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OpenGL is a powerful software interface used to produce high-quality, computer-generated
images and interactive applications using 2D and 3D objects, bitmaps, and color images.The
OpenGL ® Programming Guide, Seventh Edition , provides definitive and comprehensive
information on OpenGL and the OpenGL Utility Library. The previous edition covered OpenGL
through Version 2.1. This seventh edition of the best-selling  red book describes the latest
features of OpenGL Versions 3.0 and 3.1. You will find clear explanations of OpenGL
functionality and many basic computer graphics techniques, such as building and rendering 3D
models; interactively viewing objects from different perspective points; and using shading,
lighting, and texturing effects for greater realism. In addition, this book provides in-depth
coverage of advanced techniques, including texture mapping, antialiasing, fog and atmospheric
effects, NURBS, image processing, and more. The text also explores other key topics such as
enhancing performance, OpenGL extensions, and cross-platform techniques.This seventh
edition has been updated to include the newest features of OpenGL Versions 3.0 and 3.1,
includingUsing framebuffer objects for off-screen rendering and texture updatesExamples of the
various new buffer object types, including uniform-buffer objects, transform feedback buffers,
and vertex array objectsUsing texture arrays to increase performance when using numerous
texturesEfficient rendering using primitive restart and conditional renderingDiscussion of
OpenGL s deprecation mechanism and how to verify your programs for future versions of
OpenGLThis edition continues the discussion of the OpenGL Shading Language (GLSL) and
explains the mechanics of using this language to create complex graphics effects and boost the
computational power of OpenGL. The OpenGL Technical Library provides tutorial and reference
books for OpenGL. The Library enables programmers to gain a practical understanding of
OpenGL and shows them how to unlock its full potential. Originally developed by SGI, the
Library continues to evolve under the auspices of the Khronos OpenGL ARB Working Group, an
industry consortium responsible for guiding the evolution of OpenGL and related technologies.

About the AuthorDave Shreiner, director of graphics technology at ARM, Inc., was a longtime
member of the core OpenGL team at SGI. He authored the first commercial OpenGL training
course and has been developing computer graphics applications for more than two decades.
Dave regularly presents at SIGGRAPH and other conferences worldwide. He is coauthor of the
OpenGL ES 2.0 Programming Guide (Addison-Wesley, 2009) and the OpenGL ® Reference
Manual (Addison-Wesley, 2004), and is series editor for Addison-Wesley s OpenGL Series.
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image.c341Example 8-4Drawing, Copying, and Zooming Pixel Data: image.c357Example
8-5Drawing, Copying, and Zooming Pixel Data Stored in a Buffer Object:
pboimage.c364Example 8-6Retrieving Pixel Data Using Buffer Objects365Example 8-7Pixel
Replacement Using Color Tables: colortable.c371Example 8-8Using Two-Dimensional
Convolution Filters: convolution.c376Example 8-9Exchanging Color Components Using the
Color Matrix: colormatrix.c382Example 8-10Computing and Diagramming an Image’s
Histogram: histogram.c385Example 8-11Computing Minimum and Maximum Pixel Values:
minmax.c388Example 9-1Texture-Mapped Checkerboard: checker.c398Example 9-2Querying
Texture Resources with a Texture Proxy408Example 9-3Replacing a Texture Subimage:
texsub.c410Example 9-4Three-Dimensional Texturing: texture3d.c415Example 9-5Mipmap
Textures: mipmap.c426Example 9-6Setting Base and Maximum Mipmap Levels433Example
9-7Binding Texture Objects: texbind.c439Example 9-8Automatic Texture-Coordinate
Generation: texgen.c459Example 9-9Generating Cube Map Texture Coordinates:
cubemap.c466Example 9-10Initializing Texture Units for Multitexturing: multitex.c469Example
9-11Specifying Vertices for Multitexturing471Example 9-12Reverting to Texture Unit
0472Example 9-13Setting the Programmable Combiner Functions474Example 9-14Setting the
Combiner Function Sources475Example 9-15Using an Alpha Value for RGB Combiner
Operations476Example 9-16Interpolation Combiner Function: combiner.c477Example
9-17Configuring a Point Sprite for Texture Mapping: sprite.c481Example 9-18Rendering Scene
with Viewpoint at Light Source: shadowmap.c484Example 9-19Calculating Texture Coordinates:
shadowmap.c485Example 9-20Rendering Scene Comparing r Coordinate:
shadowmap.c486Example 10-1Using the Stencil Test: stencil.c507Example 10-2Rendering
Geometry with Occlusion Query: occquery.c512Example 10-3Retrieving the Results of an
Occlusion Query: occquery.c513Example 10-4Rendering Using Conditional Rendering:
condrender.c515Example 10-5Depth-of-Field Effect: dof.c522Example 10-6Creating an RGBA
Color Renderbuffer: fbo.c532Example 10-7Attaching a Renderbuffer for Rendering:
fbo.c533Example 10-8Attaching a Texture Level as a Framebuffer Attachment:
fbotexture.c536Example 11-1Registering Tessellation Callbacks: tess.c546Example 11-2Vertex
and Combine Callbacks: tess.c548Example 11-3Polygon Definition: tess.c556Example
11-4Quadrics Objects: quadric.c565Example 12-1Bézier Curve with Four Control Points:
bezcurve.c573Example 12-2Bézier Surface: bezsurf.c580Example 12-3Lit, Shaded Bézier
Surface Using a Mesh: bezmesh.c582Example 12-4Using Evaluators for Textures:
texturesurf.c584Example 12-5NURBS Surface: surface.c588Example 12-6Registering NURBS
Tessellation Callbacks: surfpoints.c599Example 12-7The NURBS Tessellation Callbacks:
surfpoints.c600Example 12-8Trimming a NURBS Surface: trim.c603Example 13-1Creating a
Name Stack609Example 13-2Selection Example: select.c611Example 13-3Picking Example:
picksquare.c616Example 13-4Creating Multiple Names619Example 13-5Using Multiple



Names620Example 13-6Picking with Depth Values: pickdepth.c621Example 13-7Feedback
Mode: feedback.c631Example 14-1Querying and Printing an Error639Example
14-2Determining if an Extension Is Supported (Prior to GLU 1.3)643Example 14-3Locating an
OpenGL Extension with wglGetProcAddress()644Example 15-1A Sample GLSL (Version 1.30)
Vertex Shader673Example 15-2The Same GLSL Vertex Shader (Version 1.40)673Example
15-3Creating and Liking GLSL shaders678Example 15-4Obtaining a Uniform Variable’s Index
and Assigning Values692Example 15-5Declaring a Uniform Variable Block693Example
15-6Initializing Uniform Variables in a Named Uniform Block: ubo.c697Example 15-7Associating
Texture Units with Sampler Variables709Example 15-8Sampling a Texture Within a GLSL
Shader709Example 15-9Dependent Texture Reads in GLSL710Example 15-10Using Transform
Feedback to Capture Geometric Primitives: xfb.c724About This GuideThe OpenGL graphics
system is a software interface to graphics hardware. “GL” stands for “Graphics Library.” It allows
you to create interactive programs that produce color images of moving, three-dimensional
objects. With OpenGL, you can control computer-graphics technology to produce realistic
pictures, or ones that depart from reality in imaginative ways. This guide explains how to
program with the OpenGL graphics system to deliver the visual effect you want.What This Guide
ContainsThis guide has 15 chapters. The first five chapters present basic information that you
need to understand to be able to draw a properly colored and lit three-dimensional object on the
screen.• Chapter 1, “Introduction to OpenGL,” provides a glimpse into the kinds of things
OpenGL can do. It also presents a simple OpenGL program and explains essential
programming details you need to know for subsequent chapters.• Chapter 2, “State
Management and Drawing Geometric Objects,” explains how to create a three-dimensional
geometric description of an object that is eventually drawn on the screen.• Chapter 3, “Viewing,”
describes how such three-dimensional models are transformed before being drawn on a two-
dimensional screen. You can control these transformations to show a particular view of a model.•
Chapter 4, “Color,” describes how to specify the color and shading method used to draw an
object.• Chapter 5, “Lighting,” explains how to control the lighting conditions surrounding an
object and how that object responds to light (that is, how it reflects or absorbs light). Lighting is
an important topic, since objects usually don’t look three-dimensional until they’re lit.The
remaining chapters explain how to optimize or add sophisticated features to your three-
dimensional scene. You might choose not to take advantage of many of these features until
you’re more comfortable with OpenGL. Particularly advanced topics are noted in the text where
they occur.• Chapter 6, “Blending, Antialiasing, Fog, and Polygon Offset,” describes techniques
essential to creating a realistic scene—alpha blending (to create transparent objects),
antialiasing (to eliminate jagged edges), atmospheric effects (to simulate fog or smog), and
polygon offset (to remove visual artifacts when highlighting the edges of filled polygons).•
Chapter 7, “Display Lists,” discusses how to store a series of OpenGL commands for execution
at a later time. You’ll want to use this feature to increase the performance of your OpenGL
program.• Chapter 8, “Drawing Pixels, Bitmaps, Fonts, and Images,” discusses how to work with



sets of two-dimensional data as bitmaps or images. One typical use for bitmaps is describing
characters in fonts.• Chapter 9, “Texture Mapping,” explains how to map one-, two-, and three-
dimensional images called textures onto three-dimensional objects. Many marvelous effects can
be achieved through texture mapping.• Chapter 10, “The Framebuffer,” describes all the possible
buffers that can exist in an OpenGL implementation and how you can control them. You can use
the buffers for such effects as hidden-surface elimination, stenciling, masking, motion blur, and
depth-of-field focusing.• Chapter 11, “Tessellators and Quadrics,” shows how to use the
tessellation and quadrics routines in the GLU (OpenGL Utility Library).• Chapter 12, “Evaluators
and NURBS,” gives an introduction to advanced techniques for efficient generation of curves or
surfaces.• Chapter 13, “Selection and Feedback,” explains how you can use OpenGL’s selection
mechanism to select an object on the screen. Additionally, the chapter explains the feedback
mechanism, which allows you to collect the drawing information OpenGL produces, rather than
having it be used to draw on the screen.• Chapter 14, “Now That You Know,” describes how to
use OpenGL in several clever and unexpected ways to produce interesting results. These
techniques are drawn from years of experience with both OpenGL and the technological
precursor to OpenGL, the Silicon Graphics IRIS Graphics Library.• Chapter 15, “The OpenGL
Shading Language,” discusses the changes that occurred starting with OpenGL Version 2.0.
This includes an introduction to the OpenGL Shading Language, also commonly called the
“GLSL,” which allows you to take control of portions of OpenGL’s processing for vertices and
fragments. This functionality can greatly enhance the image quality and computational power of
OpenGL.There are also several appendices that you will likely find useful:• Appendix A, “Basics
of GLUT: The OpenGL Utility Toolkit,” discusses the library that handles window system
operations. GLUT is portable and it makes code examples shorter and more comprehensible.•
Appendix B, “State Variables,” lists the state variables that OpenGL maintains and describes
how to obtain their values.• Appendix C, “Homogeneous Coordinates and Transformation
Matrices,” explains some of the mathematics behind matrix transformations.• Appendix D,
“OpenGL and Window Systems,” briefly describes the routines available in window-system-
specific libraries, which are extended to support OpenGL rendering. Window system interfaces
to the X Window System, Apple’s Mac OS, and Microsoft Windows are discussed here.Finally,
an extensive Glossary defines the key terms used in this guide.In addition, the appendices listed
below are available at the following Web site:• Appendix E, “Order of Operations,” gives a
technical overview of the operations OpenGL performs, briefly describing them in the order in
which they occur as an application executes.• Appendix F, “Programming Tips,” lists some
programming tips based on the intentions of the designers of OpenGL that you might find
useful.• Appendix G, “OpenGL Invariance,” describes when and where an OpenGL
implementation must generate the exact pixel values described in the OpenGL specification.•
Appendix H, “Calculating Normal Vectors,” tells you how to calculate normal vectors for different
types of geometric objects.• Appendix I, “Built-In OpenGL Shading Language Variables and
Functions,” describes the built-in variables and functions available in the OpenGL Shading



Language.• Appendix J, “Floating-Point Formats for Textures, Framebuffers, and Renderbuffers,”
documents the various floating-point and shared-exponent pixel and texel formats.• Appendix K,
“RGTC Compressed Texture Format,” describes the texture format for storing one- and two-
component compressed textures.• Appendix L, “std140 Uniform Buffer Layout,” documents the
standard memory layout of uniform-variable buffers for GLSL 1.40.What’s New in This
EditionThis seventh edition of the OpenGL Programming Guide includes new and updated
material covering OpenGL Versions 3.0 and 3.1. With those versions, OpenGL—which is
celebrating its eighteenth birthday the year of this writing—has undergone a drastic departure
from its previous revisions. Version 3.0 added a number of new features as well as a
depreciation model, which sets the way for antiquated features to be removed from the library.
Note that only new features were added to Version 3.0, making it completely source and binary
backward compatible with previous versions. However, a number of features were marked as
deprecated, indicating that they may potentially be removed from future versions of the
API.Updates related to OpenGL Version 3.0 that are discussed in this edition include the
following items:• New features in OpenGL:– An update to the OpenGL Shading Language,
creating version 1.30 of GLSL– Conditional rendering– Finer-grained access to mapping buffer
objects’ memory for update and reading– Floating-point pixel formats for framebuffers in addition
to texture map formats (which were added in OpenGL Version 2.1)– Framebuffer and
renderbuffer objects– Compact floating-point representations for reducing the memory storage
usage for small dynamic-range data– Improved support for multisample buffer interactions when
copying data– Non-normalized integer values in texture maps and renderbuffers whose values
retain their original representation, as compared to OpenGL’s normal operation of mapping
those values into the range [0,1]– One- and two-dimensional texture array support– Additional
packed-pixel formats allowing access to the new renderbuffer support– Separate blending and
writemask control for multiple rendering targets– Texture compression format– Single- and
double-component internal formats for textures– Transform feedback– Vertex-array objects–
sRGB framebuffer format• An in-depth discussion of the deprecation model• Bug fixes and
updated token namesAnd for OpenGL Version 3.1:• Identification of features removed due to
deprecation in Version 3.0• New features:– An update to the OpenGL Shading Language,
creating version 1.40 of GLSL– Instanced rendering– Efficient server-side copies of data
between buffers– Rendering of multiple similar primitives within a single draw call using a special
(user-specified) token to indicate when to restart a primitive– Texture buffer objects– Texture
rectangles– Uniform buffer objects– Signed normalized texel formatsWhat You Should Know
Before Reading This GuideThis guide assumes only that you know how to program in the C
language and that you have some background in mathematics (geometry, trigonometry, linear
algebra, calculus, and differential geometry). Even if you have little or no experience with
computer graphics technology, you should be able to follow most of the discussions in this book.
Of course, computer graphics is an ever-expanding subject, so you may want to enrich your
learning experience with supplemental reading:• Computer Graphics: Principles and Practice by



James D. Foley, Andries van Dam, Steven K. Feiner, and John F. Hughes (Addison-Wesley, 1990)
—This book is an encyclopedic treatment of the subject of computer graphics. It includes a
wealth of information but is probably best read after you have some experience with the
subject.• 3D Computer Graphics by Andrew S. Glassner (The Lyons Press, 1994)—This book is
a nontechnical, gentle introduction to computer graphics. It focuses on the visual effects that can
be achieved, rather than on the techniques needed to achieve them.Another great place for all
sorts of general information is the official OpenGL Web site. This Web site contains software,
sample programs, documentation, FAQs, discussion boards, and news. It is always a good place
to start any search for answers to your OpenGL questions:Additionally, full documentation of all
the procedures that compose OpenGL Versions 3.0 and 3.1 will be documented at the official
OpenGL Web site. These Web pages replace the OpenGL Reference Manual that was
published by the OpenGL Architecture Review Board and Addison-Wesley.OpenGL is really a
hardware-independent specification of a programming interface, and you use a particular
implementation of it on a particular kind of hardware. This guide explains how to program with
any OpenGL implementation. However, since implementations may vary slightly—in
performance and in providing additional, optional features, for example—you might want to
investigate whether supplementary documentation is available for the particular implementation
you’re using. In addition, the provider of your particular implementation might have OpenGL-
related utilities, toolkits, programming and debugging support, widgets, sample programs, and
demos available at its Web site.How to Obtain the Sample CodeThis guide contains many
sample programs to illustrate the use of particular OpenGL programming techniques. As the
audience for this guide has a wide range of experience—from novice to seasoned veteran—with
both computer graphics and OpenGL, the examples published in these pages usually present
the simplest approach to a particular rendering situation, demonstrated using the OpenGL
Version 3.0 interface. This is done mainly to make the presentation straightforward and
obtainable to those readers just starting with OpenGL. For those of you with extensive
experience looking for implementations using the latest features of the API, we first thank you for
your patience with those following in your footsteps, and ask that you please visit our Web
site:There, you will find the source code for all examples in this text, implementations using the
latest features, and additional discussion describing the modifications required in moving from
one version of OpenGL to another.All of the programs contained within this book use the
OpenGL Utility Toolkit (GLUT), originally authored by Mark Kilgard. For this edition, we use the
open-source version of the GLUT interface from the folks developing the freeglut project. They
have enhanced Mark’s original work (which is thoroughly documented in his book, OpenGL
Programming for the X Window System (Addison-Wesley, 1996)). You can find their open-
source project page at the following address:You can obtain code and binaries of their
implementation at this site.The section “OpenGL-Related Libraries” in Chapter 1 and Appendix
A give more information about using GLUT. Additional resources to help accelerate your learning
and programming of OpenGL and GLUT can be found at the OpenGL Web site’s resource



