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Front Plate 3  Elevation
data for Honolulu, Hawaii
displayed using a quadmesh
to define control points for
a Bezier surface.

(Courtesy of Brian Wylie,
University of New Mexico

and Sandia National
Laboratories.)

Front Plate 4 Wire frame of
the quadmesh showing
lower resolution in flat areas.
(Courtesy of Brian Wylie,
University of New Mexico

and Sandia National
Laboratories.)
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PREFACE

This book is an introduction to computer graphics, with an emphasis on appli-
cations programming. In the first edition, which was published in 1997, I noted
that in the seven years since my previous graphics text, the field had experienced
enormous growth—a rate of growth that exceeded most people’s expectations,
including my own. In the five years since, we have seen even more changes.
Feature-length computer-animated movies have become commercial and artistic
successes. The use of computer effects in movies is standard and it is often almost
impossible to distinguish live action from computer-generated effects. Recent
hardware has blurred the distinction between computers and game boxes. The
explosion of interest in graphical applications over the Internet has continued.

Not only have graphics capabilities increased but costs have been reduced for
both high- and low-end workstations. Within the last few years the cost of a
graphics system that can generate over ten million three-dimensional polygons
per second with lighting and texture mapping has dropped from over $100,000
to a few thousand dollars. Even computers that cost less than $1000 can support
basic three-dimensional graphics applications. The availability of special-purpose
graphics boards for personal computers has been especially significant. These
boards provide workstation performance starting at about $100. On the software
side, OpenGL remains the standard programmer’s interface both for writing
application programs and for developing high-level products in the scientific
community.

A Top-Down Approach

These recent advances and the success of the first two editions of this text have
reinforced my belief in a top-down, programming-oriented approach to intro-
ductory computer graphics. Although many computer science and engineering
departments now support more than one course in the subject, most students
will take only a single course. Such a course is placed in the curriculum after stu-
dents have already studied programming, data structures, algorithms, software



engineering, and basic mathematics. A class in computer graphics allows the in-
structor, to build on these topics in a way that can be both informative and fun. I
want these students to be programming three-dimensional applications as soon
as possible. Low-level algorithms, such as those that draw lines or fill polygons,
can be dealt with later, after students are creating graphics.

John Kemeny, a pioneer in computer education, used a familiar automobile
analogy: You don’t have to know what’s under the hood to be literate, but
unless you know how to program, you’ll be sitting in the back seat instead of
driving. That same analogy applies to the way we teach computer graphics. One
approach—the algorithmic approach—is to teach everything about what makes
a car function: the engine, the transmission, the combustion process. A second
approach—the survey approach—is to hire a chauffeur, to sit back, and to see the
world as a spectator. A third approach—the programming approach that I have
adopted here—is to teach you how to drive and how to take yourself wherever
you want to go. As the old auto-rental commercial used to say, “Let us put you
in the driver’s seat.”

Progmmmmg wn*h OpentL und C

thn I began tcachmg computcr gtaphlcs 20 years ago, the greatest impediment
to 1mplcmcntmg.a programmmg-oncnted course, and to writing a textbook for
that course, was the lack of a widely accepted graphics library or application
programmer’s interface (API). Difficulties included high cost, limited availability,
lack of gcncrahty, and high complcxxty The development of OpenGL resolved
most of the difficulties many of us had cxpcncnccd with other APIs (such as
GKS and PHIGS), and with the alternative of using | home-brewed software.
QpanL today is supportcd by most workstation supphcrs and is available for
most platforms through third-party vcndors Itis bundled with all recent versions
of Microsoft Windows and with the Applc Macmtosh operating system. There
is also an OpenGL API called Mesa that can be compiled for most systems and
is included with most Linux distributions.

A graphics class teaches far more than the use of a pamcular API, but a good
API makes it easier to teach key graphics topics, such as three- dnmcnsnonal graph-
ics, ,shadmg, thnt—scrvcr graphics, modeling, and implementation algorithms.
OpenGL’s extensive capabilities and well-defined architecture lead to a stronger
foundation for teaching both theoretical and practical aspects of the field, and for
teaching important new capabilities, such as texture mapping and compositing,
that, until recently, were not supported in any API.

I switched my classes to OpenGL about 8 years ago, and the results as-
tounded me. By the middle of the semester, every student was able to write
a moderately complex three-dimensional program that required understanding
of three-dimensional viewing and event-driven input. In 15 years of teaching
computer graphics, I had never come even close to this result. That class led me
to rewrite my previous book from scratch.




