
PREFACE

NEW TO THE SIXTH EDITION

Use of modern Shader-Based OpenGL throughout

No use of OpenGL functions deprecated with OpenGL 3.1

Increased detail on implementing transformations and viewing in both appli-
cation code and shaders

Consistency with OpenGL ES 2.0 and WebGL

Use of C++ instead of C

Addition of vector and matrix classes to create application code compatible
with the OpenGL Shading Language (GLSL)

Discussion of per-vertex and per-fragment lighting

Addition of polygon and Delaunay triangularization

Introduction to volume rendering

All code examples redone to be compatible with OpenGL 3.1

New co-author, Dave Shreiner, author of the OpenGL Programming Guide

This book is an introduction to computer graphics, with an emphasis on applica-
tions programming. The first edition, which was published in 1997, was some-

what revolutionary in using a standard graphics library and a top-down approach.
Over the succeeding 13 years and five editions, this approach has been adopted by
most introductory classes in computer graphics and by virtually all the competing
textbooks.

The major changes in graphics hardware over the past few years have led to major
changes in graphics software. For its first fifteen years, new OpenGL versions were
released with new versions always guaranteeing backward compatibility. The ability
to reuse code as the underlying software was upgraded was an important virtue, both
for developers of applications and for instructors of graphics classes. OpenGL 3.0
announced major changes, one of the key ones being that, starting with OpenGL 3.1,
many of the most common functions would be deprecated. This radical departure
from previous versions reflects changes needed to make use of the capabilities of the
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latest programmable graphics units (GPUs). These changes are also part of OpenGL
ES 2.0, which is being used to develop applications on mobile devices such as cell
phones and tablets, and WebGL, which is supported on most of the latest browsers.

As the authors of the previous five editions of this textbook (EA) and of the
OpenGL Programming Guide and OpenGL ES 2.0 Programming Guide (DS), we were
confronted with a dilemma as to how to react to these changes. We had been writ-
ing books and teaching introductory OpenGL courses at SIGGRAPH for many years.
We found that almost no one in the academic community, or application program-
mers outside the high-end game world, knew about these changes, and those of our
colleagues who did know about them did not think we could teach these concepts
at the beginning level. That was a challenge we couldn’t resist. We started by teach-
ing a half-day short course at SIGGRAPH, which convinced us that we could teach
someone without previous graphics programming experience how to write a non-
trivial shader-based OpenGL application program with just a little more work than
with earlier versions of OpenGL.

As we developed this edition, we discovered some other reasons that convinced
us that this approach is not only possible but even better for students learning com-
puter graphics. Only a short while ago, we touted the advantages OpenGL gave us
by being available for Windows, Linux, and Mac OS X so we could teach a course in
which students could work in the environment they preferred. With OpenGL ES and
WebGL they can now develop applications for their cell phones or Web browsers. We
believe that this will excite both students and instructors about computer graphics
and open up many new educational and commercial opportunities.

We feel that of even greater importance to the learning experience is the removal
of most defaults and the fixed function pipeline in these new versions of OpenGL. At
first glance, this removal may seem like it would make teaching a first course much
harder. Maybe a little harder; but we contend much better. The tendency of most
students was to rely on these functions and not pay too much attention to what the
textbook and instructor were trying to teach them. Why bother when they could use
built-in functions that did perspective viewing or lighting? Now that those functions
are gone and students have to write their own shaders to do these jobs, they have to
start by understanding the underlying principles and mathematics.

A Top-Down Approach
These recent advances and the success of the first five editions continue to reinforce
our belief in a top-down, programming-oriented approach to introductory computer
graphics. Although many computer science and engineering departments now sup-
port more than one course in computer graphics, most students will take only a single
course. Such a course is placed in the curriculum after students have already studied
programming, data structures, algorithms, software engineering, and basic mathe-
matics. A class in computer graphics allows the instructor to build on these topics
in a way that can be both informative and fun. We want these students to be pro-
gramming three-dimensional applications as soon as possible. Low-level algorithms,
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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, sit back, and see the world as a spectator. The third
approach—the programming approach that we 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.”

Programming with OpenGL and C++
When Ed began teaching computer graphics over 25 years ago, the greatest imped-
iment to implementing a programming-oriented course, and to writing a textbook
for that course, was the lack of a widely accepted graphics library or application pro-
grammer’s interface (API). Difficulties included high cost, limited availability, lack of
generality, and high complexity. The development of OpenGL resolved most of the
difficulties many of us had experienced with other APIs (such as GKS and PHIGS)
and with the alternative of using home-brewed software. OpenGL today is supported
on all platforms. It is bundled with Microsoft Windows and Mac OS X. Drivers are
available for virtually all graphics cards. There is also an OpenGL API called Mesa
that is included with most Linux distributions.

A graphics class teaches far more than the use of a particular API, but a good API
makes it easier to teach key graphics topics, including three-dimensional graphics,
lighting and shading, client–server graphics, modeling, and implementation algo-
rithms. We believe that 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 advanced concepts, including texture mapping, composit-
ing, and programmable shaders.

Ed switched his classes to OpenGL about 15 years ago, and the results astounded
him. By the middle of the semester, every student was able to write a moderately com-
plex three-dimensional program that required understanding of three-dimensional
viewing and event-driven input. In previous years of teaching computer graphics, he
had never come even close to this result. That class led to the first edition of this book.

This book is a textbook on computer graphics; it is not an OpenGL manual.
Consequently, it does not cover all aspects of the OpenGL API but rather explains
only what is necessary for mastering this book’s contents. It presents OpenGL at a
level that should permit users of other APIs to have little difficulty with the material.

