2 Y [ [T 3 B

Procedural Elements
Computer Graphics

(%) David F. Rogers &

MW WA Me ”
China Machine }F{’&rgsé ﬁfw Education



2 n R B B &K

= e
del e
b d

(SR3ZhR - 582h1R)

FNEELH

¥

TS

j

ics

-

(Second Edition)
(%) David E. Rogers #

i :

Procedural Elements

or Computer Graph

§
-

s,

A

G o =
= e e
. = ?
- -
: .
: :
-

GE R R

rw L S e R R e i




David F. Rogers: Procedural Elements for Computer Graphics, Second
Edition(ISBN 0-07-053548-5).

Copyright © 1998 by The McGraw-Hill Companies, Inc. All rights reserved.
Jointly published by China Machine Press/McGraw-Hill. This edition may be sold
in the People’s Republic of China only. This book cannot be re-exported and is not

for sale outside the People’s Republic of China.

# 45 ZESCRED I eh 6 EMcGraw-HilE 20 B] BEAUHLE (1l i B 4k 76 [ g
IR HRRAT, REHEEIFT , NMEUEMTRDE . EHR W RAH P
ETE 5 .

WL, RIS o
ZHRREIZS: B¥: 01-2001-5120

B ZE 4R B (CIP) #i4%

WAL B Bl (3308 - 280 ) / (%) AT (Rogers, D.F. )
F. - R PUBCT R, 20022

(ZHR B )

H4 3L Procedural Elements for Computer Graphics, Second Edition

ISBN 7-111-09595-2

L.t 0% W EHERY - BRmb -3 V. TP391.41
AR A B S RCIPRE % F (2001 ) 450885998

PUBL TP AR (et K A A2 5 MKBUEEY 100037
TR 4 E

ACECRFABEENRITE - IR I AL TR %
20024E2 A 551 kT LK ELRI

880mm x 1230mm1/16 - 23.125E)3

En¥c: 0001-3 0004}

EH: 45.005%

AW 45, mAEET. BE . s, AL R AT ER A e



HHARE BYE

NEHEMUUFE, B REENE RN ZSERNFERRE, #84H
FIE ARBZEMN SN ERIAG 7 2R R th ERXHMNES, fiXHE
s BEARR RS T ZERE FED . MG NE, £kt i, %
HE RS HEREOEREE LSS, HEVER S Bir 25 a0 F At
SRR FRRATER, e WP i SR B, RMUER TR R K
bk, BRBETHERNELE, BHEFARNE, XA FEEME, Mt
A EAE R B R EGE .

A, ELRERARBNESDT , RENHEN = VRBIE, %
WAARFERAZ BT, X EIHEEFTR AL IRA KR IGE, b 2%
B MELHMABRAAT R EBEGEERE, £ HEEHEARLEN
LA, Mk AR HMIRT, 2R %S R5HE AR EPE2E % BJL
T4 RN 2 BPMAE T L EEES 24, H, 318 —#EMEET
BULEMEX REHE VST S VAR R ERRMWIEEIER, SRS RE
B, BIRAENHR R KERL 2,

PUOR Tl AR AL 4R B SO B PR/ Bl R BHR S “H R B SRS,
FH19984E5G, EBEAAME THEELSMAETHE . BiFHIMAHM L. 2
ﬂﬂ@%ﬁﬁ%ﬁ,ﬁﬁﬁﬁmmmHm,mMmmmmW,M&Mwﬂm,
Morgan Kaufmann S itt RE X HARA G T REFHSELRE, WENBIEM
ﬁﬁﬁﬁﬁ*ﬂﬁ&ﬁmmwm,%wm@,mm@mnhm&w%kWZ%
W— MEHE R, DL HEVREA " AR RIIR, &%, iRk
R . KEASFENSE, tWERR T XM B E S 88

“TEIRZENG" GBETAEBRE TEHANMEENS ALY, BRRE
KA URBT hEHRER S, FREEEHMBAETHENFRNTH; w
R SRR AR 2 0600k A e PR E, BB LN B a A
o 34, “HHEHAHEA S CE2RRTIEE NS, XEEE7riE 2t
SLY REFMOM, FEIrEEE RANERBMN S HE, Y5k
S5RBITF T REMZR,