pages:Many implementations of OpenGL might also include the code samples as part of the
system. This source code is probably the best source for your implementation, because it might
have been optimized for your system. Read your machine-specific OpenGL documentation to
see where those code samples can be found.ErrataUnfortunately, it is likely this book will have
errors. Additionally, OpenGL is updated during the publication of this guide: Errors are corrected
and clarifications are made to the specification, and new specifications are released. We keep a
list of bugs and updates at our Web site, , where we also offer facilities for reporting any new
bugs you might find. If you find an error, please accept our apologies, and our thanks in advance
for reporting it. We’ll get it corrected as soon as possible.Style ConventionsThese style
conventions are used in this guide:• Bold—Command and routine names and matrices• Italics—
Variables, arguments, parameter names, spatial dimensions, matrix components, and first
occurrences of key terms• Regular—Enumerated types and defined constantsCode examples
are set off from the text in a monospace font, and command summaries are shaded with gray
boxes.In a command summary, braces are used to identify options among data types. In the
following example, glCommand has four possible suffixes: s, i, f, and d, which stand for the data
types GLshort, GLint, GLfloat, and GLdouble. In the function prototype for glCommand, TYPE is
a wildcard that represents the data type indicated by the suffix.void glCommand{sifd}(TYPE x1,
TYPE y1, TYPE x2, TYPE y2);Distinguishing Deprecated FeaturesAs mentioned, this edition of
the OpenGL Programming Guide details Versions 3.0 and 3.1. OpenGL Version 3.0 is entirely
backward compatible with all of the versions made available to this point. However, Version 3.1
employed the deprecation model to remove a number of older features that were less
compatible with modern graphics systems. While numerous features were removed from the
“core” of OpenGL, to ease the transition between versions, the OpenGL ARB released the
GL_ARB_compatibility extension. If your implementation supports this extension, it will be able
to use all of the removed functionality. To easily identify features that were removed from
OpenGL in Version 3.1, but are still supported by the compatibility extension, an informational
table listing the affected functions or tokens will be shown in the margin of this book next to
where the command or feature is introduced in its gray box.Compatibility
ExtensionglBeginGL_POLYGONWhile only features from OpenGL were deprecated and
removed, some of those features affect libraries, such as the OpenGL Utility Library, commonly
called GLU. Those functions that are affected by the changes in OpenGL Version 3.1 are also
listed in a table in the margin.AcknowledgmentsThe Seventh EditionOpenGL Versions 3.0 and
3.1, which this guide covers, mark a new era in the evolution of OpenGL. Once again, the
members of the OpenGL ARB Working Group, as part of the Khronos Group, have worked
tirelessly to provide new versions that leverage the latest developments in graphics technology.
Barthold Lichtenbelt, Bill Licea-Kane, Jeremy Sandmel, and Jon Leech, all of whom lead the
technical sub-groups of the OpenGL ARB Working group deserve our thanks. Additionally,
without the tireless efforts of Neil Trevett, President of the Khronos Group, who has carried the
torch on open-standard media APIs.The staff at Addison-Wesley once again worked miracles in



producing this edition. Debra Williams Cauley, Anna Popick, John Fuller, Molly Sharp, and Jill
Hobbs helped with advice and recommendations in making this manuscript better. A thorough
technical review was provided by Sean Carmody and Bob Kuehne. Their help is greatly
appreciated.The Sixth EditionAs with the seven preceding versions of OpenGL, the guidance of
the OpenGL Architecture Review Board was paramount in its evolution and development.
Without the ARB’s guidance and devotion, OpenGL would surely languish, and once again we
express our gratitude for their efforts.Once again, the staff of Addison-Wesley provided the
support and encouragement to have this edition come to fruition. Debra Williams Cauley, Tyrrell
Albaugh, and John Fuller once again worked miracles in producing this manuscript. Thanks
once again for an effort second to none.The Fifth EditionOpenGL continued its evolutionary
track under the careful guidance of the OpenGL Architecture Review Board and its working
groups. The small committees that help unify the various business and technical differences
among the ARB’s membership deserve our thanks and gratitude. They continue to push
OpenGL’s success to new levels.As always, the ever-patient and helpful staff at Addison-Wesley
were indispensable. Once again, Mary O’Brien, perhaps OpenGL’s most devoted non-
programming (at least to our knowledge) proponent, continues to encourage us to update the
programming guide for the community. Tyrrell Albaugh and John Fuller worked tirelessly in
preparing the manuscript for production. Thanks to you all.The Fourth EditionOpenGL continued
its evolution and success with the aid of many individuals. The OpenGL Architecture Review
Board, along with its many participants, help to mold OpenGL. Their contributions were much
appreciated.Numerous example programs were written by Stace Peterson. Helpful discussions
and clarifications were provided by Maryann Simmons, Patrick Brown, Alan Commike, Brad
Grantham, Bob Kuehne, Jon Leech, Benjamin Lipchak, Marc Olano, and Vicki Shreiner.Once
again, the editorial and production staff at Addison-Wesley were extremely helpful. Thanks to
Mary O’Brien, John Fuller, and Brenda Mulligan.The Third EditionThe third edition of this book
required the support of many individuals.Special thanks are due to the reviewers who
volunteered and trudged through the now seven hundred pages of technical material that
constitute the third edition: Bill Armstrong, Bob Beretta, David Blythe, Dan Brokenshire, Norman
Chin, Steve Cunningham, Angus Dorbie, Laurence Feldman, Celeste Fowler, Jeffery Galinovsky,
Brad Grantham, Eric Haines, David Ishimoto, Mark Kilgard, Dale Kirkland, Jon Leech, Seth
Livingston, Chikai Ohazama, Bimal Poddar, Mike Schmit, John Stauffer, R. Scott Thompson,
David Yu, and Hansong Zhang. Their careful diligence has greatly improved the quality of this
book.An immeasurable debt of gratitude goes to Laura Cooper, Dany Galgani, and Dan Young
for their production support, and to Mary O’Brien, Elizabeth Spainhour, Chanda Leary, and John
Fuller of Addison-Wesley. Additionally, Miriam Geller, Shawn Hopwood, Stacy Maller, and David
Story were instrumental in the coordination and marketing of this effort.The First and Second
EditionsThanks to the long list of pioneers and past contributors to the success of OpenGL and
of this book.Thanks to the chief architects of OpenGL: Mark Segal and Kurt Akeley. Special
recognition goes to the pioneers who heavily contributed to the initial design and functionality of



OpenGL: Allen Akin, David Blythe, Jim Bushnell, Dick Coulter, John Dennis, Raymond Drewry,
Fred Fisher, Celeste Fowler, Chris Frazier, Momi Furuya, Bill Glazier, Kipp Hickman, Paul Ho,
Rick Hodgson, Simon Hui, Lesley Kalmin, Phil Karlton, On Lee, Randi Rost, Kevin P. Smith,
Murali Sundaresan, Pierre Tardif, Linas Vepstas, Chuck Whitmer, Jim Winget, and Wei Yen.The
impetus for the second edition began with Paula Womack and Tom McReynolds of Silicon
Graphics, who recognized the need for a revision and also contributed some of the new material.
John Schimpf, OpenGL Product Manager at Silicon Graphics, was instrumental in getting the
revision off and running.Many thanks go to the people who contributed to the success of the first
and second editions of this book: Cindy Ahuna, Kurt Akeley, Bill Armstrong, Otto Berkes, Andy
Bigos, Drew Bliss, Patrick Brown, Brian Cabral, Norman Chin, Bill Clifford, Jim Cobb, Dick
Coulter, Kathleen Danielson, Suzy Deffeyes, Craig Dunwoody, Fred Fisher, Chris Frazier, Ken
Garnett, Kathy Gochenour, Michael Gold, Mike Heck, Paul Ho, Deanna Hohn, Brian Hook, Kevin
Hunter, Phil Huxley, Renate Kempf, Mark Kilgard, Dale Kirkland, David Koller, Kevin LeFebvre,
Hock San Lee, Zicheng Liu, Rob Mace, Kay Maitz, Tim Misner, Jeremy Morris, Dave Orton,
Bimal Poddar, Susan Riley, Randi Rost, Mark Segal, Igor Sinyak, Bill Sweeney, Pierre Tardif,
Andy Vesper, Henri Warren, Paula Womack, Gilman Wong, Steve Wright, and David Yu.The
color plates received a major overhaul for this edition. The sequence of plates based on the
cover image (Plates 1 through 9) was created by Thad Beier, Seth Katz, and Mason Woo. Plates
10 through 20, 22, and 23 are snapshots of programs created by Mason Woo. Plate 21 was
created by Paul Haeberli. Plate 24 was created by Cyril Kardassevitch of the Institue de
Recherche en Informatique de Toulouse. Plate 25 was created by Yukari Ito and Keisuke Kirii of
Nihon SGI. Plate 26 was created by John Coggi and David Stodden of The Aerospace
Company. Plate 27 was created by Rainer Goebel, Max Planck Institute for Brain Research.
Plate 28 was created by Stefan Brabec and Wolfgang Heidrich of the Max Planck Institute for
Computer Science. Plate 29 was created by Mikko Blomqvist, Mediaclick OY. Plate 30 was
created by Bernd Lutz of Fraunhofer IGD. Finally, Plates 31 and 32, screenshots from the Quake
series of games, were created by id Software.For the color plates that appeared in the previous
editions, we would like to thank Gavin Bell, Barry Brouillette, Rikk Carey, Sharon Clay, Mark Daly,
Alain Dumesny, Ben Garlick, Kevin Goldsmith, Jim Helman, Dave Immel, Paul Isaacs, Michael
Jones, Carl Korobkin, Howard Look, David Mott, Craig Phillips, John Rohlf, Linda Roy, Paul
Strauss, and Doug Voorhies.And now, each of the authors would like to take the 15 minutes that
have been allotted to them by Andy Warhol to say thank you.From the first and second
editions:I’d like to thank my managers at Silicon Graphics—Dave Larson and Way Ting—and
the members of my group—Patricia Creek, Arthur Evans, Beth Fryer, Jed Hartman, Ken Jones,
Robert Reimann, Eve Stratton (aka Margaret-Anne Halse), John Stearns, and Josie Wernecke—
for their support during this lengthy process. Last, but surely not least, I want to thank those
whose contributions toward this project are too deep and mysterious to elucidate: Yvonne
Leach, Kathleen Lancaster, Caroline Rose, Cindy Kleinfeld, and my parents, Florence and
Ferdinand Neider.—JLNIn addition to my parents, Edward and Irene Davis, I’d like to thank the



people who taught me most of what I know about computers and computer graphics—Doug
Engelbart and Jim Clark.—TRDI’d like to thank the many past and current members of Silicon
Graphics whose accommodation and enlightenment were essential to my contribution to this
book: Gerald Anderson, Wendy Chin, Bert Fornaciari, Bill Glazier, Jill Huchital, Howard Look, Bill
Mannel, David Marsland, Dave Orton, Linda Roy, Keith Seto, and Dave Shreiner. Very special
thanks to Karrin Nicol, Leilani Gayles, Kevin Dankwardt, Kiyoshi Hasegawa, and Raj Singh for
their guidance throughout my career. I also bestow much gratitude to my teammates on the
Stanford B ice hockey team for periods of glorious distraction throughout the initial writing of this
book. Finally, I’d like to thank my family, especially my mother, Bo, and my late father, Henry.—
MWAnd for the third edition:I’d first like to acknowledge Mason, who aside from helping me with
this undertaking, has been a great friend and mentor over the years. My knowledge of OpenGL
would be nothing without the masters who have patiently answered my questions: Kurt Akeley,
Allen Akin, David Blythe, Chris Frazier, Mark Kilgard, Mark Segal, Paula Womack, and David Yu
and my current teammates working on OpenGL: Paul Ho, George Kyriazis, Jon Leech, Ken
Nicholson, and David Yu. Additionally, I’d like to recognize Doug Doren, Kerwin Dobbs, and Karl
Sohlberg, who started me on this odyssey so long ago, and Andrew Walton, John Harechmak,
and Alan Dare, who have provided illuminating conversations about graphics over the years.
Finally and most important, I’d like to thank Vicki, my loving wife, my parents, Bonnie and Bob,
and Squiggles and Phantom, who endlessly encourage me in all that I do and have taught me to
enjoy life to the fullest.—DRSAnd for the fourth edition:Once again, I owe Mason a debt of
thanks for helping to jump start this project. Without him, we all might be waiting for an update.
I’d also like to extend my appreciation to Alan Chalmers, James Gain, Geoff Leach, and their
students for their enthusiasm and encouragement. I’d also like to thank ACM/SIGGRAPH,
Afrigraph, Seagraph, and SGI for the ample opportunities to talk about OpenGL to wonderful
audiences worldwide. Brad Grantham, who’s been willing to help out with all my OpenGL
escapades, deserves special thanks. A couple of friends who deserve special mention are Eric
England and Garth Honhart. The biggest thanks goes to those I love most: Vicki, my folks, and
Squiggles, Phantom, and Toby. They continue to make me more successful than I ever imagined.
—DRSAnd for the fifth edition:First and foremost, a tremendous thanks goes to Vicki, my wife,
who patiently waited the countless hours needed to finish this project, and to the rest of my
family: Phantom, Toby, Bonnie, and Bob. I also wish to thank the OpenGL and SIGGRAPH
communities, which continue to encourage me in these endeavors. And thanks to Alan
Commike, Bob Kuehne, Brad Grantham, and Tom True for their help and support in the various
OpenGL activities I coerce them into helping me with.—DRSAnd for the sixth edition:As always,
my deepest appreciation goes to Vicki and Phantom who waited patiently while I toiled on this
edition, and to my parents: Bonnie and Bob, who still encourage and compliment my efforts (and
dig the fact that I actually wound up doing something useful in life). I’d also like to thank the
members of the OpenGL ARB Working Group (now part of the Khronos Group) and its
Ecosystem Technical Subgroup for their efforts in making documentation and information about



OpenGL all the more accessible.A great thanks goes to the Graphics group at the University of
Cape Town’s Visual Computing Laboratory: James Gain, Patrick Marais, Gary Marsden, Bruce
Merry, Carl Hultquist, Christopher de Kadt, Ilan Angel, and Shaun Nirenstein; and Jason Moore.
Last, but certainly not least, thanks once again to the OpenGL and SIGGRAPH communities for
encouraging me to continue this project and providing ever needed feedback. Thanks to you all.
—DRSAnd for the seventh edition:As with every edition, I am entirely endebted to Vicki and
Phantom, for their support and patience. Likewise, my parents, Bonnie and Bob, who wax lyrical
over my efforts; no son could be luckier or prouder.A very large thanks goes to my employer,
ARM, Inc., and in particular to Jem Davies, my manager, for his patience and support when this
project interrupted my responsibilties at work. Likewise, Bruce Merry of ARM whose attention to
detail helped clarify a number of points. Additionally, I’d like to thank my colleagues at ARM who
provide endless entertainment and discussions on graphics and media. And as with every
edition, my sincerest appreciation to the readers of this guide, and the practitioners of OpenGL
worldwide. Thanks for giving me a reason to keep writing.—DRSChapter 1. Introduction to
OpenGLChapter ObjectivesAfter reading this chapter, you’ll be able to do the following:•
Appreciate in general terms what OpenGL does• Identify different levels of rendering
complexity• Understand the basic structure of an OpenGL program• Recognize OpenGL
command syntax• Identify the sequence of operations of the OpenGL rendering pipeline•
Understand in general terms how to animate graphics in an OpenGL programThis chapter
introduces OpenGL. It has the following major sections:• “What Is OpenGL?” explains what
OpenGL is, what it does and doesn’t do, and how it works.• “A Smidgen of OpenGL Code”
presents a small OpenGL program and briefly discusses it. This section also defines a few basic
computer-graphics terms.• “OpenGL Command Syntax” explains some of the conventions and
notations used by OpenGL commands.• “OpenGL as a State Machine” describes the use of
state variables in OpenGL and the commands for querying, enabling, and disabling states.•
“OpenGL Rendering Pipeline” shows a typical sequence of operations for processing geometric
and image data.• “OpenGL-Related Libraries” describes sets of OpenGL-related routines,
including a detailed introduction to GLUT (Graphics Library Utility Toolkit), a portable toolkit.•
“Animation” explains in general terms how to create pictures on the screen that move.• “OpenGL
and Its Deprecation Mechanism” describes which changes deprecation brought into the latest
version(s) of OpenGL, how those changes will affect your applications, and how OpenGL will
evolve in the future in light of those changes.What Is OpenGL?OpenGL is a software interface to
graphics hardware. This interface consists of more than 700 distinct commands (about 670
commands as specified for OpenGL Version 3.0 and another 50 in the OpenGL Utility Library)
that you use to specify the objects and operations needed to produce interactive three-
dimensional applications.OpenGL is designed as a streamlined, hardware-independent
interface to be implemented on many different hardware platforms. To achieve these qualities,
no commands for performing windowing tasks or obtaining user input are included in OpenGL;
instead, you must work through whatever windowing system controls the particular hardware



you’re using. Similarly, OpenGL doesn’t provide high-level commands for describing models of
three-dimensional objects. Such commands might allow you to specify relatively complicated
shapes such as automobiles, parts of the body, airplanes, or molecules. With OpenGL, you must
build your desired model from a small set of geometric primitives—points, lines, and polygons.A
sophisticated library that provides these features could certainly be built on top of OpenGL. The
OpenGL Utility Library (GLU) provides many of the modeling features, such as quadric surfaces
and NURBS curves and surfaces. GLU is a standard part of every OpenGL implementation.Now
that you know what OpenGL doesn’t do, here’s what it does do. Take a look at the color plates—
they illustrate typical uses of OpenGL. They show the scene on the cover of this book, rendered
(which is to say, drawn) by a computer using OpenGL in successively more complicated ways.
The following list describes in general terms how these pictures were made.• Plate 1 shows the
entire scene displayed as a wireframe model—that is, as if all the objects in the scene were
made of wire. Each line of wire corresponds to an edge of a primitive (typically a polygon). For
example, the surface of the table is constructed from triangular polygons that are positioned like
slices of pie.Note that you can see portions of objects that would be obscured if the objects were
solid rather than wireframe. For example, you can see the entire model of the hills outside the
window even though most of this model is normally hidden by the wall of the room. The globe
appears to be nearly solid because it’s composed of hundreds of colored blocks, and you see
the wireframe lines for all the edges of all the blocks, even those forming the back side of the
globe. The way the globe is constructed gives you an idea of how complex objects can be
created by assembling lower-level objects.• Plate 2 shows a depth-cued version of the same
wireframe scene. Note that the lines farther from the eye are dimmer, just as they would be in
real life, thereby giving a visual cue of depth. OpenGL uses atmospheric effects (collectively
referred to as fog) to achieve depth cueing.• Plate 3 shows an antialiased version of the
wireframe scene. Antialiasing is a technique for reducing the jagged edges (also known as
jaggies) created when approximating smooth edges using pixels—short for picture elements—
which are confined to a rectangular grid. Such jaggies are usually the most visible, with near-
horizontal or near-vertical lines.• Plate 4 shows a flat-shaded, unlit version of the scene. The
objects in the scene are now shown as solid. They appear “flat” in the sense that only one color
is used to render each polygon, so they don’t appear smoothly rounded. There are no effects
from any light sources.• Plate 5 shows a lit, smooth-shaded version of the scene. Note how the
scene looks much more realistic and three-dimensional when the objects are shaded to respond
to the light sources in the room, as if the objects were smoothly rounded.• Plate 6 adds shadows
and textures to the previous version of the scene. Shadows aren’t an explicitly defined feature of
OpenGL (there is no “shadow command”), but you can create them yourself using the
techniques described in Chapter 9 and Chapter 14. Texture mapping allows you to apply a two-
dimensional image onto a three-dimensional object. In this scene, the top on the table surface is
the most vibrant example of texture mapping. The wood grain on the floor and table surface are
all texture mapped, as well as the wallpaper and the toy top (on the table).• Plate 7 shows a