Unlike previous editions, this one uses C++ rather than C as the dominant
programming language. The reason has to do with the OpenGL Shading Language
(GLSL) used to write shaders, the programs that control the GPU. GLSL is a C-like
language with atomic data types that include vectors and matrices, and overloaded
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basic operators to manipulate them. All the modern versions of OpenGL require ev-
ery application to provide two shaders; hence students need to use these features,
which are supported in C++. By using just this part of C++ (simple classes, con-
structors, overloaded operators), we can implement fundamental graphics concepts,
such as transformations and lighting, in either the application or in a shader with vir-
tually identical code. In addition, using the simple matrix and vector classes that are
provided on the book’s Web site leads to much clearer, shorter code. Students who
have started with Java or C should have little trouble with the code in the book.

Intended Audience
This book is suitable for advanced undergraduates and first-year graduate students
in computer science and engineering and for students in other disciplines who have
good programming skills. The book also will be useful to many professionals. Be-
tween us, we have taught well over 100 short courses for professionals; our experi-
ences with these nontraditional students have had a great influence on what we have
chosen to include in the book.

Prerequisites for the book are good programming skills in C++, Java, or C;
an understanding of basic data structures (linked lists, trees); and a rudimentary
knowledge of linear algebra and trigonometry. We have found that the mathematical
backgrounds of computer science students, whether undergraduates or graduates,
vary considerably. Hence, we have chosen to integrate into the text much of the linear
algebra and geometry that is required for fundamental computer graphics.

Organization of the Book
The book is organized as follows. Chapter 1 provides an overview of the field and in-
troduces image formation by optical devices; thus, we start with three-dimensional
concepts immediately. Chapter 2 introduces programming using OpenGL. Although
the first 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 and leads to a three-dimensional extension. We also introduce interactive
graphics and develop event-driven graphics programs. Chapters 3 and 4 concentrate
on three-dimensional concepts: Chapter 3 is concerned with defining and manipu-
lating three-dimensional objects, whereas Chapter 4 is concerned with viewing them.
Chapter 5 introduces light–material interactions and shading. These chapters should
be covered in order and can be taught in about 10 weeks of a 15-week semester.

The next six chapters can be read in almost any order. All six are somewhat open
ended and can be covered at a survey level, or individual topics can be pursued in
depth. Chapter 6 surveys rasterization. It gives one or two major algorithms for each
of the basic steps, including clipping, line generation, and polygon fill. Chapter 7 in-
troduces 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. Chap-
ters 6 and 7 conclude the discussion of the standard viewing pipeline used by all
interactive graphics systems.
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Chapter 8 contains a number of topics that fit loosely under the heading of
hierarchical modeling. 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 an introduction to scene graphs and Open Scene Graph.
Chapter 9 introduces a number of procedural methods, including particle systems,
fractals, and procedural noise. Curves and surfaces, including subdivision surfaces,
are discussed in Chapter 10. Chapter 11 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 Appendix A.
They are also available online (see Support Materials). Appendices B and C contain
a review of the background mathematics. Appendix D contains a synopsis of the
OpenGL functions used in the book.

Changes from the Fifth Edition
The reaction of readers to the first five editions of this book was overwhelmingly pos-
itive, especially to the use of OpenGL and the top-down approach. Although each
edition added material to keep up with what was going on in the field, the fifth edi-
tion made a major change by introducing programmable shaders and the OpenGL
Shading Language. This material was somewhat optional because the existing ver-
sions of OpenGL were backward compatible. Most instructors chose to focus on the
first six chapters and didn’t get to programmable shaders.

As we pointed out at the beginning of this preface, with modern OpenGL, every
application must provide shaders. Most of the basic functions from earlier versions,
including those that specified geometry, transformations, and lighting parameters,
have been deprecated. Consequently, programmable shaders and GLSL need to be in-
troduced in Chapter 2. Many of the examples produce the same output as in previous
editions but the code is very different.

We decided to incorporate the core material on interactivity in Chapter 2 and
eliminate the separate chapter on input and interactivity. Thus, Chapter 2 became a
little longer, but compared to previous editions, we feel that the added material on
programmable shaders will only slightly delay the assignment of a first programming
exercise.

Programmable shaders give the application programmer a choice of where to
carry out most of the core graphics functionality. We have reorganized some of the
material so as to be able to show the options together for a particular topic. For
example, carrying out the lighting calculation in the application, in a vertex shader,
and in a fragment shader are all in Chapter 5.

Given the positive feedback we’ve received on the core material from Chapters 1–
6 in previous editions, we’ve tried to keep the changes to those chapters (now Chap-
ters 1–5) to a minimum. We still see Chapters 1–5 as the core of any introductory
course in computer graphics. Chapters 6–11 can be used in almost any order, either
as a survey in a one-semester course or as the basis of a two-semester sequence.
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Support Materials
The support for the book is on the Web, both through the author’s Web site www.cs
.unm.edu/~angel and Addison-Wesley’s site www.aw.com/cssupport. Support mate-
rial that is available to all readers of this book includes

Sources of information on OpenGL

Instructions on how to get started with OpenGL on the most popular systems

Additional material on writing more robust OpenGL applications

Program code

Solutions to selected exercises

PowerPoint lectures

Figures from the book

Additional support materials, including solutions to all the nonprogramming
exercises, are available only to instructors adopting this textbook for classroom use.
Please contact your school’s Addison-Wesley representative for information on ob-
taining access to this material.
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