BEE R R I 50 EMBM BCER Z IR, 8F A ESN T EN
BOM BT SR AN B ER A A — IR ER . G, RRE S aDRI KRS EEE Y
HE, £ “FEHF” WEMNZT BR=1T R EOLE . X5 AR
AERMZOIRE, BIRIMNEEEMR EIMEREM " 25 SHREERWEL,
W IFRESE “EMFRRBRE” ; ENEBRBBEME LSEN “HEIH
AT BB RIEER RA, k8 ARET M AR, AT RIEX=FEMNEl
BURAE, Rt 5 T E I 2 AL FEIR IS, 3N EEE T hER =
Be. b K%, HHEXE. HRHERE, EHK¥, FETERY. HE
K, WL RY:. PEBEKRYE. BRETA KRS, LTEKE, FEA
BRAZ. U MEAMRK Y . LR K3 Il R . R TR T2
R R WAL T2, b RSB AN AE PO S A E AR
BRI B & N OME 24 AR “TRIBEFER 2", RS
{3t 5 R BT 0 S

“EHFRRS T RAAEE WIS R RS S SR, EN
R AN TR, R 2 AERIFRBUA B “SRIgeH 8"
MBRE, RITREEE T X30LMEEAAEE. MW AR, &
FHRIRIFEZBMLT. | Stanford . U.C. Berkley . C.M.U. 21t R 4 it ho22 7.
Ho ABMMUBE TR, BAREN . BERS. HRIIKRSH . K
BE. SREIRE. BAETRE. EEY. BES5ME. BBl s En s E
TUERFROZOCIRE, MAKSASe—EGNEAESRITEZT. 8
DiZHEMARE., FHEBPSMRMIUE T reR A, 78w 5 2o B 405
RIEBHEFIZT , ELEIEHENR S E R b b T AZ,

BB R1EE . BEEEM . —FRERE. TR OFR . EE NS, X
ERRERMOERE THREOMRIE, ARNMERERSERE, MREY
ERERRMEBBIX— L% BARWEEH B, 306 KRR 2RSSR
SRS, EBAFTVM LM ET AT TR HBVR B FHRT. &
TIKBRR FET

HLFMR{4 . hzedu@hzbook.com

AR HLE: (010 ) 68995265

Be& bk : JETESRX B R EREE 2
HEBLZRH5 : 100037



LK
R
R
B
REZ
=it E

K =
EFEH®

ERESERE

(T4 FCE Y

E #
5
S
I TR R
FE A
A48 R
B %
%O

RS
INEF
=30
Mk &k
&g
CEX
2 1

¥ EH
* B &
WAk
Flia 4+
7 B

LEEE



PREFACE

In the preface to the first edition I wrote “Computer graphics is now a mature dis-
cipline.” Little did I or anyone else anticipate the developments of the last dozen
years. Then, ray tracing was an active research topic — now there are freely
available programs for personal computers; radiosity was just on the horizon —
today commercially rendering systems commonly use this technique; texture was
a software application — today hardware texture acceleration is common place;
color image quantization algorithms were certainly available in the computer
graphics community, but today downloading an image from the World Wide
Web depends on color image quantization. The list goes on. Computer graphics
is thoroughly integrated into our daily lives, across fields as diverse as advertis-
ing, entertainment, medicine, education, science, engineering, navigation, etc. In
fact, most computer programs, including the most popular operating systems,
have a graphical user interface.

The present volume represents a major rewrite of the first edition. As a
result, it is nearly twice the size of the original volume. Major new additions
include a discussion of graphical user interfaces, an expanded discussion of line,
circle and ellipse drawing and image compression algorithms. New clipping al-
gorithms for lines and polygons are presented. In particular, the Liang Barsky
and Nicholl-Lee-Nicholl clipping algorithms are now discussed along with the
classical Cohen—Sutherland, midpoint, Cyrus-Beck and Sutherland-Hodgman
clipping algorithms.

The chapter on visible surface algorithms now includes sections on the Appel,
haloed line and A-buffer algorithms, along with discussions of the binary space
partitioning (BSP), octree and marching cubes algorithms. The discussion of
the visible surface ray tracing algorithm is considerably expanded.

The rendering chapter is significantly enhanced. It now includes expanded
discussions of physically based illumination models, transparency, shadows and
textures. More recent advances in ray tracing, for example, cone, beam, pencil
and stochastic ray tracing, are included along with a detailed discussion of the
fundamentals of radiosity. The section on color is expanded to include uniform
color spaces and a more detailed discussion of gamma correction. Sections on
color image quantization and color reproduction for print media are included.
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xvi Procedural Elements for Computer Graphics

The book is suitable for use by professional programmers, engineers and
scientists. A course in computer graphics at either the senior undergraduate or
first year graduate level that emphasizes rendering techniques will benefit from
the book. Combining it with its companion volume, Mathematical Elements
for Computer Graphics, allows increasing the scope of the course to include
manipulative transformations and curves and surfaces. The book retains the
detailed worked examples from the first edition as well as presenting new ones
— a total of 90 worked examples. An adequate background is provided by college
level mathematics and knowledge of a higher-level programming language.