motion-blurred object in the scene. The sphinx (or dog, depending on your Rorschach
tendencies) appears to be captured moving forward, leaving a blurred trace of its path of
motion.• Plate 8 shows the scene as it was drawn for the cover of the book from a different
viewpoint. This plate illustrates that the image really is a snapshot of models of three-
dimensional objects.• Plate 9 brings back the use of fog, which was shown in Plate 2 to simulate
the presence of smoke particles in the air. Note how the same effect in Plate 2 now has a more
dramatic impact in Plate 9.• Plate 10 shows the depth-of-field effect, which simulates the inability
of a camera lens to maintain all objects in a photographed scene in focus. The camera focuses
on a particular spot in the scene. Objects that are significantly closer or farther than that spot are
somewhat blurred.The color plates give you an idea of the kinds of things you can do with the
OpenGL graphics system. The following list briefly describes the major graphics operations that
OpenGL performs to render an image on the screen. (See “OpenGL Rendering Pipeline” on
page 10 for detailed information on this order of operations.)Construct shapes from geometric
primitives, thereby creating mathematical descriptions of objects. (OpenGL considers points,
lines, polygons, images, and bitmaps to be primitives.)Arrange the objects in three-dimensional
space and select the desired vantage point for viewing the composed scene.Calculate the
colors of all the objects. The colors might be explicitly assigned by the application, determined
from specified lighting conditions, obtained by pasting textures onto the objects, or some
combination of these operations. These actions may be carried out using shaders, where you
explicitly control all the color computations, or they may be performed internally in OpenGL
using its preprogrammed algorithms (by what is commonly termed the fixed-function
pipeline).Convert the mathematical description of objects and their associated color information
to pixels on the screen. This process is called rasterization.During these stages, OpenGL might
perform other operations, such as eliminating parts of objects that are hidden by other objects.
In addition, after the scene is rasterized but before it’s drawn on the screen, you can perform
some operations on the pixel data if you want.In some implementations (such as with the X
Window System), OpenGL is designed to work even if the computer that displays the graphics
you create isn’t the computer that runs your graphics program. This might be the case if you
work in a networked computer environment where many computers are connected to one
another by a network. In this situation, the computer on which your program runs and issues
OpenGL drawing commands is called the client, and the computer that receives those
commands and performs the drawing is called the server. The format for transmitting OpenGL
commands (called the protocol) from the client to the server is always the same, so OpenGL
programs can work across a network even if the client and server are different kinds of
computers. If an OpenGL program isn’t running across a network, then there’s only one
computer, and it is both the client and the server.A Smidgen of OpenGL CodeBecause you can
do so many things with the OpenGL graphics system, an OpenGL program can be complicated.
However, the basic structure of a useful program can be simple: its tasks are to initialize certain
states that control how OpenGL renders and to specify objects to be rendered.Before you look



at some OpenGL code, let’s go over a few terms. Rendering, which you’ve already seen used, is
the process by which a computer creates images from models. These models, or objects, are
constructed from geometric primitives—points, lines, and polygons—that are specified by their
vertices.The final rendered image consists of pixels drawn on the screen; a pixel is the smallest
visible element the display hardware can put on the screen. Information about the pixels (for
instance, what color they’re supposed to be) is organized in memory into bitplanes. A bitplane is
an area of memory that holds one bit of information for every pixel on the screen; the bit might
indicate how red a particular pixel is supposed to be, for example. The bitplanes are themselves
organized into a framebuffer, which holds all the information that the graphics display needs to
control the color and intensity of all the pixels on the screen.Now look at what an OpenGL
program might look like. Example 1-1 renders a white rectangle on a black background, as
shown in Figure 1-1.Figure 1-1. White Rectangle on a Black BackgroundExample 1-1. Chunk of
OpenGL CodeThe first line of the main() routine initializes a window on the screen: The
InitializeAWindowPlease() routine is meant as a placeholder for window-system-specific
routines, which are generally not OpenGL calls. The next two lines are OpenGL commands that
clear the window to black: glClearColor() establishes what color the window will be cleared to,
and glClear() actually clears the window. Once the clearing color is set, the window is cleared to
that color whenever glClear() is called. This clearing color can be changed with another call to
glClearColor(). Similarly, the glColor3f() command establishes what color to use for drawing
objects—in this case, the color is white. All objects drawn after this point use this color, until it’s
changed with another call to set the color.The next OpenGL command used in the program,
glOrtho(), specifies the coordinate system OpenGL assumes as it draws the final image and
how the image is mapped to the screen. The next calls, which are bracketed by glBegin() and
glEnd(), define the object to be drawn—in this example, a polygon with four vertices. The
polygon’s “corners” are defined by the glVertex3f() commands. As you might be able to guess
from the arguments, which are (x, y, z) coordinates, the polygon is a rectangle on the z = 0
plane.Finally, glFlush() ensures that the drawing commands are actually executed, rather than
stored in a buffer awaiting additional OpenGL commands. The
UpdateTheWindowAndCheckForEvents() placeholder routine manages the contents of the
window and begins event processing.Actually, this piece of OpenGL code isn’t well structured.
You may be asking, “What happens if I try to move or resize the window?” or “Do I need to reset
the coordinate system each time I draw the rectangle?”. Later in this chapter, you will see
replacements for both InitializeAWindowPlease() and UpdateTheWindowAndCheckForEvents()
that actually work but require restructuring of the code to make it efficient.OpenGL Command
SyntaxAs you might have observed from the simple program in the preceding section, OpenGL
commands use the prefix gl and initial capital letters for each word making up the command
name (recall glClearColor(), for example). Similarly, OpenGL defined constants begin with GL_,
use all capital letters, and use underscores to separate words (for example,
GL_COLOR_BUFFER_BIT).You might also have noticed some seemingly extraneous letters



appended to some command names (for example, the 3f in glColor3f() and glVertex3f()). It’s true
that the Color part of the command name glColor3f() is enough to define the command as one
that sets the current color. However, more than one such command has been defined so that
you can use different types of arguments. In particular, the 3 part of the suffix indicates that three
arguments are given; another version of the Color command takes four arguments. The f part of
the suffix indicates that the arguments are floating-point numbers. Having different formats
allows OpenGL to accept the user’s data in his or her own data format.Some OpenGL
commands accept as many as eight different data types for their arguments. The letters used as
suffixes to specify these data types for ISO C implementations of OpenGL are shown in Table
1-1, along with the corresponding OpenGL type definitions. The particular implementation of
OpenGL that you’re using might not follow this scheme exactly; an implementation in C++ or Ada
that supports function overloading, for example, wouldn’t necessarily need to.Table 1-1.
Command Suffixes and Argument Data TypesThus, the two commandsglVertex2i(1,
3);glVertex2f(1.0, 3.0);are equivalent, except that the first specifies the vertex’s coordinates as
32-bit integers, and the second specifies them as single-precision floating-point
numbers.NoteImplementations of OpenGL have leeway in selecting which C data type to use to
represent OpenGL data types. If you resolutely use the OpenGL defined data types throughout
your application, you will avoid mismatched types when porting your code between different
implementations.Some OpenGL commands can take a final letter v, which indicates that the
command takes a pointer to a vector (or array) of values, rather than a series of individual
arguments. Many commands have both vector and nonvector versions, but some commands
accept only individual arguments and others require that at least some of the arguments be
specified as a vector. The following lines show how you might use a vector and a nonvector
version of the command that sets the current color:glColor3f(1.0, 0.0, 0.0);GLfloat color_array[]
= {1.0, 0.0, 0.0};glColor3fv(color_array);Finally, OpenGL defines the type of GLvoid. This is most
often used for OpenGL commands that accept pointers to arrays of values.In the rest of this
guide (except in actual code examples), OpenGL commands are referred to by their base
names only, and an asterisk is included to indicate that there may be more to the command
name. For example, glColor*() stands for all variations of the command you use to set the current
color. If we want to make a specific point about one version of a particular command, we include
the suffix necessary to define that version. For example, glVertex*v() refers to all the vector
versions of the command you use to specify vertices.OpenGL as a State MachineOpenGL is a
state machine, particularly if you’re using the fixed-function pipeline. You put it into various states
(or modes) that then remain in effect until you change them. As you’ve already seen, the current
color is a state variable. You can set the current color to white, red, or any other color, and
thereafter every object is drawn with that color until you set the current color to something else.
The current color is only one of many state variables that OpenGL maintains. Others control
such things as the current viewing and projection transformations, line and polygon stipple
patterns, polygon drawing modes, pixel-packing conventions, positions and characteristics of



lights, and material properties of the objects being drawn. Many state variables refer to modes
that are enabled or disabled with the command glEnable() or glDisable().If you’re using
programmable shaders, depending on which version of OpenGL you’re using, the amount of
state that is exposed to your shaders will vary.Each state variable or mode has a default value,
and at any point you can query the system for each variable’s current value. Typically, you use
one of the six following commands to do this: glGetBooleanv(), glGetDoublev(), glGetFloatv(),
glGetIntegerv(), glGetPointerv(), or glIsEnabled(). Which of these commands you select
depends on what data type you want the answer to be given in. Some state variables have a
more specific query command (such as glGetLight*(), glGetError(), or glGetPolygonStipple()). In
addition, you can save a collection of state variables on an attribute stack with glPushAttrib() or
glPushClientAttrib(), temporarily modify them, and later restore the values with glPopAttrib() or
glPopClientAttrib(). For temporary state changes, you should use these commands rather than
any of the query commands, as they’re likely to be more efficient.See Appendix B for the
complete list of state variables you can query. For each variable, the appendix also lists a
suggested glGet*() command that returns the variable’s value, the attribute class to which it
belongs, and the variable’s default value.OpenGL Rendering PipelineMost implementations of
OpenGL have a similar order of operations, a series of processing stages called the OpenGL
rendering pipeline. This ordering, as shown in Figure 1-2, is not a strict rule about how OpenGL
is implemented, but it provides a reliable guide for predicting what OpenGL will do.Figure 1-2.
Order of OperationsIf you are new to three-dimensional graphics, the upcoming description may
seem like drinking water out of a fire hose. You can skim this now, but come back to Figure 1-2
as you go through each chapter in this book.The following diagram shows the Henry Ford
assembly line approach, which OpenGL takes to processing data. Geometric data (vertices,
lines, and polygons) follow the path through the row of boxes that includes evaluators and per-
vertex operations, while pixel data (pixels, images, and bitmaps) are treated differently for part of
the process. Both types of data undergo the same final steps (rasterization and per-fragment
operations) before the final pixel data is written into the framebuffer.Now you’ll see more detail
about the key stages in the OpenGL rendering pipeline.Display ListsAll data, whether it
describes geometry or pixels, can be saved in a display list for current or later use. (The
alternative to retaining data in a display list is processing the data immediately—also known as
immediate mode.) When a display list is executed, the retained data is sent from the display list
just as if it were sent by the application in immediate mode. (See Chapter 7 for more information
about display lists.)EvaluatorsAll geometric primitives are eventually described by vertices.
Parametric curves and surfaces may be initially described by control points and polynomial
functions called basis functions. Evaluators provide a method for deriving the vertices used to
represent the surface from the control points. The method is a polynomial mapping, which can
produce surface normal, texture coordinates, colors, and spatial coordinate values from the
control points. (See Chapter 12 to learn more about evaluators.)Per-Vertex OperationsFor vertex
data, next is the “per-vertex operations” stage, which converts the vertices into primitives. Some



types of vertex data (for example, spatial coordinates) are transformed by 4 × 4 floating-point
matrices. Spatial coordinates are projected from a position in the 3D world to a position on your
screen. (See Chapter 3 for details about the transformation matrices.)If advanced features are
enabled, this stage is even busier. If texturing is used, texture coordinates may be generated and
transformed here. If lighting is enabled, the lighting calculations are performed using the
transformed vertex, surface normal, light source position, material properties, and other lighting
information to produce a color value.Since OpenGL Version 2.0, you’ve had the option of using
fixed-function vertex processing, as just previously described, or completely controlling the
operation of the per-vertex operations by using vertex shaders. If you employ shaders, all of the
operations in the per-vertex operations stage are replaced by your shader. In Version 3.1, all of
the fixed-function vertex operations are removed (unless your implementation supports the
GL_ARB_compatibility extension), and using a vertex shader is mandatory.Primitive
AssemblyClipping, a major part of primitive assembly, is the elimination of portions of geometry
that fall outside a half-space, defined by a plane. Point clipping simply passes or rejects vertices;
line or polygon clipping can add additional vertices depending on how the line or polygon is
clipped.In some cases, this is followed by perspective division, which makes distant geometric
objects appear smaller than closer objects. Then viewport and depth (z-coordinate) operations
are applied. If culling is enabled and the primitive is a polygon, it then may be rejected by a
culling test. Depending on the polygon mode, a polygon may be drawn as points or lines. (See
“Polygon Details” in Chapter 2.)The results of this stage are complete geometric primitives,
which are the transformed and clipped vertices with related color, depth, and sometimes texture-
coordinate values and guidelines for the rasterization step.Pixel OperationsWhile geometric data
takes one path through the OpenGL rendering pipeline, pixel data takes a different route. Pixels
from an array in system memory are first unpacked from one of a variety of formats into the
proper number of components. Next the data is scaled, biased, and processed by a pixel map.
The results are clamped and then either written into texture memory or sent to the rasterization
step. (See “Imaging Pipeline” in Chapter 8.)If pixel data is read from the framebuffer, pixel-
transfer operations (scale, bias, mapping, and clamping) are performed. Then these results are
packed into an appropriate format and returned to an array in system memory.There are special
pixel copy operations for copying data in the framebuffer to other parts of the framebuffer or to
the texture memory. A single pass is made through the pixel-transfer operations before the data
is written to the texture memory or back to the framebuffer.Many of the pixel operations
described are part of the fixed-function pixel pipeline and often move large amounts of data
around the system. Modern graphics implementations tend to optimize performance by trying to
localize graphics operations to the memory local to the graphics hardware (this description is a
generalization, of course, but it is how most systems are currently implemented). OpenGL
Version 3.0, which supports all of these operations, also introduces framebuffer objects that help
optimize these data movements, in particular, these objects can eliminate some of these
transfers entirely. Framebuffer objects, combined with programmable fragment shaders replace



many of these operations (most notably, those classified as pixel transfers) and provide
significantly more flexibility.Texture AssemblyOpenGL applications can apply texture images to
geometric objects to make the objects look more realistic, which is one of the numerous
techniques enabled by texture mapping. If several texture images are used, it’s wise to put them
into texture objects so that you can easily switch among them.Almost all OpenGL
implementations have special resources for accelerating texture performance (which may be
allocated from a shared pool of resources in the graphics implementation). To help your OpenGL
implementation manage these memory resources efficiently, texture objects may be prioritized
to help control potential caching and locality issues of texture maps. (See Chapter
9.)RasterizationRasterization is the conversion of both geometric and pixel data into fragments.
Each fragment square corresponds to a pixel in the framebuffer. Line and polygon stipples, line
width, point size, shading model, and coverage calculations to support antialiasing are taken
into consideration as vertices are connected into lines or the interior pixels are calculated for a
filled polygon. Color and depth values are generated for each fragment square.Fragment
OperationsBefore values are actually stored in the framebuffer, a series of operations are
performed that may alter or even throw out fragments. All these operations can be enabled or
disabled.The first operation that a fragment might encounter is texturing, where a texel (texture
element) is generated from texture memory for each fragment and applied to the fragment. Next,
primary and secondary colors are combined, and a fog calculation may be applied. If your
application is employing fragment shaders, the preceding three operations may be done in a
shader.After the final color and depth generation of the previous operations, the scissor test, the
alpha test, the stencil test, and the depth-buffer test (the depth buffer is does hidden-surface
removal) are evaluated, if enabled. Failing an enabled test may end the continued processing of
a fragment’s square. Then, blending, dithering, logical operation, and masking by a bitmask may
be performed. (See Chapter 6 and Chapter 10.) Finally, the thoroughly processed fragment is
drawn into the appropriate buffer, where it has finally become a pixel and achieved its final
resting place.OpenGL-Related LibrariesOpenGL provides a powerful but primitive set of
rendering commands, and all higher-level drawing must be done in terms of these commands.
Also, OpenGL programs have to use the underlying mechanisms of the windowing system.
Several libraries enable you to simplify your programming tasks, including the following:• The
OpenGL Utility Library (GLU) contains several routines that use lower-level OpenGL commands
to perform such tasks as setting up matrices for specific viewing orientations and projections,
performing polygon tessellation, and rendering surfaces. This library is provided as part of every
OpenGL implementation. The more useful GLU routines are described in this guide, where
they’re relevant to the topic being discussed, such as in all of Chapter 11 and in the section “The
GLU NURBS Interface” in Chapter 12. GLU routines use the prefix glu.• For every window
system, there is a library that extends the functionality of that window system to support OpenGL
rendering. For machines that use the X Window System, the OpenGL Extension to the X
Window System (GLX) is provided as an adjunct to OpenGL. GLX routines use the prefix glX.



