and the later chapters are still accessible for courses that
choose not to cover HDLs.

This book is unique in its side-by-side presentation of SystemVerilog and
VHDL, enabling the reader to learn the two languages. Chapter 4 describes
principles that apply to both HDLs, and then provides language-specific
syntax and examples in adjacent columns. This side-by-side treatment makes
it easy for an instructor to choose either HDL, and for the reader to transition
from one to the other, either in a class or in professional practice.

ARM Architecture and Microarchitecture

Chapters 6 and 7 offer the first in-depth coverage of the ARM architec-
ture and microarchitecture. ARM is an ideal architecture because it is a
real architecture shipped in millions of products yearly, yet it is stream-
lined and easy to learn. Moreover, because of its popularity in the com-
mercial and hobbyist worlds, simulation and development tools exist for
the ARM architecture. All material relating to ARM® technology has
been reproduced with permission from ARM Limited. ,

Real-World Perspectives

In addition to the real-world perspective in discussing the ARM architec-
ture, Chapter 6 illustrates the architecture of Intel x86 processors to offer
another perspective. Chapter 9 (available as an online supplement) also
describes peripherals in the context of the Raspberry Pi single-board com-
puter, a hugely popular ARM-based platform. These real-world perspec-
tive chapters show how the concepts in the chapters relate to the chips
found in many PCs and consumer electronics.

Accessible Overview of Advanced Microarchitecture

Chapter 7 includes an overview of modern high-performance micro-
architectural features including branch prediction, superscalar,
and out-of-order operation, multithreading, and multicore processors.
The treatment is accessible to a student in a first course and shows

vii
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how the microarchitectures in the book can be extended to modern
Processors.

End-of-Chapter Exercises and Interview Questions

The best way to learn digital design is to do it. Each chapter ends with
numerous exercises to practice the material. The exercises are followed
by a set of interview questions that our industrial colleagues have asked
students who are applying for work in the field. These questions provide
a helpful glimpse into the types of problems that job applicants will typi-
cally encounter during the interview process. Exercise solutions are avail-
able via the book’s companion and instructor websites.

ONLINE SUPPLEMENTS

Supplementary materials are available online at http://booksite.elsevier.
com/9780128000564. This companion site (accessible to all readers)
includes the following:

» Solutions to odd-numbered exercises

» Links to professional-strength computer-aided design (CAD) tools
from Altera®

» Link to Keil's ARM Microcontroller Development Kit (MDK-ARM),
a tool for compiling, assembling, and simulating C and assembly code
for ARM processors

» Hardware description language (HDL) code for the ARM processor
»  Altera Quartus II helpful hints

» Lecture slides in PowerPoint (PPT) format

» Sample course and laboratory materials

» List of errata

The instructor site (linked to the companion site and accessible to
adopters who register at http://booksite.elsevier.com/9780128000564)

includes the following:
» Solutions to all exercises

» Links to professional-strength computer-aided design (CAD) tools
from Altera®

» Figures from the text in PDF and PPT formats
Additional details on using the Altera, Raspberry Pi, and MDK-ARM

tools in your course are provided. Details on the sample laboratory
materials are also provided here.



HOW TO USE THE SOFTWARE TOOLS IN A COURSE

Altera Quartus Il

Quartus II Web Edition is a free version of the professional-strength
Quartus™ II FPGA design tools. It allows students to enter their digital
designs in schematic or using either the SystemVerilog or the VHDL hardware
description language (HDL). After entering the design, students can simulate
their circuits using ModelSim™-Altera Starter Edition, which is available
with the Altera Quartus Il Web Edition. Quartus II Web Edition also includes
a built-in logic synthesis tool supporting both SystemVerilog and VHDL.

The difference between Web Edition and Subscription Edition is that
Web Edition supports a subset of the most common Altera FPGAs. The
difference between ModelSim-Altera Starter Edition and ModelSim com-
mercial versions is that the Starter Edition degrades performance for
simulations with more than 10,000 lines of HDL.

Keil's ARM Microcontrolier Development Kit (MDK-ARM)

Keil's MDK-ARM is a tool for developing code for an ARM processor. It
is available for free download. The MDK-ARM includes a commercial
ARM C compiler and a simulator that allows students to write both C
and assembly programs, compile them, and then simulate them.

LABS

The companion site includes links to a series of labs that cover topics
from digital design through computer architecture. The labs teach stu-
dents how to use the Quartus II tools to enter, simulate, synthesize, and
implement their designs. The labs also include topics on C and assembly
language programming using the MDK-ARM and Raspberry Pi develop-
ment tools.

After synthesis, students can implement their designs using the Altera
DE2 (or DE2-115) Development and Education Board. This powerful
and competitively priced board is available from www.altera.com. The
board contains an FPGA that can be programmed to implement student
designs. We provide labs that describe how to implement a selection of
designs on the DE2 Board using Quartus I Web Edition.

To run the labs, students will need to download and install Altera Quar-
tus I Web Edition and either MDK-ARM or the Raspberry Pi tools. Instruc-
tors may also choose to install the tools on lab machines. The labs include
instructions on how to implement the projects on the DE2 Board. The
implementation step may be skipped, but we have found it of great value.

We have tested the labs on Windows, but the tools are also available
for Linux.



BUGS

As all experienced programmers know, any program of significant com-
plexity undoubtedly contains bugs. So, too, do books. We have taken
great care to find and squash the bugs in this book. However, some errors
undoubtedly do remain. We will maintain a list of errata on the book’s
webpage.

Please send your bug reports to ddcabugs@gmail.com. The first per-
son to report a substantive bug with a fix that we use in a future printing
will be rewarded with a $1 bounty!
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