No computer graphics book is complete without algorithms. There are three
types of algorithms presented in the book. The first is a narrative description
often presented in list form; the second is a detailed procedural description of
the algorithm, while the third is a more formal presentation using pseudocode.
Although many books now present algorithms in C, 1 resisted this temptation.
I believe that actually implementing an algorithm yields better understanding
and appreciation of the nuances of the algorithm which no book can cover. Fur-
thermore, as the algorithm is implemented additional efficiencies specific to the
implementation language frequently suggest themselves. For those algorithms
presented in pseudocode, the actual implementation is relatively straightforward.

No book is ever written without the assistance of many individuals. Thanks
are expressed to my colleagues who read various parts of the manuscript. John
Dill and his students read all of Chapter 3 on clipping and made many valuable
comments. Paul Heckbert read both the sections on color image quantization and
textures. Both sections are much the better for his comments. Maureen Stone
lent her expertise on color reproduction. Eric Haines commented extensively on
the ray tracing sections. I particularly enjoyed the ensuing discussions. John
Wallace read the section on radiosity and set me straight on one or two key
points. However, any errors are mine alone.

Special thanks are due my colleagues Francois Sillion and Peter Kipfer at
the iMAGIS project in Grenoble, France, who created the cover image to an
impossibly short deadline using hierarchical radiosity software developed under
the direction of Frangois Sillion and George Drettakis. You enthusiastically made
all the changes that I requested! It was great working with you.

My editor of more than two and a half decades, B.J. Clark, has now left for
other pastures. Without his initial faith in a young academic who wanted to
do a book on computer graphics, and his gentle encouragement over the years,
none of this would have happened. Thanks are due Fred Eckardt and his crew
at Fine Line Illustrations for their efforts in creating the line art. They even
trusted me with the original files. The production crew at McGraw-Hill — Kari
Geltemeyer, Laurie Entringer and Heather Burbridge — did an outstanding job.

Last, but certainly not least, a very special thanks is due my wife Nancy for
not only her long term patience with my need to write, but especially for the

outstanding job of copy editing, proof reading and typesetting. I think you now
qualify as a TEXpert.

David F. Rogers



PREFACE TO THE FIRST EDITION

Computer graphics is now a mature discipline. Both hardware and software
are available that facilitate the production of graphical images as diverse as line
drawings and realistic renderings of natural objects. A decade ago the hardware
and software to generate these graphical images cost hundreds of thousands of
dollars. Today, excellent facilities are available for expenditures in the tens of
thousands of dollars and lower performance, but in many cases adequate facili-
ties are available for tens of hundreds of dollars. The use of computer graphics
to enhance information transfer and understanding is endemic in almost all sci-
entific and engineering disciplines. Today, no scientist or engineer should be
without a basic understanding of the underlying principles of computer graph-
ics. Computer graphics is also making deep inroads into the business, medical,
advertising, and entertainment industries. The presence in the boardroom of
presentation slides prepared using computer graphics facilities as well as more
commonplace business applications is considered the norm. Three-dimensional
reconstructions using data obtained from CAT scans is becoming commonplace
in medical applications. Television as well as other advertising media are now
making frequent use of computer graphics and computer animation. The enter-
tainment industry has embraced computer graphics with applications as diverse
- as video games and full-length feature films. Even art is not immune, as evi-
denced by some of the photos included in this book.

It is almost a decade now since the appearance of the companion volume
to this book, Mathematical Elements for Computer Graphics. During that time
significant strides in raster scan graphics have been made. The present volume
concentrates on these aspects of computer graphics. The book starts with an
introduction to computer graphics hardware with an emphasis on the concep-
tual understanding of cathode ray tube displays and of interactive devices. The
following chapters look at raster scan graphics including line and circle drawing,
polygon filling, and antialiasing algorithms; two- and three-dimensional clipping
including clipping to arbitrary convex volumes; hidden-line and hidden-surface
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algorithms including ray tracing; and finally, rendering, the art of making real-
istic pictures, including local and global illumination models, texture, shad?ws,
transparency, and color effects. The book continues the presentation technique
of its predecessor. Each thorough topic discussion is followed by presentation of
a detailed algorithm or a worked example, and where appropriate both.