For Microsoft Windows, the WGL routines provide the Windows to OpenGL interface. All WGL
routines use the prefix wgl. For Mac OS, three interfaces are available: AGL (with prefix agl),
CGL (cgl), and Cocoa (NSOpenGL classes).All of these window system extension libraries are
described in more detail in Appendix D.• The OpenGL Utility Toolkit (GLUT) is a window-system-
independent toolkit, originally written by Mark Kilgard, that hides the complexities of differing
window system APIs. In this edition, we use an open-source implementation of GLUT named
freeglut, which extends the original functionality of GLUT. The next section describes the
fundamental routines necessary to author programs using GLUT, all of which are prefixed with
glut. In most parts of the text, we continue to use the term GLUT, with the understanding that we
are using the Freeglut implementation.Include FilesFor all OpenGL applications, you want to
include the OpenGL header files in every file. Many OpenGL applications may use GLU, the
aforementioned OpenGL Utility Library, which requires inclusion of the glu.h header file. So
almost every OpenGL source file begins with#include <GL/gl.h>#include <GL/
glu.h>NoteMicrosoft Windows requires that windows.h be included before either gl.h or glu.h,
because some macros used internally in the Microsoft Windows version of gl.h and glu.h are
defined in windows.h.The OpenGL library changes all the time. The various vendors that make
graphics hardware add new features that may be too new to have been incorporated in gl.h. In
order for you to take advantage of these new extensions to OpenGL, an additional header file is
available, named glext.h. This header contains all of the latest version and extension functions
and tokens and is available in the OpenGL Registry at the OpenGL Web site (). The Registry
also contains the specifications for every OpenGL extension published. As with any header, you
could include it with the following statement:#include "glext.h"You probably noticed the quotes
around the filename, as compared to the normal angle brackets. Because glext.h is how
graphics card vendors enable access to new extensions, you will probably need to download
versions frequently from the Internet, so having a local copy to compile your program is not a
bad idea. Additionally, you may not have permission to place the glext.h header file in a system
header-file include directory (such as /usr/include on Unix-type systems).If you are directly
accessing a window interface library to support OpenGL, such as GLX, WGL, or CGL, you must
include additional header files. For example, if you are calling GLX, you may need to add these
lines to your code:#include <X11/Xlib.h>#include <GL/glx.h>In Microsoft Windows, the WGL
routines are made accessible with#include <windows.h>If you are using GLUT for managing
your window manager tasks, you should include#include <freeglut.h>NoteThe original GLUT
header file was named glut.h. Both glut.h and freeglut.h guarantee that gl.h and glu.h are
properly included for you, so including all three files is redundant. Additionally, these headers
make sure that any internal operating system dependent macros are properly defined before
including gl.h and glu.h. To make your GLUT programs portable, include glut.h or freeglut.h and
do not explicitly include either gl.h or glu.h.Most OpenGL applications also use standard C
library system calls, so it is common to include header files that are not related to graphics, such
as#include <stdlib.h>#include <stdio.h>We don’t include the header file declarations for our



examples in this text, so our examples are less cluttered.Header Files for OpenGL Version 3.1As
compared to OpenGL Version 3.0, which only added new functions and features to the sum of
OpenGL’s functionality, OpenGL Version 3.1 removed functions marked as deprecated. To make
that transition easier for software authors, OpenGL Version 3.1 provides an entire new set of
header files, and recommends a location for vendor to integrate them into the respective
operating systems. You can still use the gl.h and glext.h files, which will continue to document all
OpenGL entry points, regardless of version.However, if you’re porting code to be used only with
Version 3.1, you might consider using the new OpenGL Version 3.1 headers:#include <GL3/
gl3.h>#include <GL3/gl3ext.h>They include functions and tokens for Version 3.1 (for future
versions, the features set will be restricted to that particular version). You should find that these
headers simplify the process of moving existing OpenGL code to newer versions. Like any
OpenGL headers, these files are available for download from the OpenGL Registry ().GLUT, the
OpenGL Utility ToolkitAs you know, OpenGL contains rendering commands but is designed to
be independent of any window system or operating system. Consequently, it contains no
commands for opening windows or reading events from the keyboard or mouse. Unfortunately,
it’s impossible to write a complete graphics program without at least opening a window, and
most interesting programs require a bit of user input or other services from the operating system
or window system. In many cases, complete programs make the most interesting examples, so
this book uses GLUT to simplify opening windows, detecting input, and so on. If you have
implementations of OpenGL and GLUT on your system, the examples in this book should run
without change when linked with your OpenGL and GLUT libraries.In addition, since OpenGL
drawing commands are limited to those that generate simple geometric primitives (points, lines,
and polygons), GLUT includes several routines that create more complicated three-dimensional
objects, such as a sphere, a torus, and a teapot. This way, snapshots of program output can be
interesting to look at. (Note that the OpenGL Utility Library, GLU, also has quadrics routines that
create some of the same three-dimensional objects as GLUT, such as a sphere, cylinder, or
cone.)GLUT may not be satisfactory for full-featured OpenGL applications, but you may find it a
useful starting point for learning OpenGL. The rest of this section briefly describes a small
subset of GLUT routines so that you can follow the programming examples in the rest of this
book. (See Appendix A for more details GLUT).Window ManagementSeveral routines perform
tasks necessary for initializing a window:• glutInit(int *argc, char **argv) initializes GLUT and
processes any command line arguments (for X, this would be options such as -display and -
geometry). glutInit() should be called before any other GLUT routine.•
glutInitDisplayMode(unsigned int mode) specifies whether to use an RGBA or color-index color
model. You can also specify whether you want a single- or double-buffered window. (If you’re
working in color-index mode, you’ll want to load certain colors into the color map; use
glutSetColor() to do this.) Finally, you can use this routine to indicate that you want the window to
have an associated depth, stencil, multisampling, and/or accumulation buffer. For example, if
you want a window with double buffering, the RGBA color model, and a depth buffer, you might



call glutInitDisplayMode(GLUT_DOUBLE | GLUT_RGBA | GLUT_DEPTH).•
glutInitWindowPosition(int x, int y) specifies the screen location for the upper-left corner of your
window.• glutInitWindowSize(int width, int height) specifies the size, in pixels, of your window.•
glutInitContextVersion(int majorVersion, int minorVersion) specifies which version of OpenGL
you want to use. (This is a new addition available only when using Freeglut, and was introduced
with OpenGL Version 3.0. See “OpenGL Contexts” on page 27 for more details on OpenGL
contexts and versions.)• glutInitContextFlags(int flags) specifes the type of OpenGL context you
want to use. For normal OpenGL operation, you can omit this call from your program. However, if
you want to use a forward-compatible OpenGL context, you will need to call this routine. (This is
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Geometry with Occlusion Query: occquery.c512Example 10-3Retrieving the Results of an
Occlusion Query: occquery.c513Example 10-4Rendering Using Conditional Rendering:
condrender.c515Example 10-5Depth-of-Field Effect: dof.c522Example 10-6Creating an RGBA
Color Renderbuffer: fbo.c532Example 10-7Attaching a Renderbuffer for Rendering:
fbo.c533Example 10-8Attaching a Texture Level as a Framebuffer Attachment:
fbotexture.c536Example 11-1Registering Tessellation Callbacks: tess.c546Example 11-2Vertex
and Combine Callbacks: tess.c548Example 11-3Polygon Definition: tess.c556Example
11-4Quadrics Objects: quadric.c565Example 12-1Bézier Curve with Four Control Points:
bezcurve.c573Example 12-2Bézier Surface: bezsurf.c580Example 12-3Lit, Shaded Bézier
Surface Using a Mesh: bezmesh.c582Example 12-4Using Evaluators for Textures:
texturesurf.c584Example 12-5NURBS Surface: surface.c588Example 12-6Registering NURBS
Tessellation Callbacks: surfpoints.c599Example 12-7The NURBS Tessellation Callbacks:
surfpoints.c600Example 12-8Trimming a NURBS Surface: trim.c603Example 13-1Creating a



Name Stack609Example 13-2Selection Example: select.c611Example 13-3Picking Example:
picksquare.c616Example 13-4Creating Multiple Names619Example 13-5Using Multiple
Names620Example 13-6Picking with Depth Values: pickdepth.c621Example 13-7Feedback
Mode: feedback.c631Example 14-1Querying and Printing an Error639Example
14-2Determining if an Extension Is Supported (Prior to GLU 1.3)643Example 14-3Locating an
OpenGL Extension with wglGetProcAddress()644Example 15-1A Sample GLSL (Version 1.30)
Vertex Shader673Example 15-2The Same GLSL Vertex Shader (Version 1.40)673Example
15-3Creating and Liking GLSL shaders678Example 15-4Obtaining a Uniform Variable’s Index
and Assigning Values692Example 15-5Declaring a Uniform Variable Block693Example
15-6Initializing Uniform Variables in a Named Uniform Block: ubo.c697Example 15-7Associating
Texture Units with Sampler Variables709Example 15-8Sampling a Texture Within a GLSL
Shader709Example 15-9Dependent Texture Reads in GLSL710Example 15-10Using Transform
Feedback to Capture Geometric Primitives: xfb.c724Example 1-1Example 1-1Chunk of OpenGL
CodeChunk of OpenGL Code66Example 1-2Example 1-2Simple OpenGL Program Using
GLUT: hello.cSimple OpenGL Program Using GLUT: hello.c1919Example 1-3Example
1-3Double-Buffered Program: double.cDouble-Buffered Program: double.c2525Example
1-4Example 1-4Creating an OpenGL Version 3.0 Context Using GLUTCreating an OpenGL
Version 3.0 Context Using GLUT2828Example 2-1Example 2-1Reshape Callback
FunctionReshape Callback Function4141Example 2-2Example 2-2Legal Uses of
glVertex*()Legal Uses of glVertex*()4646Example 2-3Example 2-3Filled PolygonFilled
Polygon4747Example 2-4Example 2-4Other Constructs between glBegin() and glEnd()Other
Constructs between glBegin() and glEnd()5252Example 2-5Example 2-5Line Stipple Patterns:
lines.cLine Stipple Patterns: lines.c5959Example 2-6Example 2-6Polygon Stipple Patterns:
polys.cPolygon Stipple Patterns: polys.c6565Example 2-7Example 2-7Marking Polygon
Boundary EdgesMarking Polygon Boundary Edges6868Example 2-8Example 2-8Surface
Normals at VerticesSurface Normals at Vertices6969Example 2-9Example 2-9Enabling and
Loading Vertex Arrays: varray.cEnabling and Loading Vertex Arrays: varray.c7575Example
2-10Example 2-10Using glArrayElement() to Define Colors and VerticesUsing glArrayElement()
to Define Colors and Vertices7777Example 2-11Example 2-11Using glDrawElements() to
Dereference Several Array ElementsUsing glDrawElements() to Dereference Several Array
Elements7979Example 2-12Example 2-12Compacting Several glDrawElements() Calls into
OneCompacting Several glDrawElements() Calls into One8080Example 2-13Example 2-13Two
glDrawElements() Calls That Render Two Line StripsTwo glDrawElements() Calls That Render
Two Line Strips8080Example 2-14Example 2-14Use of glMultiDrawElements(): mvarray.cUse of
glMultiDrawElements(): mvarray.c8181Example 2-15Example 2-15Using
glPrimitiveRestartIndex() to Render Multiple Triangle Strips: primrestart.c.Using
glPrimitiveRestartIndex() to Render Multiple Triangle Strips: primrestart.c.8484Example
2-16Example 2-16Effect of glInterleavedArrays(format, stride, pointer)Effect of
glInterleavedArrays(format, stride, pointer)8989Example 2-17Example 2-17Using Buffer Objects



with Vertex DataUsing Buffer Objects with Vertex Data103103Example 2-18Example 2-18Using
Vertex-Array Objects: vao.cUsing Vertex-Array Objects: vao.c106106Example 2-19Example
2-19Drawing an IcosahedronDrawing an Icosahedron115115Example 2-20Example
2-20Generating Normal Vectors for a SurfaceGenerating Normal Vectors for a
Surface117117Example 2-21Example 2-21Calculating the Normalized Cross Product of Two
VectorsCalculating the Normalized Cross Product of Two Vectors117117Example 2-22Example
2-22Single SubdivisionSingle Subdivision119119Example 2-23Example 2-23Recursive
SubdivisionRecursive Subdivision120120Example 2-24Example 2-24Generalized
SubdivisionGeneralized Subdivision121121Example 3-1Example 3-1Transformed Cube:
cube.cTransformed Cube: cube.c130130Example 3-2Example 3-2Using Modeling
Transformations: model.cUsing Modeling Transformations: model.c145145Example 3-3Example
3-3Calculating Field of ViewCalculating Field of View163163Example 3-4Example 3-4Pushing
and Popping the MatrixPushing and Popping the Matrix166166Example 3-5Example
3-5Wireframe Sphere with Two Clipping Planes: clip.cWireframe Sphere with Two Clipping
Planes: clip.c170170Example 3-6Example 3-6Planetary System: planet.cPlanetary System:
planet.c173173Example 3-7Example 3-7Robot Arm: robot.cRobot Arm: robot.c177177Example
3-8Example 3-8Reversing the Geometric Processing Pipeline: unproject.cReversing the
Geometric Processing Pipeline: unproject.c180180Example 4-1Example 4-1Drawing a Smooth-
Shaded Triangle: smooth.cDrawing a Smooth-Shaded Triangle: smooth.c200200Example
5-1Example 5-1Drawing a Lit Sphere: light.cDrawing a Lit Sphere: light.c210210Example
5-2Example 5-2Defining Colors and Position for a Light SourceDefining Colors and Position for a
Light Source215215Example 5-3Example 5-3Second Light SourceSecond Light
Source221221Example 5-4Example 5-4Stationary Light SourceStationary Light
Source222222Example 5-5Example 5-5Independently Moving Light SourceIndependently
Moving Light Source223223Example 5-6Example 5-6Moving a Light with Modeling
Transformations: movelight.cMoving a Light with Modeling Transformations:
movelight.c224224Example 5-7Example 5-7Light Source That Moves with the ViewpointLight
Source That Moves with the Viewpoint226226Example 5-8Example 5-8Different Material
Properties: material.cDifferent Material Properties: material.c235235Example 5-9Example
5-9Using glColorMaterial(): colormat.cUsing glColorMaterial(): colormat.c238238Example
6-1Example 6-1Demonstrating the Blend Equation Modes: blendeqn.cDemonstrating the Blend
Equation Modes: blendeqn.c256256Example 6-2Example 6-2Blending Example:
alpha.cBlending Example: alpha.c261261Example 6-3Example 6-3Three-Dimensional
Blending: alpha3D.cThree-Dimensional Blending: alpha3D.c264264Example 6-4Example
6-4Antialiased Lines: aargb.cAntialiased Lines: aargb.c270270Example 6-5Example
6-5Antialiasing in Color-Index Mode: aaindex.cAntialiasing in Color-Index Mode:
aaindex.c272272Example 6-6Example 6-6Enabling Multisampling: multisamp.cEnabling
Multisampling: multisamp.c276276Example 6-7Example 6-7Five Fogged Spheres in RGBA
Mode: fog.cFive Fogged Spheres in RGBA Mode: fog.c281281Example 6-8Example 6-8Fog in



Color-Index Mode: fogindex.cFog in Color-Index Mode: fogindex.c286286Example 6-9Example
6-9Fog Coordinates: fogcoord.cFog Coordinates: fogcoord.c289289Example 6-10Example
6-10Point Parameters: pointp.cPoint Parameters: pointp.c292292Example 6-11Example
6-11Polygon Offset to Eliminate Visual Artifacts: polyoff.cPolygon Offset to Eliminate Visual
Artifacts: polyoff.c296296Example 7-1Example 7-1Creating a Display List: torus.cCreating a
Display List: torus.c299299Example 7-2Example 7-2Using a Display List: list.cUsing a Display
List: list.c305305Example 7-3Example 7-3Hierarchical Display ListHierarchical Display
List311311Example 7-4Example 7-4Defining Multiple Display ListsDefining Multiple Display
Lists313313Example 7-5Example 7-5Multiple Display Lists to Define a Stroked Font:
stroke.cMultiple Display Lists to Define a Stroked Font: stroke.c314314Example 7-6Example
7-6Persistence of State Changes after Execution of a Display ListPersistence of State Changes
after Execution of a Display List318318Example 7-7Example 7-7Restoring State Variables
within a Display ListRestoring State Variables within a Display List319319Example 7-8Example
7-8The Display List May or May Not Affect drawLine()The Display List May or May Not Affect
drawLine()319319Example 7-9Example 7-9Display Lists for Mode ChangesDisplay Lists for
Mode Changes320320Example 8-1Example 8-1Drawing a Bitmapped Character:
drawf.cDrawing a Bitmapped Character: drawf.c324324Example 8-2Example 8-2Drawing a
Complete Font: font.cDrawing a Complete Font: font.c331331Example 8-3Example 8-3Use of
glDrawPixels(): image.cUse of glDrawPixels(): image.c341341Example 8-4Example 8-4Drawing,
Copying, and Zooming Pixel Data: image.cDrawing, Copying, and Zooming Pixel Data:
image.c357357Example 8-5Example 8-5Drawing, Copying, and Zooming Pixel Data Stored in a
Buffer Object: pboimage.cDrawing, Copying, and Zooming Pixel Data Stored in a Buffer Object:
pboimage.c364364Example 8-6Example 8-6Retrieving Pixel Data Using Buffer
ObjectsRetrieving Pixel Data Using Buffer Objects365365Example 8-7Example 8-7Pixel
Replacement Using Color Tables: colortable.cPixel Replacement Using Color Tables:
colortable.c371371Example 8-8Example 8-8Using Two-Dimensional Convolution Filters:
convolution.cUsing Two-Dimensional Convolution Filters: convolution.c376376Example
8-9Example 8-9Exchanging Color Components Using the Color Matrix:
colormatrix.cExchanging Color Components Using the Color Matrix:
colormatrix.c382382Example 8-10Example 8-10Computing and Diagramming an Image’s
Histogram: histogram.cComputing and Diagramming an Image’s Histogram:
histogram.c385385Example 8-11Example 8-11Computing Minimum and Maximum Pixel
Values: minmax.cComputing Minimum and Maximum Pixel Values: minmax.c388388Example
9-1Example 9-1Texture-Mapped Checkerboard: checker.cTexture-Mapped Checkerboard:
checker.c398398Example 9-2Example 9-2Querying Texture Resources with a Texture
ProxyQuerying Texture Resources with a Texture Proxy408408Example 9-3Example
9-3Replacing a Texture Subimage: texsub.cReplacing a Texture Subimage:
texsub.c410410Example 9-4Example 9-4Three-Dimensional Texturing: texture3d.cThree-
Dimensional Texturing: texture3d.c415415Example 9-5Example 9-5Mipmap Textures:



mipmap.cMipmap Textures: mipmap.c426426Example 9-6Example 9-6Setting Base and
Maximum Mipmap LevelsSetting Base and Maximum Mipmap Levels433433Example
9-7Example 9-7Binding Texture Objects: texbind.cBinding Texture Objects:
texbind.c439439Example 9-8Example 9-8Automatic Texture-Coordinate Generation:
texgen.cAutomatic Texture-Coordinate Generation: texgen.c459459Example 9-9Example
9-9Generating Cube Map Texture Coordinates: cubemap.cGenerating Cube Map Texture
Coordinates: cubemap.c466466Example 9-10Example 9-10Initializing Texture Units for
Multitexturing: multitex.cInitializing Texture Units for Multitexturing: multitex.c469469Example
9-11Example 9-11Specifying Vertices for MultitexturingSpecifying Vertices for
Multitexturing471471Example 9-12Example 9-12Reverting to Texture Unit 0Reverting to Texture
Unit 0472472Example 9-13Example 9-13Setting the Programmable Combiner FunctionsSetting
the Programmable Combiner Functions474474Example 9-14Example 9-14Setting the
Combiner Function SourcesSetting the Combiner Function Sources475475Example
9-15Example 9-15Using an Alpha Value for RGB Combiner OperationsUsing an Alpha Value for
RGB Combiner Operations476476Example 9-16Example 9-16Interpolation Combiner Function:
combiner.cInterpolation Combiner Function: combiner.c477477Example 9-17Example
9-17Configuring a Point Sprite for Texture Mapping: sprite.cConfiguring a Point Sprite for Texture
Mapping: sprite.c481481Example 9-18Example 9-18Rendering Scene with Viewpoint at Light
Source: shadowmap.cRendering Scene with Viewpoint at Light Source:
shadowmap.c484484Example 9-19Example 9-19Calculating Texture Coordinates:
shadowmap.cCalculating Texture Coordinates: shadowmap.c485485Example 9-20Example
9-20Rendering Scene Comparing r Coordinate: shadowmap.cRendering Scene Comparing r
Coordinate: shadowmap.c486486Example 10-1Example 10-1Using the Stencil Test:
stencil.cUsing the Stencil Test: stencil.c507507Example 10-2Example 10-2Rendering Geometry
with Occlusion Query: occquery.cRendering Geometry with Occlusion Query:
occquery.c512512Example 10-3Example 10-3Retrieving the Results of an Occlusion Query:
occquery.cRetrieving the Results of an Occlusion Query: occquery.c513513Example
10-4Example 10-4Rendering Using Conditional Rendering: condrender.cRendering Using
Conditional Rendering: condrender.c515515Example 10-5Example 10-5Depth-of-Field Effect:
dof.cDepth-of-Field Effect: dof.c522522Example 10-6Example 10-6Creating an RGBA Color
Renderbuffer: fbo.cCreating an RGBA Color Renderbuffer: fbo.c532532Example 10-7Example
10-7Attaching a Renderbuffer for Rendering: fbo.cAttaching a Renderbuffer for Rendering:
fbo.c533533Example 10-8Example 10-8Attaching a Texture Level as a Framebuffer Attachment:
fbotexture.cAttaching a Texture Level as a Framebuffer Attachment: fbotexture.c536536Example
11-1Example 11-1Registering Tessellation Callbacks: tess.cRegistering Tessellation Callbacks:
tess.c546546Example 11-2Example 11-2Vertex and Combine Callbacks: tess.cVertex and
Combine Callbacks: tess.c548548Example 11-3Example 11-3Polygon Definition: tess.cPolygon
Definition: tess.c556556Example 11-4Example 11-4Quadrics Objects: quadric.cQuadrics
Objects: quadric.c565565Example 12-1Example 12-1Bézier Curve with Four Control Points:



bezcurve.cBézier Curve with Four Control Points: bezcurve.c573573Example 12-2Example
12-2Bézier Surface: bezsurf.cBézier Surface: bezsurf.c580580Example 12-3Example 12-3Lit,
Shaded Bézier Surface Using a Mesh: bezmesh.cLit, Shaded Bézier Surface Using a Mesh:
bezmesh.c582582Example 12-4Example 12-4Using Evaluators for Textures: texturesurf.cUsing
Evaluators for Textures: texturesurf.c584584Example 12-5Example 12-5NURBS Surface:
surface.cNURBS Surface: surface.c588588Example 12-6Example 12-6Registering NURBS
Tessellation Callbacks: surfpoints.cRegistering NURBS Tessellation Callbacks:
surfpoints.c599599Example 12-7Example 12-7The NURBS Tessellation Callbacks:
surfpoints.cThe NURBS Tessellation Callbacks: surfpoints.c600600Example 12-8Example
12-8Trimming a NURBS Surface: trim.cTrimming a NURBS Surface: trim.c603603Example
13-1Example 13-1Creating a Name StackCreating a Name Stack609609Example 13-2Example
13-2Selection Example: select.cSelection Example: select.c611611Example 13-3Example
13-3Picking Example: picksquare.cPicking Example: picksquare.c616616Example 13-4Example
13-4Creating Multiple NamesCreating Multiple Names619619Example 13-5Example 13-5Using
Multiple NamesUsing Multiple Names620620Example 13-6Example 13-6Picking with Depth
Values: pickdepth.cPicking with Depth Values: pickdepth.c621621Example 13-7Example
13-7Feedback Mode: feedback.cFeedback Mode: feedback.c631631Example 14-1Example
14-1Querying and Printing an ErrorQuerying and Printing an Error639639Example 14-2Example
14-2Determining if an Extension Is Supported (Prior to GLU 1.3)Determining if an Extension Is
Supported (Prior to GLU 1.3)643643Example 14-3Example 14-3Locating an OpenGL Extension
with wglGetProcAddress()Locating an OpenGL Extension with
wglGetProcAddress()644644Example 15-1Example 15-1A Sample GLSL (Version 1.30) Vertex
ShaderA Sample GLSL (Version 1.30) Vertex Shader673673Example 15-2Example 15-2The
Same GLSL Vertex Shader (Version 1.40)The Same GLSL Vertex Shader (Version
1.40)673673Example 15-3Example 15-3Creating and Liking GLSL shadersCreating and Liking
GLSL shaders678678Example 15-4Example 15-4Obtaining a Uniform Variable’s Index and
Assigning ValuesObtaining a Uniform Variable’s Index and Assigning Values692692Example
15-5Example 15-5Declaring a Uniform Variable BlockDeclaring a Uniform Variable
Block693693Example 15-6Example 15-6Initializing Uniform Variables in a Named Uniform
Block: ubo.cInitializing Uniform Variables in a Named Uniform Block: ubo.c697697Example
15-7Example 15-7Associating Texture Units with Sampler VariablesAssociating Texture Units
with Sampler Variables709709Example 15-8Example 15-8Sampling a Texture Within a GLSL
ShaderSampling a Texture Within a GLSL Shader709709Example 15-9Example
15-9Dependent Texture Reads in GLSLDependent Texture Reads in GLSL710710Example
15-10Example 15-10Using Transform Feedback to Capture Geometric Primitives: xfb.cUsing
Transform Feedback to Capture Geometric Primitives: xfb.c724724About This GuideThe
OpenGL graphics system is a software interface to graphics hardware. “GL” stands for “Graphics
Library.” It allows you to create interactive programs that produce color images of moving, three-
dimensional objects. With OpenGL, you can control computer-graphics technology to produce



realistic pictures, or ones that depart from reality in imaginative ways. This guide explains how to
program with the OpenGL graphics system to deliver the visual effect you want.What This Guide
ContainsThis guide has 15 chapters. The first five chapters present basic information that you
need to understand to be able to draw a properly colored and lit three-dimensional object on the
screen.• Chapter 1, “Introduction to OpenGL,” provides a glimpse into the kinds of things
OpenGL can do. It also presents a simple OpenGL program and explains essential
programming details you need to know for subsequent chapters.• Chapter 2, “State
Management and Drawing Geometric Objects,” explains how to create a three-dimensional
geometric description of an object that is eventually drawn on the screen.• Chapter 3, “Viewing,”
describes how such three-dimensional models are transformed before being drawn on a two-
dimensional screen. You can control these transformations to show a particular view of a model.•
Chapter 4, “Color,” describes how to specify the color and shading method used to draw an
object.• Chapter 5, “Lighting,” explains how to control the lighting conditions surrounding an
object and how that object responds to light (that is, how it reflects or absorbs light). Lighting is
an important topic, since objects usually don’t look three-dimensional until they’re lit.The
remaining chapters explain how to optimize or add sophisticated features to your three-
dimensional scene. You might choose not to take advantage of many of these features until
you’re more comfortable with OpenGL. Particularly advanced topics are noted in the text where
they occur.• Chapter 6, “Blending, Antialiasing, Fog, and Polygon Offset,” describes techniques
essential to creating a realistic scene—alpha blending (to create transparent objects),
antialiasing (to eliminate jagged edges), atmospheric effects (to simulate fog or smog), and
polygon offset (to remove visual artifacts when highlighting the edges of filled polygons).•
Chapter 7, “Display Lists,” discusses how to store a series of OpenGL commands for execution
at a later time. You’ll want to use this feature to increase the performance of your OpenGL
program.• Chapter 8, “Drawing Pixels, Bitmaps, Fonts, and Images,” discusses how to work with
sets of two-dimensional data as bitmaps or images. One typical use for bitmaps is describing
characters in fonts.• Chapter 9, “Texture Mapping,” explains how to map one-, two-, and three-
dimensional images called textures onto three-dimensional objects. Many marvelous effects can
be achieved through texture mapping.• Chapter 10, “The Framebuffer,” describes all the possible
buffers that can exist in an OpenGL implementation and how you can control them. You can use
the buffers for such effects as hidden-surface elimination, stenciling, masking, motion blur, and
depth-of-field focusing.• Chapter 11, “Tessellators and Quadrics,” shows how to use the
tessellation and quadrics routines in the GLU (OpenGL Utility Library).• Chapter 12, “Evaluators
and NURBS,” gives an introduction to advanced techniques for efficient generation of curves or
surfaces.• Chapter 13, “Selection and Feedback,” explains how you can use OpenGL’s selection
mechanism to select an object on the screen. Additionally, the chapter explains the feedback
mechanism, which allows you to collect the drawing information OpenGL produces, rather than
having it be used to draw on the screen.• Chapter 14, “Now That You Know,” describes how to
use OpenGL in several clever and unexpected ways to produce interesting results. These



techniques are drawn from years of experience with both OpenGL and the technological
precursor to OpenGL, the Silicon Graphics IRIS Graphics Library.• Chapter 15, “The OpenGL
Shading Language,” discusses the changes that occurred starting with OpenGL Version 2.0.
This includes an introduction to the OpenGL Shading Language, also commonly called the
“GLSL,” which allows you to take control of portions of OpenGL’s processing for vertices and
fragments. This functionality can greatly enhance the image quality and computational power of
OpenGL.There are also several appendices that you will likely find useful:• Appendix A, “Basics
of GLUT: The OpenGL Utility Toolkit,” discusses the library that handles window system
operations. GLUT is portable and it makes code examples shorter and more comprehensible.•
Appendix B, “State Variables,” lists the state variables that OpenGL maintains and describes
how to obtain their values.• Appendix C, “Homogeneous Coordinates and Transformation
Matrices,” explains some of the mathematics behind matrix transformations.• Appendix D,
“OpenGL and Window Systems,” briefly describes the routines available in window-system-
specific libraries, which are extended to support OpenGL rendering. Window system interfaces
to the X Window System, Apple’s Mac OS, and Microsoft Windows are discussed here.Finally,
an extensive Glossary defines the key terms used in this guide.In addition, the appendices listed
below are available at the following Web site:• Appendix E, “Order of Operations,” gives a
technical overview of the operations OpenGL performs, briefly describing them in the order in
which they occur as an application executes.• Appendix F, “Programming Tips,” lists some
programming tips based on the intentions of the designers of OpenGL that you might find
useful.• Appendix G, “OpenGL Invariance,” describes when and where an OpenGL
implementation must generate the exact pixel values described in the OpenGL specification.•
Appendix H, “Calculating Normal Vectors,” tells you how to calculate normal vectors for different
types of geometric objects.• Appendix I, “Built-In OpenGL Shading Language Variables and
Functions,” describes the built-in variables and functions available in the OpenGL Shading
Language.• Appendix J, “Floating-Point Formats for Textures, Framebuffers, and Renderbuffers,”
documents the various floating-point and shared-exponent pixel and texel formats.• Appendix K,
“RGTC Compressed Texture Format,” describes the texture format for storing one- and two-
component compressed textures.• Appendix L, “std140 Uniform Buffer Layout,” documents the
standard memory layout of uniform-variable buffers for GLSL 1.40.What’s New in This
EditionThis seventh edition of the OpenGL Programming Guide includes new and updated
material covering OpenGL Versions 3.0 and 3.1. With those versions, OpenGL—which is
celebrating its eighteenth birthday the year of this writing—has undergone a drastic departure
from its previous revisions. Version 3.0 added a number of new features as well as a
depreciation model, which sets the way for antiquated features to be removed from the library.
Note that only new features were added to Version 3.0, making it completely source and binary
backward compatible with previous versions. However, a number of features were marked as
deprecated, indicating that they may potentially be removed from future versions of the
API.Updates related to OpenGL Version 3.0 that are discussed in this edition include the



following items:• New features in OpenGL:– An update to the OpenGL Shading Language,
creating version 1.30 of GLSL– Conditional rendering– Finer-grained access to mapping buffer
objects’ memory for update and reading– Floating-point pixel formats for framebuffers in addition
to texture map formats (which were added in OpenGL Version 2.1)– Framebuffer and
renderbuffer objects– Compact floating-point representations for reducing the memory storage
usage for small dynamic-range data– Improved support for multisample buffer interactions when
copying data– Non-normalized integer values in texture maps and renderbuffers whose values
retain their original representation, as compared to OpenGL’s normal operation of mapping
those values into the range [0,1]– One- and two-dimensional texture array support– Additional
packed-pixel formats allowing access to the new renderbuffer support– Separate blending and
writemask control for multiple rendering targets– Texture compression format– Single- and
double-component internal formats for textures– Transform feedback– Vertex-array objects–
sRGB framebuffer format• An in-depth discussion of the deprecation model• Bug fixes and
updated token namesAnd for OpenGL Version 3.1:• Identification of features removed due to
deprecation in Version 3.0• New features:– An update to the OpenGL Shading Language,
creating version 1.40 of GLSL– Instanced rendering– Efficient server-side copies of data
between buffers– Rendering of multiple similar primitives within a single draw call using a special
(user-specified) token to indicate when to restart a primitive– Texture buffer objects– Texture
rectangles– Uniform buffer objects– Signed normalized texel formatsWhat You Should Know
Before Reading This GuideThis guide assumes only that you know how to program in the C
language and that you have some background in mathematics (geometry, trigonometry, linear
algebra, calculus, and differential geometry). Even if you have little or no experience with
computer graphics technology, you should be able to follow most of the discussions in this book.
Of course, computer graphics is an ever-expanding subject, so you may want to enrich your
learning experience with supplemental reading:• Computer Graphics: Principles and Practice by
James D. Foley, Andries van Dam, Steven K. Feiner, and John F. Hughes (Addison-Wesley, 1990)
—This book is an encyclopedic treatment of the subject of computer graphics. It includes a
wealth of information but is probably best read after you have some experience with the
subject.• 3D Computer Graphics by Andrew S. Glassner (The Lyons Press, 1994)—This book is
a nontechnical, gentle introduction to computer graphics. It focuses on the visual effects that can
be achieved, rather than on the techniques needed to achieve them.Another great place for all
sorts of general information is the official OpenGL Web site. This Web site contains software,
sample programs, documentation, FAQs, discussion boards, and news. It is always a good place
to start any search for answers to your OpenGL questions:Additionally, full documentation of all
the procedures that compose OpenGL Versions 3.0 and 3.1 will be documented at the official
OpenGL Web site. These Web pages replace the OpenGL Reference Manual that was
published by the OpenGL Architecture Review Board and Addison-Wesley.OpenGL is really a
hardware-independent specification of a programming interface, and you use a particular
implementation of it on a particular kind of hardware. This guide explains how to program with



any OpenGL implementation. However, since implementations may vary slightly—in
performance and in providing additional, optional features, for example—you might want to
investigate whether supplementary documentation is available for the particular implementation
you’re using. In addition, the provider of your particular implementation might have OpenGL-
related utilities, toolkits, programming and debugging support, widgets, sample programs, and
demos available at its Web site.How to Obtain the Sample CodeThis guide contains many
sample programs to illustrate the use of particular OpenGL programming techniques. As the
audience for this guide has a wide range of experience—from novice to seasoned veteran—with
both computer graphics and OpenGL, the examples published in these pages usually present
the simplest approach to a particular rendering situation, demonstrated using the OpenGL
Version 3.0 interface. This is done mainly to make the presentation straightforward and
obtainable to those readers just starting with OpenGL. For those of you with extensive
experience looking for implementations using the latest features of the API, we first thank you for
your patience with those following in your footsteps, and ask that you please visit our Web
site:There, you will find the source code for all examples in this text, implementations using the
latest features, and additional discussion describing the modifications required in moving from
one version of OpenGL to another.All of the programs contained within this book use the
OpenGL Utility Toolkit (GLUT), originally authored by Mark Kilgard. For this edition, we use the
open-source version of the GLUT interface from the folks developing the freeglut project. They
have enhanced Mark’s original work (which is thoroughly documented in his book, OpenGL
Programming for the X Window System (Addison-Wesley, 1996)). You can find their open-
source project page at the following address:You can obtain code and binaries of their
implementation at this site.The section “OpenGL-Related Libraries” in Chapter 1 and Appendix
A give more information about using GLUT. Additional resources to help accelerate your learning
and programming of OpenGL and GLUT can be found at the OpenGL Web site’s resource
pages:Many implementations of OpenGL might also include the code samples as part of the
system. This source code is probably the best source for your implementation, because it might
have been optimized for your system. Read your machine-specific OpenGL documentation to
see where those code samples can be found.ErrataUnfortunately, it is likely this book will have
errors. Additionally, OpenGL is updated during the publication of this guide: Errors are corrected
and clarifications are made to the specification, and new specifications are released. We keep a
list of bugs and updates at our Web site, , where we also offer facilities for reporting any new
bugs you might find. If you find an error, please accept our apologies, and our thanks in advance
for reporting it. We’ll get it corrected as soon as possible.Style ConventionsThese style
conventions are used in this guide:• Bold—Command and routine names and matrices• Italics—
Variables, arguments, parameter names, spatial dimensions, matrix components, and first
occurrences of key terms• Regular—Enumerated types and defined constantsCode examples
are set off from the text in a monospace font, and command summaries are shaded with gray
boxes.In a command summary, braces are used to identify options among data types. In the



following example, glCommand has four possible suffixes: s, i, f, and d, which stand for the data
types GLshort, GLint, GLfloat, and GLdouble. In the function prototype for glCommand, TYPE is
a wildcard that represents the data type indicated by the suffix.void glCommand{sifd}(TYPE x1,
TYPE y1, TYPE x2, TYPE y2);Distinguishing Deprecated FeaturesAs mentioned, this edition of
the OpenGL Programming Guide details Versions 3.0 and 3.1. OpenGL Version 3.0 is entirely
backward compatible with all of the versions made available to this point. However, Version 3.1
employed the deprecation model to remove a number of older features that were less
compatible with modern graphics systems. While numerous features were removed from the
“core” of OpenGL, to ease the transition between versions, the OpenGL ARB released the
GL_ARB_compatibility extension. If your implementation supports this extension, it will be able
to use all of the removed functionality. To easily identify features that were removed from
OpenGL in Version 3.1, but are still supported by the compatibility extension, an informational
table listing the affected functions or tokens will be shown in the margin of this book next to
where the command or feature is introduced in its gray box.Compatibility
ExtensionglBeginGL_POLYGONWhile only features from OpenGL were deprecated and
removed, some of those features affect libraries, such as the OpenGL Utility Library, commonly
called GLU. Those functions that are affected by the changes in OpenGL Version 3.1 are also
listed in a table in the margin.About This GuideAbout This GuideThe OpenGL graphics system
is a software interface to graphics hardware. “GL” stands for “Graphics Library.” It allows you to
create interactive programs that produce color images of moving, three-dimensional objects.
With OpenGL, you can control computer-graphics technology to produce realistic pictures, or
ones that depart from reality in imaginative ways. This guide explains how to program with the
OpenGL graphics system to deliver the visual effect you want.What This Guide ContainsWhat
This Guide ContainsThis guide has 15 chapters. The first five chapters present basic information
that you need to understand to be able to draw a properly colored and lit three-dimensional
object on the screen.• Chapter 1, “Introduction to OpenGL,” provides a glimpse into the kinds of
things OpenGL can do. It also presents a simple OpenGL program and explains essential
programming details you need to know for subsequent chapters.• Chapter 2, “State
Management and Drawing Geometric Objects,” explains how to create a three-dimensional
geometric description of an object that is eventually drawn on the screen.• Chapter 3, “Viewing,”
describes how such three-dimensional models are transformed before being drawn on a two-
dimensional screen. You can control these transformations to show a particular view of a model.•
Chapter 4, “Color,” describes how to specify the color and shading method used to draw an
object.• Chapter 5, “Lighting,” explains how to control the lighting conditions surrounding an
object and how that object responds to light (that is, how it reflects or absorbs light). Lighting is
an important topic, since objects usually don’t look three-dimensional until they’re lit.The
remaining chapters explain how to optimize or add sophisticated features to your three-
dimensional scene. You might choose not to take advantage of many of these features until
you’re more comfortable with OpenGL. Particularly advanced topics are noted in the text where