This is a textbook on computer graphics; it is not an OpenGL manual.
Consequently, I do not cover all aspects of the OpenGL API, but rather
explain only what is necessary for mastering this book’s contents. I present
OpenGL at a level that should permit users of other APIs to have little diffi-
culty with the material. For students who want more detail on OpenGL, my
recent book, OpenGL: A Primer (Addison-Wesley, 2002), should be a valuable
supplement.

In this edition, I use both C and C++, with C as the dominant language. There
are two reasons for this decision. First, OpenGL is not object-oriented, so using
C++ or Java would not add significantly to the basic presentation, unless I were to
insert an object-oriented geometric library between OpenGL and the user. I have
not taken this step, despite its appealing features, because it would detract from
the graphics and would make the book less accessible to students who are good
programmers, but who are unfamiliar with object-oriented languages. Second,
my cxpcncnce has been that object-oriented approaches shield the user from
what is going on inside (as they should), whereas, in an introduction to computer
graphics, I want readers to be aware of what is happening at the lowest levels.
Although the use of computer gtaphms is a wonderful way to introduce students
to object- -oriented programming, in my view, an ob]cct-oncntcd’ approach is not
the most effective way to teach graphics to computer science and engineering
students. The exception to this view is when I introduce scene graphs that are
object oriented and benefit from the use of C++. My undergraduate students use
C++ in their beginning courses, but have no dnfﬁcdty‘muenhg thc codc in this
book with either C or C++.

Within the computer graphics community, there has been much d:scussnon
of the future of OpenGL and whether it will be replaced by DirectX. Among
computer graphics educators, however, there is little doubt that OpenGL will
continue to be the API of choice for their classes. Although DirectX is the
standard for game development, in the ‘opinion of many of us, it is not well
suited for teaching computer graphics or for users who want to develop their
own applications. In addition to being specific to Windows platforms, DirectX
requires far more code for basic portable applications. At the !nghcr levels,
OpenGL and DirectX support similar functionality in similar ways. Hence, users
of this book should be able to move to DirectX with little diﬁculty when

required.

Intended Audience

This book is suitable for advanced undergraduates and first-year graduatc stu-
dents in computer science and engineering and for students in other disciplines
who have good programming skills. The book also will be useful to many pro-
fessionals. T have taught approximately 100 short courses for professionals; my
experiences with those students have had a great influence on what I have chosen
to include in the book.




Prerequisites for using this text are good programming skills in C or C++,
an understanding of basic data structures (linked list, trees), and a rudimentary
knowledge of linear algebra and trigonometry. I have found that the mathemat-
ical backgrounds of computer science students, whether of undergraduates or of
graduates, vary considerably. Hence, I have integrated much of the linear algebra
and geometry that is required for fundamental computer graphics into the text.
I have also summarized this material in two appendices.

Organization of the Book

The book is organized as follows. Chapter 1 overviews the field and intro-
duces image formation by optical devices; thus, we start with three-dimensional
concepts immediately. Chapter 2 introduces programming using OpenGL. Al-
though the example program that we develop—each chapter has one or more
complete programming examples—is two-dimensional, it is embedded in a
three-dimensional setting. Chapter 3 discusses interactive graphics in a modern
client-server setting and develops event-driven graphics programs. Chapters 4
and 5 concentrate on three-dimensional concepts; Chapter 4 is concerned with
defining and manipulating three-dimensional objects, whereas Chapter 5 is con-
cerned with viewing them. Chapter 6 introduces light-material interactions and
shading. These chapters should be covered in order, and can be done in about
10 weeks of a 15-week semester.

The next seven chapters can be read in almost any order. All seven are
somewhat open ended, and can be covered at a survey level, or individual
topics can be pursued in depth. Chapter 7 introduces many of the new discrete
capabilities that are now supported in graphics hardware and by OpenGL.
All these techniques involve ‘working with various buffers. It concludes with a
short discussion of aliasing problems in computer graphics. Chapter 8 surveys
implementation. It gives one or two major algorithms for each of the basic steps
in the viewing pipeline. Chapter 9 contains a number of topics that fit loosely
under the heading of hierarchical and object-oriented graphics. The topics range
from building models that encapsulate the relationships between the parts of a
model to high-level approaches to graphics over the Internet. It includes a simple
scene graph API.

Curves and surfaces are discussed in Chapter 10. Chapter 11 introduces pro-
cedural methods as a way to escape the limits of building geometric models with
polygons. It includes material on language-based models, fractals, and particle
systems. Chapter 12 provides an introduction to scientific visualization. Not only
is this area one of great current interest, it gives us a chance to demonstrate al-
most all the techniques developed in previous chapters. Chapter 13 is new and
surveys alternate approaches to rendering,. It includes expanded discussions of ray
tracing and radiosity and an introduction to image-based rendering and parallel
rendering.