The material in the book can be used in its entirety for a semester-long
first formal course in computer graphics at either the senior undergraduate or
graduate level with an emphasis on raster scan graphics. If a first course in com-
puter graphics based on the material in the companion volume Mathematical
Elements for Computer Graphics is presented, then the material in this book is
ideal for a second course. This is the way it is used by the author. If broader
material coverage in a single-semester course is desired, then the two volumes
can be used together. Suggested topic coverage is: Chapter 1 of both volumes,
followed by Chapters 2 and 3 with selected topics from Chapter 4 of Mathe-
matical Elements for Computer Graphics, then selected topics from Chapter 2
(e.g., 2-1 to 2-5, 2-7, 2-15 to 2-19, 2-22, 2-23, 2-28), Chapter 3 (e.g., 3-1, 3-2,
3-4 to 3-6, 3-9, 3-11, 3-15, 3-16), Chapter 4 (e.g., 4-1, part of 4-2 for backplane
culling, 4-3, 4-4, 4-7, 4-9, 4-11, 4-13), and Chapter 5 (e.g., 5-1 to 5-3, 5-5, 5-6,
5-14) of the present volume. The book is also designed to be useful to profes-
sional programmers, engineers, and scientists. Further, the detailed algorithms
and worked examples make it particularly suitable for self-study at any level.
Sufficient background is provided by college level mathematics and a knowledge
of a higher-level programming language. Some knowledge of data structures is
useful but not necessary.

'There are two types of algorithms presented in the book. The first is a
detailed procedural description of the algorithm, presented in narrative style.
The second is more formal and uses an algorithmic ‘language’ for presentation.
Because of the wide appeal of computer graphics, the choice of an algorithmic
presentation language was especially difficult. A number of colleagues were ques-
tioned as to their preference. No consensus developed. Computer science faculty
generally preferred PASCAL but with a strong sprinkling of C. Industrial col-
leagues generally preferred FORTRAN for compatibility with existing software.
The author personally prefers BASIC because of its ease of use. Consequently,
detailed algorithms are presented in pseudocode. The pseudocode used is based
on extensive experience teaching computer graphics to classes that do not en-
joy knowledge of a common programming language. The pseudocode is easily
converted to any of the common computer languages. An appendix discusses
the pseudocode used. The pseudocode algorithms presented in the book have
all been either directly implemented from the pseudocode or the pseudocode has
been derived from an operating program in one or more of the common program-
ming languages. Implementations range from BASIC on an Apple Ile to PL1 on
an IBM 4300 with a number of variations in between. A suit of demonstration
programs in available from the author.

A word about the production of the book may be of interest. The book
was computer typeset using the TEX typesetting system at TYX Corporation
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of Reston, Virginia. The manuscript was coded directly from handwritten copy.
Galleys and two sets of page proofs were produced on a laser printer for editing
and page makeup. Final reproduction copy ready for art insertion was pro-
duced on a phototypesetter. The patience and assistance of Jim Gauthier and
Mark Hoffman at TYX while the limits of the system were explored and solu-
tions to all the myriad small problems found is gratefully acknowledged. The
outstanding job done by Louise Bohrer and Beth Lessels in coding the hand-
written manuscript is gratefully acknowledged. The usually fine McGraw-Hill
copyediting was supervised by David Damstra and Sylvia Warren.

No book is ever written without the assistance of many individuals. The
book is based on material prepared for use in a graduate level course given at
the Johns Hopkins University Applied Physics Laboratory Center beginning in
1978. Thanks are due the many students in this and other courses from whom
I have learned so much. Thanks are due Turner Whitted who read the original
outline and made valuable suggestions. Thanks are expressed to my colleagues
Pete Atherton, Brian Barsky, Ed Catmull, Rob Cook, John Dill, Steve Hansen,
Bob Lewand, Gary Meyer, Alvy Ray Smith, Dave Warn, and Kevin Weiler, all of
whom read one or more chapters or sections, usually in handwritten manuscript
form, red pencil in hand. Their many suggestions and comments served to make
this a better book. Thanks are extended to my colleagues Linda Rybak and
Linda Adlum who read the entire manuscript and checked the examples. Thanks
are due three of my students: Bill Meier who implemented the Roberts algorithm,
Gary Boughan who originally suggested the test for convexity discussed in Sec. 3-
7, and Norman Schmidt who originally suggested the polygon splitting technique
discussed in Sec. 3-8. Thanks are due Mark Meyerson who implemented the
splitting algorithms and assured that the technique was mathematically well
founded. The work of Lee Billow and John Metcalf who prepared all the line
drawings is especially appreciated.

Special thanks are due Steve Satterfield who read and commented on all
800 handwritten manuscript pages. Need more be said!

Special thanks are also due my eldest son Stephen who implemented all
of the hidden surface algorithms in Chapter 4 as well as a number of other
algorithms throughout the book. Qur many vigorous discussions served to clarify
a number of key points.

Finally, a very special note of appreciation is extended to my wife Nancy
and to my other two children, Karen and Ransom, who watched their husband
and father disappear into his office almost every weeknight and every weekend
for a year and a half with never a protest. That is support! Thanks.

David F. Rogers
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