they occur.• Chapter 6, “Blending, Antialiasing, Fog, and Polygon Offset,” describes techniques
essential to creating a realistic scene—alpha blending (to create transparent objects),
antialiasing (to eliminate jagged edges), atmospheric effects (to simulate fog or smog), and
polygon offset (to remove visual artifacts when highlighting the edges of filled polygons).•
Chapter 7, “Display Lists,” discusses how to store a series of OpenGL commands for execution
at a later time. You’ll want to use this feature to increase the performance of your OpenGL
program.• Chapter 8, “Drawing Pixels, Bitmaps, Fonts, and Images,” discusses how to work with
sets of two-dimensional data as bitmaps or images. One typical use for bitmaps is describing
characters in fonts.• Chapter 9, “Texture Mapping,” explains how to map one-, two-, and three-
dimensional images called textures onto three-dimensional objects. Many marvelous effects can
be achieved through texture mapping.• Chapter 10, “The Framebuffer,” describes all the possible
buffers that can exist in an OpenGL implementation and how you can control them. You can use
the buffers for such effects as hidden-surface elimination, stenciling, masking, motion blur, and
depth-of-field focusing.• Chapter 11, “Tessellators and Quadrics,” shows how to use the
tessellation and quadrics routines in the GLU (OpenGL Utility Library).• Chapter 12, “Evaluators
and NURBS,” gives an introduction to advanced techniques for efficient generation of curves or
surfaces.• Chapter 13, “Selection and Feedback,” explains how you can use OpenGL’s selection
mechanism to select an object on the screen. Additionally, the chapter explains the feedback
mechanism, which allows you to collect the drawing information OpenGL produces, rather than
having it be used to draw on the screen.• Chapter 14, “Now That You Know,” describes how to
use OpenGL in several clever and unexpected ways to produce interesting results. These
techniques are drawn from years of experience with both OpenGL and the technological
precursor to OpenGL, the Silicon Graphics IRIS Graphics Library.• Chapter 15, “The OpenGL
Shading Language,” discusses the changes that occurred starting with OpenGL Version 2.0.
This includes an introduction to the OpenGL Shading Language, also commonly called the
“GLSL,” which allows you to take control of portions of OpenGL’s processing for vertices and
fragments. This functionality can greatly enhance the image quality and computational power of
OpenGL.There are also several appendices that you will likely find useful:• Appendix A, “Basics
of GLUT: The OpenGL Utility Toolkit,” discusses the library that handles window system
operations. GLUT is portable and it makes code examples shorter and more comprehensible.•
Appendix B, “State Variables,” lists the state variables that OpenGL maintains and describes
how to obtain their values.• Appendix C, “Homogeneous Coordinates and Transformation
Matrices,” explains some of the mathematics behind matrix transformations.• Appendix D,
“OpenGL and Window Systems,” briefly describes the routines available in window-system-
specific libraries, which are extended to support OpenGL rendering. Window system interfaces
to the X Window System, Apple’s Mac OS, and Microsoft Windows are discussed here.Finally,
an extensive Glossary defines the key terms used in this guide.In addition, the appendices listed
below are available at the following Web site:• Appendix E, “Order of Operations,” gives a
technical overview of the operations OpenGL performs, briefly describing them in the order in



which they occur as an application executes.• Appendix F, “Programming Tips,” lists some
programming tips based on the intentions of the designers of OpenGL that you might find
useful.• Appendix G, “OpenGL Invariance,” describes when and where an OpenGL
implementation must generate the exact pixel values described in the OpenGL specification.•
Appendix H, “Calculating Normal Vectors,” tells you how to calculate normal vectors for different
types of geometric objects.• Appendix I, “Built-In OpenGL Shading Language Variables and
Functions,” describes the built-in variables and functions available in the OpenGL Shading
Language.• Appendix J, “Floating-Point Formats for Textures, Framebuffers, and Renderbuffers,”
documents the various floating-point and shared-exponent pixel and texel formats.• Appendix K,
“RGTC Compressed Texture Format,” describes the texture format for storing one- and two-
component compressed textures.• Appendix L, “std140 Uniform Buffer Layout,” documents the
standard memory layout of uniform-variable buffers for GLSL 1.40.What’s New in This
EditionWhat’s New in This EditionThis seventh edition of the OpenGL Programming Guide
includes new and updated material covering OpenGL Versions 3.0 and 3.1. With those versions,
OpenGL—which is celebrating its eighteenth birthday the year of this writing—has undergone a
drastic departure from its previous revisions. Version 3.0 added a number of new features as
well as a depreciation model, which sets the way for antiquated features to be removed from the
library. Note that only new features were added to Version 3.0, making it completely source and
binary backward compatible with previous versions. However, a number of features were marked
as deprecated, indicating that they may potentially be removed from future versions of the
API.Updates related to OpenGL Version 3.0 that are discussed in this edition include the
following items:• New features in OpenGL:– An update to the OpenGL Shading Language,
creating version 1.30 of GLSL– Conditional rendering– Finer-grained access to mapping buffer
objects’ memory for update and reading– Floating-point pixel formats for framebuffers in addition
to texture map formats (which were added in OpenGL Version 2.1)– Framebuffer and
renderbuffer objects– Compact floating-point representations for reducing the memory storage
usage for small dynamic-range data– Improved support for multisample buffer interactions when
copying data– Non-normalized integer values in texture maps and renderbuffers whose values
retain their original representation, as compared to OpenGL’s normal operation of mapping
those values into the range [0,1]– One- and two-dimensional texture array support– Additional
packed-pixel formats allowing access to the new renderbuffer support– Separate blending and
writemask control for multiple rendering targets– Texture compression format– Single- and
double-component internal formats for textures– Transform feedback– Vertex-array objects–
sRGB framebuffer format• An in-depth discussion of the deprecation model• Bug fixes and
updated token namesAnd for OpenGL Version 3.1:• Identification of features removed due to
deprecation in Version 3.0• New features:– An update to the OpenGL Shading Language,
creating version 1.40 of GLSL– Instanced rendering– Efficient server-side copies of data
between buffers– Rendering of multiple similar primitives within a single draw call using a special
(user-specified) token to indicate when to restart a primitive– Texture buffer objects– Texture



rectangles– Uniform buffer objects– Signed normalized texel formatsWhat You Should Know
Before Reading This GuideWhat You Should Know Before Reading This GuideThis guide
assumes only that you know how to program in the C language and that you have some
background in mathematics (geometry, trigonometry, linear algebra, calculus, and differential
geometry). Even if you have little or no experience with computer graphics technology, you
should be able to follow most of the discussions in this book. Of course, computer graphics is an
ever-expanding subject, so you may want to enrich your learning experience with supplemental
reading:• Computer Graphics: Principles and Practice by James D. Foley, Andries van Dam,
Steven K. Feiner, and John F. Hughes (Addison-Wesley, 1990)—This book is an encyclopedic
treatment of the subject of computer graphics. It includes a wealth of information but is probably
best read after you have some experience with the subject.• 3D Computer Graphics by Andrew
S. Glassner (The Lyons Press, 1994)—This book is a nontechnical, gentle introduction to
computer graphics. It focuses on the visual effects that can be achieved, rather than on the
techniques needed to achieve them.Another great place for all sorts of general information is the
official OpenGL Web site. This Web site contains software, sample programs, documentation,
FAQs, discussion boards, and news. It is always a good place to start any search for answers to
your OpenGL questions:Additionally, full documentation of all the procedures that compose
OpenGL Versions 3.0 and 3.1 will be documented at the official OpenGL Web site. These Web
pages replace the OpenGL Reference Manual that was published by the OpenGL Architecture
Review Board and Addison-Wesley.OpenGL is really a hardware-independent specification of a
programming interface, and you use a particular implementation of it on a particular kind of
hardware. This guide explains how to program with any OpenGL implementation. However,
since implementations may vary slightly—in performance and in providing additional, optional
features, for example—you might want to investigate whether supplementary documentation is
available for the particular implementation you’re using. In addition, the provider of your
particular implementation might have OpenGL-related utilities, toolkits, programming and
debugging support, widgets, sample programs, and demos available at its Web site.How to
Obtain the Sample CodeHow to Obtain the Sample CodeThis guide contains many sample
programs to illustrate the use of particular OpenGL programming techniques. As the audience
for this guide has a wide range of experience—from novice to seasoned veteran—with both
computer graphics and OpenGL, the examples published in these pages usually present the
simplest approach to a particular rendering situation, demonstrated using the OpenGL Version
3.0 interface. This is done mainly to make the presentation straightforward and obtainable to
those readers just starting with OpenGL. For those of you with extensive experience looking for
implementations using the latest features of the API, we first thank you for your patience with
those following in your footsteps, and ask that you please visit our Web site:There, you will find
the source code for all examples in this text, implementations using the latest features, and
additional discussion describing the modifications required in moving from one version of
OpenGL to another.All of the programs contained within this book use the OpenGL Utility Toolkit



(GLUT), originally authored by Mark Kilgard. For this edition, we use the open-source version of
the GLUT interface from the folks developing the freeglut project. They have enhanced Mark’s
original work (which is thoroughly documented in his book, OpenGL Programming for the X
Window System (Addison-Wesley, 1996)). You can find their open-source project page at the
following address:You can obtain code and binaries of their implementation at this site.The
section “OpenGL-Related Libraries” in Chapter 1 and Appendix A give more information about
using GLUT. Additional resources to help accelerate your learning and programming of OpenGL
and GLUT can be found at the OpenGL Web site’s resource pages:Many implementations of
OpenGL might also include the code samples as part of the system. This source code is
probably the best source for your implementation, because it might have been optimized for your
system. Read your machine-specific OpenGL documentation to see where those code samples
can be found.ErrataErrataUnfortunately, it is likely this book will have errors. Additionally,
OpenGL is updated during the publication of this guide: Errors are corrected and clarifications
are made to the specification, and new specifications are released. We keep a list of bugs and
updates at our Web site, , where we also offer facilities for reporting any new bugs you might
find. If you find an error, please accept our apologies, and our thanks in advance for reporting it.
We’ll get it corrected as soon as possible.Style ConventionsStyle ConventionsThese style
conventions are used in this guide:• Bold—Command and routine names and matrices• Italics—
Variables, arguments, parameter names, spatial dimensions, matrix components, and first
occurrences of key terms• Regular—Enumerated types and defined constantsCode examples
are set off from the text in a monospace font, and command summaries are shaded with gray
boxes.In a command summary, braces are used to identify options among data types. In the
following example, glCommand has four possible suffixes: s, i, f, and d, which stand for the data
types GLshort, GLint, GLfloat, and GLdouble. In the function prototype for glCommand, TYPE is
a wildcard that represents the data type indicated by the suffix.void glCommand{sifd}(TYPE x1,
TYPE y1, TYPE x2, TYPE y2);void glCommand{sifd}(TYPE x1, TYPE y1, TYPE x2, TYPE
y2);void glCommand{sifd}(TYPE x1, TYPE y1, TYPE x2, TYPE y2);Distinguishing Deprecated
FeaturesDistinguishing Deprecated FeaturesAs mentioned, this edition of the OpenGL
Programming Guide details Versions 3.0 and 3.1. OpenGL Version 3.0 is entirely backward
compatible with all of the versions made available to this point. However, Version 3.1 employed
the deprecation model to remove a number of older features that were less compatible with
modern graphics systems. While numerous features were removed from the “core” of OpenGL,
to ease the transition between versions, the OpenGL ARB released the GL_ARB_compatibility
extension. If your implementation supports this extension, it will be able to use all of the removed
functionality. To easily identify features that were removed from OpenGL in Version 3.1, but are
still supported by the compatibility extension, an informational table listing the affected functions
or tokens will be shown in the margin of this book next to where the command or feature is
introduced in its gray box.Compatibility ExtensionglBeginGL_POLYGONCompatibility
ExtensionCompatibility ExtensionglBeginglBeginGL_POLYGONGL_POLYGONWhile only



features from OpenGL were deprecated and removed, some of those features affect libraries,
such as the OpenGL Utility Library, commonly called GLU. Those functions that are affected by
the changes in OpenGL Version 3.1 are also listed in a table in the
margin.AcknowledgmentsThe Seventh EditionOpenGL Versions 3.0 and 3.1, which this guide
covers, mark a new era in the evolution of OpenGL. Once again, the members of the OpenGL
ARB Working Group, as part of the Khronos Group, have worked tirelessly to provide new
versions that leverage the latest developments in graphics technology. Barthold Lichtenbelt, Bill
Licea-Kane, Jeremy Sandmel, and Jon Leech, all of whom lead the technical sub-groups of the
OpenGL ARB Working group deserve our thanks. Additionally, without the tireless efforts of Neil
Trevett, President of the Khronos Group, who has carried the torch on open-standard media
APIs.The staff at Addison-Wesley once again worked miracles in producing this edition. Debra
Williams Cauley, Anna Popick, John Fuller, Molly Sharp, and Jill Hobbs helped with advice and
recommendations in making this manuscript better. A thorough technical review was provided by
Sean Carmody and Bob Kuehne. Their help is greatly appreciated.The Sixth EditionAs with the
seven preceding versions of OpenGL, the guidance of the OpenGL Architecture Review Board
was paramount in its evolution and development. Without the ARB’s guidance and devotion,
OpenGL would surely languish, and once again we express our gratitude for their efforts.Once
again, the staff of Addison-Wesley provided the support and encouragement to have this edition
come to fruition. Debra Williams Cauley, Tyrrell Albaugh, and John Fuller once again worked
miracles in producing this manuscript. Thanks once again for an effort second to none.The Fifth
EditionOpenGL continued its evolutionary track under the careful guidance of the OpenGL
Architecture Review Board and its working groups. The small committees that help unify the
various business and technical differences among the ARB’s membership deserve our thanks
and gratitude. They continue to push OpenGL’s success to new levels.As always, the ever-
patient and helpful staff at Addison-Wesley were indispensable. Once again, Mary O’Brien,
perhaps OpenGL’s most devoted non-programming (at least to our knowledge) proponent,
continues to encourage us to update the programming guide for the community. Tyrrell Albaugh
and John Fuller worked tirelessly in preparing the manuscript for production. Thanks to you
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Debra Williams Cauley, Tyrrell Albaugh, and John Fuller once again worked miracles in
producing this manuscript. Thanks once again for an effort second to none.The Fifth EditionThe
Fifth EditionOpenGL continued its evolutionary track under the careful guidance of the OpenGL
Architecture Review Board and its working groups. The small committees that help unify the
various business and technical differences among the ARB’s membership deserve our thanks
and gratitude. They continue to push OpenGL’s success to new levels.As always, the ever-
patient and helpful staff at Addison-Wesley were indispensable. Once again, Mary O’Brien,
perhaps OpenGL’s most devoted non-programming (at least to our knowledge) proponent,
continues to encourage us to update the programming guide for the community. Tyrrell Albaugh
and John Fuller worked tirelessly in preparing the manuscript for production. Thanks to you
all.The Fourth EditionThe Fourth EditionOpenGL continued its evolution and success with the
aid of many individuals. The OpenGL Architecture Review Board, along with its many
participants, help to mold OpenGL. Their contributions were much appreciated.Numerous
example programs were written by Stace Peterson. Helpful discussions and clarifications were
provided by Maryann Simmons, Patrick Brown, Alan Commike, Brad Grantham, Bob Kuehne,
Jon Leech, Benjamin Lipchak, Marc Olano, and Vicki Shreiner.Once again, the editorial and
production staff at Addison-Wesley were extremely helpful. Thanks to Mary O’Brien, John Fuller,
and Brenda Mulligan.The Third EditionThe Third EditionThe third edition of this book required
the support of many individuals.Special thanks are due to the reviewers who volunteered and
trudged through the now seven hundred pages of technical material that constitute the third
edition: Bill Armstrong, Bob Beretta, David Blythe, Dan Brokenshire, Norman Chin, Steve
Cunningham, Angus Dorbie, Laurence Feldman, Celeste Fowler, Jeffery Galinovsky, Brad
Grantham, Eric Haines, David Ishimoto, Mark Kilgard, Dale Kirkland, Jon Leech, Seth
Livingston, Chikai Ohazama, Bimal Poddar, Mike Schmit, John Stauffer, R. Scott Thompson,
David Yu, and Hansong Zhang. Their careful diligence has greatly improved the quality of this
book.An immeasurable debt of gratitude goes to Laura Cooper, Dany Galgani, and Dan Young
for their production support, and to Mary O’Brien, Elizabeth Spainhour, Chanda Leary, and John
Fuller of Addison-Wesley. Additionally, Miriam Geller, Shawn Hopwood, Stacy Maller, and David
Story were instrumental in the coordination and marketing of this effort.The First and Second
EditionsThe First and Second EditionsThanks to the long list of pioneers and past contributors
to the success of OpenGL and of this book.Thanks to the chief architects of OpenGL: Mark
Segal and Kurt Akeley. Special recognition goes to the pioneers who heavily contributed to the
initial design and functionality of OpenGL: Allen Akin, David Blythe, Jim Bushnell, Dick Coulter,
John Dennis, Raymond Drewry, Fred Fisher, Celeste Fowler, Chris Frazier, Momi Furuya, Bill
Glazier, Kipp Hickman, Paul Ho, Rick Hodgson, Simon Hui, Lesley Kalmin, Phil Karlton, On Lee,
Randi Rost, Kevin P. Smith, Murali Sundaresan, Pierre Tardif, Linas Vepstas, Chuck Whitmer,
Jim Winget, and Wei Yen.The impetus for the second edition began with Paula Womack and