Programs, primarily from the first part of the book, are included in Appen-
dix A. They are also available clectronically (see the Supplements section).

Changes from the Second Edition

The reaction of readers of the first and second editions of this book was over-
whelmingly positive, especially to the use of OpenGL and the top-down ap-
proach. But there are always improvements to be made and recent advances to
be added. This third edition addresses these issues.

I have made three types of changes from the second edition. First, I have en-
hanced the discussion of the more mathematical topics. Second, I have added
material of current interest, such as scene graphs and alternate rendering meth-
ods. Third, I have included more OpenGL examples. These changes led to a
reorganization of the second half of the book. These changes should have only
minor effects on the teaching of a one semester introductory course, but should
make it easier for instructors to use the book for a two-semester class.

Chapters 1 and 2 contain minor updates. In Chapter 3, I added material on
the use of the exclusive-or writing mode so that readers would be able to develop
applications that used rubberbanding. I also added a section on picking using
selection mode.

Some of Chapter 4 has been rewritten to make the mathematical topics clearer.
I also added a section on quaternions at the end of the chapter that fits well with
the expanded treatment of smooth rotations in this edition.

Chapter 5 is largely unchanged.

Chapter 6 now focuses on pipeline rendering and the material on global
rendering has been moved to Chapter 13. -

The information in Chapter 7 has been moved forward (from Chapter 9)
to reflect the growing importance of mapping and the usc of discrete buffers.
There is more detail on using OpenGL’s texture mapping functions and many
additional code examples. ‘

Chapter 8, formerly Chapter 7, is largely unchanged.

The new Chapter 9, formerly Chapter 8, contains an extensive treatment of
scene graphs and uses a scene graph developed by one of my students, Ye Cong,
as a class project. I debated about using a “standard” scene graph, such as those
in VRML or Java3D, but came to the conclusion that there is no standard and it
is unclear whether or not these candidates will survive as long as the third edition.
However, I do believe the concepts are important and thus decided to go with
a simple scene graph that students could work with using code I could place on
the Web.

Chapter 10 now contains an introduction to subdivision curves and surfaces.
Chapters 11 and 12 are largely unchanged from the second edition.

Chapter 13 is new. It contains expanded introductions to ray tracing and
radiosity, including a discussion of the rendering equation, which was covered in




Chapter 6 in the previous two editions. I have added an introduction to image-
based rendering, an area of great recent interest that encompasses a multitude
of approaches. I have added a section on parallel rendering that is related to my
own interests and also should gain importance as clusters of PCs with commodity
graphics cards replace supercomputers built with specialized hardware.
Appendix A contains added examples. Appendix B now contains a short sec-
tion on cigenvalues and eigenvectors to support topics such as smooth rotation.

Supplements

The CD that accompanies the book includes software tools (recent distributions
of GLUT and MESA), source code and Windows binaries for the examples in
the text (and some additional examples), OpenGL man pages (in html and ps
formats), my OpenGL tutorial (in pdf format) from SIGGRAPH 2001 ,and Nate
Robins’ OpenGL tutorials.
The following support material is available to all readers of this book.
- ® Program code
® Solutions to selected exercises T
Please visit http://www.aw.com /cssupport for more information on obtaining
these supplements.
~ Additional support materials are only available to instructors adopting this
textbook for classroom use. Please contact your school’s Addison-Wesley repre-
sentative for information on obtaining access to this material, including
® Solutions to all exercises e 7
® Figure files in three formats so that you can create your own lecture notes
® Tutorial lecture notes on OpenGL. ‘

All of this information and more is available on my Web site
'ﬁttp:-//wwﬁ..cs.hlurl'rr{;cdu/~angcl T 3

Programs from the book, as well as additional sample programs, are available
ftp.cs.unm.edu under pub/angel/BOOK

I Wclcoxﬁc’suggcsnoﬁs regarding other sdéplcménm' that readers would find

uscful, as well as comments on the book itself:
‘angel@cs.unm.edu W drow
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Color Plate 1

Image of sun object created using
NURBS surfaces and rendered with
bump mapping.

(Courtesy of Full Dome Project,
University of New Mexico.)

Color Plate 2
Wire-frame representation of sun
object surfaces.

(Courtesy of Full Dome Project,
University of New Mexico.)




Color Plate 3
Flat-shaded polygonal rendering of
sun object.

(Courtesy of Full Dome Project,
University of New Mexico.)

Color Plate 4
Smooth-shaded polygonal rendering
of sun object.

(Courtesy of Full Dome Project,
University of New Mexico.)