Tom McReynolds of Silicon Graphics, who recognized the need for a revision and also
contributed some of the new material. John Schimpf, OpenGL Product Manager at Silicon
Graphics, was instrumental in getting the revision off and running.Many thanks go to the people
who contributed to the success of the first and second editions of this book: Cindy Ahuna, Kurt
Akeley, Bill Armstrong, Otto Berkes, Andy Bigos, Drew Bliss, Patrick Brown, Brian Cabral,
Norman Chin, Bill Clifford, Jim Cobb, Dick Coulter, Kathleen Danielson, Suzy Deffeyes, Craig
Dunwoody, Fred Fisher, Chris Frazier, Ken Garnett, Kathy Gochenour, Michael Gold, Mike Heck,
Paul Ho, Deanna Hohn, Brian Hook, Kevin Hunter, Phil Huxley, Renate Kempf, Mark Kilgard,
Dale Kirkland, David Koller, Kevin LeFebvre, Hock San Lee, Zicheng Liu, Rob Mace, Kay Maitz,
Tim Misner, Jeremy Morris, Dave Orton, Bimal Poddar, Susan Riley, Randi Rost, Mark Segal,
Igor Sinyak, Bill Sweeney, Pierre Tardif, Andy Vesper, Henri Warren, Paula Womack, Gilman
Wong, Steve Wright, and David Yu.The color plates received a major overhaul for this edition.
The sequence of plates based on the cover image (Plates 1 through 9) was created by Thad
Beier, Seth Katz, and Mason Woo. Plates 10 through 20, 22, and 23 are snapshots of programs
created by Mason Woo. Plate 21 was created by Paul Haeberli. Plate 24 was created by Cyril
Kardassevitch of the Institue de Recherche en Informatique de Toulouse. Plate 25 was created
by Yukari Ito and Keisuke Kirii of Nihon SGI. Plate 26 was created by John Coggi and David
Stodden of The Aerospace Company. Plate 27 was created by Rainer Goebel, Max Planck
Institute for Brain Research. Plate 28 was created by Stefan Brabec and Wolfgang Heidrich of
the Max Planck Institute for Computer Science. Plate 29 was created by Mikko Blomqvist,
Mediaclick OY. Plate 30 was created by Bernd Lutz of Fraunhofer IGD. Finally, Plates 31 and 32,
screenshots from the Quake series of games, were created by id Software.For the color plates
that appeared in the previous editions, we would like to thank Gavin Bell, Barry Brouillette, Rikk
Carey, Sharon Clay, Mark Daly, Alain Dumesny, Ben Garlick, Kevin Goldsmith, Jim Helman,
Dave Immel, Paul Isaacs, Michael Jones, Carl Korobkin, Howard Look, David Mott, Craig
Phillips, John Rohlf, Linda Roy, Paul Strauss, and Doug Voorhies.And now, each of the authors
would like to take the 15 minutes that have been allotted to them by Andy Warhol to say thank
you.From the first and second editions:I’d like to thank my managers at Silicon Graphics—Dave
Larson and Way Ting—and the members of my group—Patricia Creek, Arthur Evans, Beth
Fryer, Jed Hartman, Ken Jones, Robert Reimann, Eve Stratton (aka Margaret-Anne Halse),
John Stearns, and Josie Wernecke—for their support during this lengthy process. Last, but
surely not least, I want to thank those whose contributions toward this project are too deep and
mysterious to elucidate: Yvonne Leach, Kathleen Lancaster, Caroline Rose, Cindy Kleinfeld, and
my parents, Florence and Ferdinand Neider.—JLNIn addition to my parents, Edward and Irene
Davis, I’d like to thank the people who taught me most of what I know about computers and
computer graphics—Doug Engelbart and Jim Clark.—TRDI’d like to thank the many past and
current members of Silicon Graphics whose accommodation and enlightenment were essential
to my contribution to this book: Gerald Anderson, Wendy Chin, Bert Fornaciari, Bill Glazier, Jill
Huchital, Howard Look, Bill Mannel, David Marsland, Dave Orton, Linda Roy, Keith Seto, and



Dave Shreiner. Very special thanks to Karrin Nicol, Leilani Gayles, Kevin Dankwardt, Kiyoshi
Hasegawa, and Raj Singh for their guidance throughout my career. I also bestow much gratitude
to my teammates on the Stanford B ice hockey team for periods of glorious distraction
throughout the initial writing of this book. Finally, I’d like to thank my family, especially my mother,
Bo, and my late father, Henry.—MWAnd for the third edition:I’d first like to acknowledge Mason,
who aside from helping me with this undertaking, has been a great friend and mentor over the
years. My knowledge of OpenGL would be nothing without the masters who have patiently
answered my questions: Kurt Akeley, Allen Akin, David Blythe, Chris Frazier, Mark Kilgard, Mark
Segal, Paula Womack, and David Yu and my current teammates working on OpenGL: Paul Ho,
George Kyriazis, Jon Leech, Ken Nicholson, and David Yu. Additionally, I’d like to recognize
Doug Doren, Kerwin Dobbs, and Karl Sohlberg, who started me on this odyssey so long ago,
and Andrew Walton, John Harechmak, and Alan Dare, who have provided illuminating
conversations about graphics over the years. Finally and most important, I’d like to thank Vicki,
my loving wife, my parents, Bonnie and Bob, and Squiggles and Phantom, who endlessly
encourage me in all that I do and have taught me to enjoy life to the fullest.—DRSAnd for the
fourth edition:Once again, I owe Mason a debt of thanks for helping to jump start this project.
Without him, we all might be waiting for an update. I’d also like to extend my appreciation to Alan
Chalmers, James Gain, Geoff Leach, and their students for their enthusiasm and
encouragement. I’d also like to thank ACM/SIGGRAPH, Afrigraph, Seagraph, and SGI for the
ample opportunities to talk about OpenGL to wonderful audiences worldwide. Brad Grantham,
who’s been willing to help out with all my OpenGL escapades, deserves special thanks. A
couple of friends who deserve special mention are Eric England and Garth Honhart. The biggest
thanks goes to those I love most: Vicki, my folks, and Squiggles, Phantom, and Toby. They
continue to make me more successful than I ever imagined.—DRSAnd for the fifth edition:First
and foremost, a tremendous thanks goes to Vicki, my wife, who patiently waited the countless
hours needed to finish this project, and to the rest of my family: Phantom, Toby, Bonnie, and Bob.
I also wish to thank the OpenGL and SIGGRAPH communities, which continue to encourage me
in these endeavors. And thanks to Alan Commike, Bob Kuehne, Brad Grantham, and Tom True
for their help and support in the various OpenGL activities I coerce them into helping me with.—
DRSAnd for the sixth edition:As always, my deepest appreciation goes to Vicki and Phantom
who waited patiently while I toiled on this edition, and to my parents: Bonnie and Bob, who still
encourage and compliment my efforts (and dig the fact that I actually wound up doing something
useful in life). I’d also like to thank the members of the OpenGL ARB Working Group (now part of
the Khronos Group) and its Ecosystem Technical Subgroup for their efforts in making
documentation and information about OpenGL all the more accessible.A great thanks goes to
the Graphics group at the University of Cape Town’s Visual Computing Laboratory: James Gain,
Patrick Marais, Gary Marsden, Bruce Merry, Carl Hultquist, Christopher de Kadt, Ilan Angel, and
Shaun Nirenstein; and Jason Moore. Last, but certainly not least, thanks once again to the
OpenGL and SIGGRAPH communities for encouraging me to continue this project and



providing ever needed feedback. Thanks to you all.—DRSAnd for the seventh edition:As with
every edition, I am entirely endebted to Vicki and Phantom, for their support and patience.
Likewise, my parents, Bonnie and Bob, who wax lyrical over my efforts; no son could be luckier
or prouder.A very large thanks goes to my employer, ARM, Inc., and in particular to Jem Davies,
my manager, for his patience and support when this project interrupted my responsibilties at
work. Likewise, Bruce Merry of ARM whose attention to detail helped clarify a number of points.
Additionally, I’d like to thank my colleagues at ARM who provide endless entertainment and
discussions on graphics and media. And as with every edition, my sincerest appreciation to the
readers of this guide, and the practitioners of OpenGL worldwide. Thanks for giving me a reason
to keep writing.—DRSChapter 1. Introduction to OpenGLChapter ObjectivesAfter reading this
chapter, you’ll be able to do the following:• Appreciate in general terms what OpenGL does•
Identify different levels of rendering complexity• Understand the basic structure of an OpenGL
program• Recognize OpenGL command syntax• Identify the sequence of operations of the
OpenGL rendering pipeline• Understand in general terms how to animate graphics in an
OpenGL programThis chapter introduces OpenGL. It has the following major sections:• “What Is
OpenGL?” explains what OpenGL is, what it does and doesn’t do, and how it works.• “A
Smidgen of OpenGL Code” presents a small OpenGL program and briefly discusses it. This
section also defines a few basic computer-graphics terms.• “OpenGL Command Syntax”
explains some of the conventions and notations used by OpenGL commands.• “OpenGL as a
State Machine” describes the use of state variables in OpenGL and the commands for querying,
enabling, and disabling states.• “OpenGL Rendering Pipeline” shows a typical sequence of
operations for processing geometric and image data.• “OpenGL-Related Libraries” describes
sets of OpenGL-related routines, including a detailed introduction to GLUT (Graphics Library
Utility Toolkit), a portable toolkit.• “Animation” explains in general terms how to create pictures on
the screen that move.• “OpenGL and Its Deprecation Mechanism” describes which changes
deprecation brought into the latest version(s) of OpenGL, how those changes will affect your
applications, and how OpenGL will evolve in the future in light of those changes.What Is
OpenGL?OpenGL is a software interface to graphics hardware. This interface consists of more
than 700 distinct commands (about 670 commands as specified for OpenGL Version 3.0 and
another 50 in the OpenGL Utility Library) that you use to specify the objects and operations
needed to produce interactive three-dimensional applications.OpenGL is designed as a
streamlined, hardware-independent interface to be implemented on many different hardware
platforms. To achieve these qualities, no commands for performing windowing tasks or obtaining
user input are included in OpenGL; instead, you must work through whatever windowing system
controls the particular hardware you’re using. Similarly, OpenGL doesn’t provide high-level
commands for describing models of three-dimensional objects. Such commands might allow
you to specify relatively complicated shapes such as automobiles, parts of the body, airplanes,
or molecules. With OpenGL, you must build your desired model from a small set of geometric
primitives—points, lines, and polygons.A sophisticated library that provides these features could



certainly be built on top of OpenGL. The OpenGL Utility Library (GLU) provides many of the
modeling features, such as quadric surfaces and NURBS curves and surfaces. GLU is a
standard part of every OpenGL implementation.Now that you know what OpenGL doesn’t do,
here’s what it does do. Take a look at the color plates—they illustrate typical uses of OpenGL.
They show the scene on the cover of this book, rendered (which is to say, drawn) by a computer
using OpenGL in successively more complicated ways. The following list describes in general
terms how these pictures were made.• Plate 1 shows the entire scene displayed as a wireframe
model—that is, as if all the objects in the scene were made of wire. Each line of wire
corresponds to an edge of a primitive (typically a polygon). For example, the surface of the table
is constructed from triangular polygons that are positioned like slices of pie.Note that you can
see portions of objects that would be obscured if the objects were solid rather than wireframe.
For example, you can see the entire model of the hills outside the window even though most of
this model is normally hidden by the wall of the room. The globe appears to be nearly solid
because it’s composed of hundreds of colored blocks, and you see the wireframe lines for all the
edges of all the blocks, even those forming the back side of the globe. The way the globe is
constructed gives you an idea of how complex objects can be created by assembling lower-level
objects.• Plate 2 shows a depth-cued version of the same wireframe scene. Note that the lines
farther from the eye are dimmer, just as they would be in real life, thereby giving a visual cue of
depth. OpenGL uses atmospheric effects (collectively referred to as fog) to achieve depth
cueing.• Plate 3 shows an antialiased version of the wireframe scene. Antialiasing is a technique
for reducing the jagged edges (also known as jaggies) created when approximating smooth
edges using pixels—short for picture elements—which are confined to a rectangular grid. Such
jaggies are usually the most visible, with near-horizontal or near-vertical lines.• Plate 4 shows a
flat-shaded, unlit version of the scene. The objects in the scene are now shown as solid. They
appear “flat” in the sense that only one color is used to render each polygon, so they don’t
appear smoothly rounded. There are no effects from any light sources.• Plate 5 shows a lit,
smooth-shaded version of the scene. Note how the scene looks much more realistic and three-
dimensional when the objects are shaded to respond to the light sources in the room, as if the
objects were smoothly rounded.• Plate 6 adds shadows and textures to the previous version of
the scene. Shadows aren’t an explicitly defined feature of OpenGL (there is no “shadow
command”), but you can create them yourself using the techniques described in Chapter 9 and
Chapter 14. Texture mapping allows you to apply a two-dimensional image onto a three-
dimensional object. In this scene, the top on the table surface is the most vibrant example of
texture mapping. The wood grain on the floor and table surface are all texture mapped, as well
as the wallpaper and the toy top (on the table).• Plate 7 shows a motion-blurred object in the
scene. The sphinx (or dog, depending on your Rorschach tendencies) appears to be captured
moving forward, leaving a blurred trace of its path of motion.• Plate 8 shows the scene as it was
drawn for the cover of the book from a different viewpoint. This plate illustrates that the image
really is a snapshot of models of three-dimensional objects.• Plate 9 brings back the use of fog,



which was shown in Plate 2 to simulate the presence of smoke particles in the air. Note how the
same effect in Plate 2 now has a more dramatic impact in Plate 9.• Plate 10 shows the depth-of-
field effect, which simulates the inability of a camera lens to maintain all objects in a
photographed scene in focus. The camera focuses on a particular spot in the scene. Objects
that are significantly closer or farther than that spot are somewhat blurred.The color plates give
you an idea of the kinds of things you can do with the OpenGL graphics system. The following
list briefly describes the major graphics operations that OpenGL performs to render an image on
the screen. (See “OpenGL Rendering Pipeline” on page 10 for detailed information on this order
of operations.)Construct shapes from geometric primitives, thereby creating mathematical
descriptions of objects. (OpenGL considers points, lines, polygons, images, and bitmaps to be
primitives.)Arrange the objects in three-dimensional space and select the desired vantage point
for viewing the composed scene.Calculate the colors of all the objects. The colors might be
explicitly assigned by the application, determined from specified lighting conditions, obtained by
pasting textures onto the objects, or some combination of these operations. These actions may
be carried out using shaders, where you explicitly control all the color computations, or they may
be performed internally in OpenGL using its preprogrammed algorithms (by what is commonly
termed the fixed-function pipeline).Convert the mathematical description of objects and their
associated color information to pixels on the screen. This process is called rasterization.During
these stages, OpenGL might perform other operations, such as eliminating parts of objects that
are hidden by other objects. In addition, after the scene is rasterized but before it’s drawn on the
screen, you can perform some operations on the pixel data if you want.In some implementations
(such as with the X Window System), OpenGL is designed to work even if the computer that
displays the graphics you create isn’t the computer that runs your graphics program. This might
be the case if you work in a networked computer environment where many computers are
connected to one another by a network. In this situation, the computer on which your program
runs and issues OpenGL drawing commands is called the client, and the computer that receives
those commands and performs the drawing is called the server. The format for transmitting
OpenGL commands (called the protocol) from the client to the server is always the same, so
OpenGL programs can work across a network even if the client and server are different kinds of
computers. If an OpenGL program isn’t running across a network, then there’s only one
computer, and it is both the client and the server.A Smidgen of OpenGL CodeBecause you can
do so many things with the OpenGL graphics system, an OpenGL program can be complicated.
However, the basic structure of a useful program can be simple: its tasks are to initialize certain
states that control how OpenGL renders and to specify objects to be rendered.Before you look
at some OpenGL code, let’s go over a few terms. Rendering, which you’ve already seen used, is
the process by which a computer creates images from models. These models, or objects, are
constructed from geometric primitives—points, lines, and polygons—that are specified by their
vertices.The final rendered image consists of pixels drawn on the screen; a pixel is the smallest
visible element the display hardware can put on the screen. Information about the pixels (for



instance, what color they’re supposed to be) is organized in memory into bitplanes. A bitplane is
an area of memory that holds one bit of information for every pixel on the screen; the bit might
indicate how red a particular pixel is supposed to be, for example. The bitplanes are themselves
organized into a framebuffer, which holds all the information that the graphics display needs to
control the color and intensity of all the pixels on the screen.Now look at what an OpenGL
program might look like. Example 1-1 renders a white rectangle on a black background, as
shown in Figure 1-1.Figure 1-1. White Rectangle on a Black BackgroundExample 1-1. Chunk of
OpenGL CodeThe first line of the main() routine initializes a window on the screen: The
InitializeAWindowPlease() routine is meant as a placeholder for window-system-specific
routines, which are generally not OpenGL calls. The next two lines are OpenGL commands that
clear the window to black: glClearColor() establishes what color the window will be cleared to,
and glClear() actually clears the window. Once the clearing color is set, the window is cleared to
that color whenever glClear() is called. This clearing color can be changed with another call to
glClearColor(). Similarly, the glColor3f() command establishes what color to use for drawing
objects—in this case, the color is white. All objects drawn after this point use this color, until it’s
changed with another call to set the color.The next OpenGL command used in the program,
glOrtho(), specifies the coordinate system OpenGL assumes as it draws the final image and
how the image is mapped to the screen. The next calls, which are bracketed by glBegin() and
glEnd(), define the object to be drawn—in this example, a polygon with four vertices. The
polygon’s “corners” are defined by the glVertex3f() commands. As you might be able to guess
from the arguments, which are (x, y, z) coordinates, the polygon is a rectangle on the z = 0
plane.Finally, glFlush() ensures that the drawing commands are actually executed, rather than
stored in a buffer awaiting additional OpenGL commands. The
UpdateTheWindowAndCheckForEvents() placeholder routine manages the contents of the
window and begins event processing.Actually, this piece of OpenGL code isn’t well structured.
You may be asking, “What happens if I try to move or resize the window?” or “Do I need to reset
the coordinate system each time I draw the rectangle?”. Later in this chapter, you will see
replacements for both InitializeAWindowPlease() and UpdateTheWindowAndCheckForEvents()
that actually work but require restructuring of the code to make it efficient.OpenGL Command
SyntaxAs you might have observed from the simple program in the preceding section, OpenGL
commands use the prefix gl and initial capital letters for each word making up the command
name (recall glClearColor(), for example). Similarly, OpenGL defined constants begin with GL_,
use all capital letters, and use underscores to separate words (for example,
GL_COLOR_BUFFER_BIT).You might also have noticed some seemingly extraneous letters
appended to some command names (for example, the 3f in glColor3f() and glVertex3f()). It’s true
that the Color part of the command name glColor3f() is enough to define the command as one
that sets the current color. However, more than one such command has been defined so that
you can use different types of arguments. In particular, the 3 part of the suffix indicates that three
arguments are given; another version of the Color command takes four arguments. The f part of



the suffix indicates that the arguments are floating-point numbers. Having different formats
allows OpenGL to accept the user’s data in his or her own data format.Some OpenGL
commands accept as many as eight different data types for their arguments. The letters used as
suffixes to specify these data types for ISO C implementations of OpenGL are shown in Table
1-1, along with the corresponding OpenGL type definitions. The particular implementation of
OpenGL that you’re using might not follow this scheme exactly; an implementation in C++ or Ada
that supports function overloading, for example, wouldn’t necessarily need to.Table 1-1.
Command Suffixes and Argument Data TypesThus, the two commandsglVertex2i(1,
3);glVertex2f(1.0, 3.0);are equivalent, except that the first specifies the vertex’s coordinates as
32-bit integers, and the second specifies them as single-precision floating-point
numbers.NoteImplementations of OpenGL have leeway in selecting which C data type to use to
represent OpenGL data types. If you resolutely use the OpenGL defined data types throughout
your application, you will avoid mismatched types when porting your code between different
implementations.Some OpenGL commands can take a final letter v, which indicates that the
command takes a pointer to a vector (or array) of values, rather than a series of individual
arguments. Many commands have both vector and nonvector versions, but some commands
accept only individual arguments and others require that at least some of the arguments be
specified as a vector. The following lines show how you might use a vector and a nonvector
version of the command that sets the current color:glColor3f(1.0, 0.0, 0.0);GLfloat color_array[]
= {1.0, 0.0, 0.0};glColor3fv(color_array);Finally, OpenGL defines the type of GLvoid. This is most
often used for OpenGL commands that accept pointers to arrays of values.In the rest of this
guide (except in actual code examples), OpenGL commands are referred to by their base
names only, and an asterisk is included to indicate that there may be more to the command
name. For example, glColor*() stands for all variations of the command you use to set the current
color. If we want to make a specific point about one version of a particular command, we include
the suffix necessary to define that version. For example, glVertex*v() refers to all the vector
versions of the command you use to specify vertices.OpenGL as a State MachineOpenGL is a
state machine, particularly if you’re using the fixed-function pipeline. You put it into various states
(or modes) that then remain in effect until you change them. As you’ve already seen, the current
color is a state variable. You can set the current color to white, red, or any other color, and
thereafter every object is drawn with that color until you set the current color to something else.
The current color is only one of many state variables that OpenGL maintains. Others control
such things as the current viewing and projection transformations, line and polygon stipple
patterns, polygon drawing modes, pixel-packing conventions, positions and characteristics of
lights, and material properties of the objects being drawn. Many state variables refer to modes
that are enabled or disabled with the command glEnable() or glDisable().If you’re using
programmable shaders, depending on which version of OpenGL you’re using, the amount of
state that is exposed to your shaders will vary.Each state variable or mode has a default value,
and at any point you can query the system for each variable’s current value. Typically, you use



one of the six following commands to do this: glGetBooleanv(), glGetDoublev(), glGetFloatv(),
glGetIntegerv(), glGetPointerv(), or glIsEnabled(). Which of these commands you select
depends on what data type you want the answer to be given in. Some state variables have a
more specific query command (such as glGetLight*(), glGetError(), or glGetPolygonStipple()). In
addition, you can save a collection of state variables on an attribute stack with glPushAttrib() or
glPushClientAttrib(), temporarily modify them, and later restore the values with glPopAttrib() or
glPopClientAttrib(). For temporary state changes, you should use these commands rather than
any of the query commands, as they’re likely to be more efficient.See Appendix B for the
complete list of state variables you can query. For each variable, the appendix also lists a
suggested glGet*() command that returns the variable’s value, the attribute class to which it
belongs, and the variable’s default value.OpenGL Rendering PipelineMost implementations of
OpenGL have a similar order of operations, a series of processing stages called the OpenGL
rendering pipeline. This ordering, as shown in Figure 1-2, is not a strict rule about how OpenGL
is implemented, but it provides a reliable guide for predicting what OpenGL will do.Figure 1-2.
Order of OperationsIf you are new to three-dimensional graphics, the upcoming description may
seem like drinking water out of a fire hose. You can skim this now, but come back to Figure 1-2
as you go through each chapter in this book.The following diagram shows the Henry Ford
assembly line approach, which OpenGL takes to processing data. Geometric data (vertices,
lines, and polygons) follow the path through the row of boxes that includes evaluators and per-
vertex operations, while pixel data (pixels, images, and bitmaps) are treated differently for part of
the process. Both types of data undergo the same final steps (rasterization and per-fragment
operations) before the final pixel data is written into the framebuffer.Now you’ll see more detail
about the key stages in the OpenGL rendering pipeline.Display ListsAll data, whether it
describes geometry or pixels, can be saved in a display list for current or later use. (The
alternative to retaining data in a display list is processing the data immediately—also known as
immediate mode.) When a display list is executed, the retained data is sent from the display list
just as if it were sent by the application in immediate mode. (See Chapter 7 for more information
about display lists.)EvaluatorsAll geometric primitives are eventually described by vertices.
Parametric curves and surfaces may be initially described by control points and polynomial
functions called basis functions. Evaluators provide a method for deriving the vertices used to
represent the surface from the control points. The method is a polynomial mapping, which can
produce surface normal, texture coordinates, colors, and spatial coordinate values from the
control points. (See Chapter 12 to learn more about evaluators.)Per-Vertex OperationsFor vertex
data, next is the “per-vertex operations” stage, which converts the vertices into primitives. Some
types of vertex data (for example, spatial coordinates) are transformed by 4 × 4 floating-point
matrices. Spatial coordinates are projected from a position in the 3D world to a position on your
screen. (See Chapter 3 for details about the transformation matrices.)If advanced features are
enabled, this stage is even busier. If texturing is used, texture coordinates may be generated and
transformed here. If lighting is enabled, the lighting calculations are performed using the



transformed vertex, surface normal, light source position, material properties, and other lighting
information to produce a color value.Since OpenGL Version 2.0, you’ve had the option of using
fixed-function vertex processing, as just previously described, or completely controlling the
operation of the per-vertex operations by using vertex shaders. If you employ shaders, all of the
operations in the per-vertex operations stage are replaced by your shader. In Version 3.1, all of
the fixed-function vertex operations are removed (unless your implementation supports the
GL_ARB_compatibility extension), and using a vertex shader is mandatory.Primitive
AssemblyClipping, a major part of primitive assembly, is the elimination of portions of geometry
that fall outside a half-space, defined by a plane. Point clipping simply passes or rejects vertices;
line or polygon clipping can add additional vertices depending on how the line or polygon is
clipped.In some cases, this is followed by perspective division, which makes distant geometric
objects appear smaller than closer objects. Then viewport and depth (z-coordinate) operations
are applied. If culling is enabled and the primitive is a polygon, it then may be rejected by a
culling test. Depending on the polygon mode, a polygon may be drawn as points or lines. (See
“Polygon Details” in Chapter 2.)The results of this stage are complete geometric primitives,
which are the transformed and clipped vertices with related color, depth, and sometimes texture-
coordinate values and guidelines for the rasterization step.Pixel OperationsWhile geometric data
takes one path through the OpenGL rendering pipeline, pixel data takes a different route. Pixels
from an array in system memory are first unpacked from one of a variety of formats into the
proper number of components. Next the data is scaled, biased, and processed by a pixel map.
The results are clamped and then either written into texture memory or sent to the rasterization
step. (See “Imaging Pipeline” in Chapter 8.)If pixel data is read from the framebuffer, pixel-
transfer operations (scale, bias, mapping, and clamping) are performed. Then these results are
packed into an appropriate format and returned to an array in system memory.There are special
pixel copy operations for copying data in the framebuffer to other parts of the framebuffer or to
the texture memory. A single pass is made through the pixel-transfer operations before the data
is written to the texture memory or back to the framebuffer.Many of the pixel operations
described are part of the fixed-function pixel pipeline and often move large amounts of data
around the system. Modern graphics implementations tend to optimize performance by trying to
localize graphics operations to the memory local to the graphics hardware (this description is a
generalization, of course, but it is how most systems are currently implemented). OpenGL
Version 3.0, which supports all of these operations, also introduces framebuffer objects that help
optimize these data movements, in particular, these objects can eliminate some of these
transfers entirely. Framebuffer objects, combined with programmable fragment shaders replace
many of these operations (most notably, those classified as pixel transfers) and provide
significantly more flexibility.Texture AssemblyOpenGL applications can apply texture images to
geometric objects to make the objects look more realistic, which is one of the numerous
techniques enabled by texture mapping. If several texture images are used, it’s wise to put them
into texture objects so that you can easily switch among them.Almost all OpenGL



implementations have special resources for accelerating texture performance (which may be
allocated from a shared pool of resources in the graphics implementation). To help your OpenGL
implementation manage these memory resources efficiently, texture objects may be prioritized
to help control potential caching and locality issues of texture maps. (See Chapter
9.)RasterizationRasterization is the conversion of both geometric and pixel data into fragments.
Each fragment square corresponds to a pixel in the framebuffer. Line and polygon stipples, line
width, point size, shading model, and coverage calculations to support antialiasing are taken
into consideration as vertices are connected into lines or the interior pixels are calculated for a
filled polygon. Color and depth values are generated for each fragment square.Fragment
OperationsBefore values are actually stored in the framebuffer, a series of operations are
performed that may alter or even throw out fragments. All these operations can be enabled or
disabled.The first operation that a fragment might encounter is texturing, where a texel (texture
element) is generated from texture memory for each fragment and applied to the fragment. Next,
primary and secondary colors are combined, and a fog calculation may be applied. If your
application is employing fragment shaders, the preceding three operations may be done in a
shader.After the final color and depth generation of the previous operations, the scissor test, the
alpha test, the stencil test, and the depth-buffer test (the depth buffer is does hidden-surface
removal) are evaluated, if enabled. Failing an enabled test may end the continued processing of
a fragment’s square. Then, blending, dithering, logical operation, and masking by a bitmask may
be performed. (See Chapter 6 and Chapter 10.) Finally, the thoroughly processed fragment is
drawn into the appropriate buffer, where it has finally become a pixel and achieved its final
resting place.OpenGL-Related LibrariesOpenGL provides a powerful but primitive set of
rendering commands, and all higher-level drawing must be done in terms of these commands.
Also, OpenGL programs have to use the underlying mechanisms of the windowing system.
Several libraries enable you to simplify your programming tasks, including the following:• The
OpenGL Utility Library (GLU) contains several routines that use lower-level OpenGL commands
to perform such tasks as setting up matrices for specific viewing orientations and projections,
performing polygon tessellation, and rendering surfaces. This library is provided as part of every
OpenGL implementation. The more useful GLU routines are described in this guide, where
they’re relevant to the topic being discussed, such as in all of Chapter 11 and in the section “The
GLU NURBS Interface” in Chapter 12. GLU routines use the prefix glu.• For every window
system, there is a library that extends the functionality of that window system to support OpenGL
rendering. For machines that use the X Window System, the OpenGL Extension to the X
Window System (GLX) is provided as an adjunct to OpenGL. GLX routines use the prefix glX.
For Microsoft Windows, the WGL routines provide the Windows to OpenGL interface. All WGL
routines use the prefix wgl. For Mac OS, three interfaces are available: AGL (with prefix agl),
CGL (cgl), and Cocoa (NSOpenGL classes).All of these window system extension libraries are
described in more detail in Appendix D.• The OpenGL Utility Toolkit (GLUT) is a window-system-
independent toolkit, originally written by Mark Kilgard, that hides the complexities of differing



window system APIs. In this edition, we use an open-source implementation of GLUT named
freeglut, which extends the original functionality of GLUT. The next section describes the
fundamental routines necessary to author programs using GLUT, all of which are prefixed with
glut. In most parts of the text, we continue to use the term GLUT, with the understanding that we
are using the Freeglut implementation.Include FilesFor all OpenGL applications, you want to
include the OpenGL header files in every file. Many OpenGL applications may use GLU, the
aforementioned OpenGL Utility Library, which requires inclusion of the glu.h header file. So
almost every OpenGL source file begins with#include <GL/gl.h>#include <GL/
glu.h>NoteMicrosoft Windows requires that windows.h be included before either gl.h or glu.h,
because some macros used internally in the Microsoft Windows version of gl.h and glu.h are
defined in windows.h.The OpenGL library changes all the time. The various vendors that make
graphics hardware add new features that may be too new to have been incorporated in gl.h. In
order for you to take advantage of these new extensions to OpenGL, an additional header file is
available, named glext.h. This header contains all of the latest version and extension functions
and tokens and is available in the OpenGL Registry at the OpenGL Web site (). The Registry
also contains the specifications for every OpenGL extension published. As with any header, you
could include it with the following statement:#include "glext.h"You probably noticed the quotes
around the filename, as compared to the normal angle brackets. Because glext.h is how
graphics card vendors enable access to new extensions, you will probably need to download
versions frequently from the Internet, so having a local copy to compile your program is not a
bad idea. Additionally, you may not have permission to place the glext.h header file in a system
header-file include directory (such as /usr/include on Unix-type systems).If you are directly
accessing a window interface library to support OpenGL, such as GLX, WGL, or CGL, you must
include additional header files. For example, if you are calling GLX, you may need to add these
lines to your code:#include <X11/Xlib.h>#include <GL/glx.h>In Microsoft Windows, the WGL
routines are made accessible with#include <windows.h>If you are using GLUT for managing
your window manager tasks, you should include#include <freeglut.h>NoteThe original GLUT
header file was named glut.h. Both glut.h and freeglut.h guarantee that gl.h and glu.h are
properly included for you, so including all three files is redundant. Additionally, these headers
make sure that any internal operating system dependent macros are properly defined before
including gl.h and glu.h. To make your GLUT programs portable, include glut.h or freeglut.h and
do not explicitly include either gl.h or glu.h.Most OpenGL applications also use standard C
library system calls, so it is common to include header files that are not related to graphics, such
as#include <stdlib.h>#include <stdio.h>We don’t include the header file declarations for our
examples in this text, so our examples are less cluttered.Header Files for OpenGL Version 3.1As
compared to OpenGL Version 3.0, which only added new functions and features to the sum of
OpenGL’s functionality, OpenGL Version 3.1 removed functions marked as deprecated. To make
that transition easier for software authors, OpenGL Version 3.1 provides an entire new set of
header files, and recommends a location for vendor to integrate them into the respective



operating systems. You can still use the gl.h and glext.h files, which will continue to document all
OpenGL entry points, regardless of version.However, if you’re porting code to be used only with
Version 3.1, you might consider using the new OpenGL Version 3.1 headers:#include <GL3/
gl3.h>#include <GL3/gl3ext.h>They include functions and tokens for Version 3.1 (for future
versions, the features set will be restricted to that particular version). You should find that these
headers simplify the process of moving existing OpenGL code to newer versions. Like any
OpenGL headers, these files are available for download from the OpenGL Registry ().GLUT, the
OpenGL Utility ToolkitAs you know, OpenGL contains rendering commands but is designed to
be independent of any window system or operating system. Consequently, it contains no
commands for opening windows or reading events from the keyboard or mouse. Unfortunately,
it’s impossible to write a complete graphics program without at least opening a window, and
most interesting programs require a bit of user input or other services from the operating system
or window system. In many cases, complete programs make the most interesting examples, so
this book uses GLUT to simplify opening windows, detecting input, and so on. If you have
implementations of OpenGL and GLUT on your system, the examples in this book should run
without change when linked with your OpenGL and GLUT libraries.In addition, since OpenGL
drawing commands are limited to those that generate simple geometric primitives (points, lines,
and polygons), GLUT includes several routines that create more complicated three-dimensional
objects, such as a sphere, a torus, and a teapot. This way, snapshots of program output can be
interesting to look at. (Note that the OpenGL Utility Library, GLU, also has quadrics routines that
create some of the same three-dimensional objects as GLUT, such as a sphere, cylinder, or
cone.)GLUT may not be satisfactory for full-featured OpenGL applications, but you may find it a
useful starting point for learning OpenGL. The rest of this section briefly describes a small
subset of GLUT routines so that you can follow the programming examples in the rest of this
book. (See Appendix A for more details GLUT).Window ManagementSeveral routines perform
tasks necessary for initializing a window:• glutInit(int *argc, char **argv) initializes GLUT and
processes any command line arguments (for X, this would be options such as -display and -
geometry). glutInit() should be called before any other GLUT routine.•
glutInitDisplayMode(unsigned int mode) specifies whether to use an RGBA or color-index color
model. You can also specify whether you want a single- or double-buffered window. (If you’re
working in color-index mode, you’ll want to load certain colors into the color map; use
glutSetColor() to do this.) Finally, you can use this routine to indicate that you want the window to
have an associated depth, stencil, multisampling, and/or accumulation buffer. For example, if
you want a window with double buffering, the RGBA color model, and a depth buffer, you might
call glutInitDisplayMode(GLUT_DOUBLE | GLUT_RGBA | GLUT_DEPTH).•
glutInitWindowPosition(int x, int y) specifies the screen location for the upper-left corner of your
window.• glutInitWindowSize(int width, int height) specifies the size, in pixels, of your window.•
glutInitContextVersion(int majorVersion, int minorVersion) specifies which version of OpenGL
you want to use. (This is a new addition available only when using Freeglut, and was introduced



with OpenGL Version 3.0. See “OpenGL Contexts” on page 27 for more details on OpenGL
contexts and versions.)• glutInitContextFlags(int flags) specifes the type of OpenGL context you
want to use. For normal OpenGL operation, you can omit this call from your program. However, if
you want to use a forward-compatible OpenGL context, you will need to call this routine. (This is
also a new addition available only in Freeglut, and was introduced with OpenGL Version 3.0.
See “OpenGL Contexts” on page 27 for more details on the types of OpenGL contexts.)• int
glutCreateWindow(char *string) creates a window with an OpenGL context. It returns a unique
identifier for the new window. Be warned: until glutMainLoop() is called, the window is not yet
displayed.The Display CallbackglutDisplayFunc(void (*func)(void)) is the first and most
important event callback function you will see. Whenever GLUT determines that the contents of
the window need to be redisplayed, the callback function registered by glutDisplayFunc() is
executed. Therefore, you should put all the routines you need to redraw the scene in the display
callback function.If your program changes the contents of the window, sometimes you will have
to call glutPostRedisplay(), which gives glutMainLoop() a nudge to call the registered display
callback at its next opportunity.Chapter 1. Introduction to OpenGLChapter 1. Introduction to
OpenGLChapter ObjectivesAfter reading this chapter, you’ll be able to do the following:•
Appreciate in general terms what OpenGL does• Identify different levels of rendering
complexity• Understand the basic structure of an OpenGL program• Recognize OpenGL
command syntax• Identify the sequence of operations of the OpenGL rendering pipeline•
Understand in general terms how to animate graphics in an OpenGL programThis chapter
introduces OpenGL. It has the following major sections:• “What Is OpenGL?” explains what
OpenGL is, what it does and doesn’t do, and how it works.• “A Smidgen of OpenGL Code”
presents a small OpenGL program and briefly discusses it. This section also defines a few basic
computer-graphics terms.• “OpenGL Command Syntax” explains some of the conventions and
notations used by OpenGL commands.• “OpenGL as a State Machine” describes the use of
state variables in OpenGL and the commands for querying, enabling, and disabling states.•
“OpenGL Rendering Pipeline” shows a typical sequence of operations for processing geometric
and image data.• “OpenGL-Related Libraries” describes sets of OpenGL-related routines,
including a detailed introduction to GLUT (Graphics Library Utility Toolkit), a portable toolkit.•
“Animation” explains in general terms how to create pictures on the screen that move.• “OpenGL
and Its Deprecation Mechanism” describes which changes deprecation brought into the latest
version(s) of OpenGL, how those changes will affect your applications, and how OpenGL will
evolve in the future in light of those changes.What Is OpenGL?What Is OpenGL?OpenGL is a
software interface to graphics hardware. This interface consists of more than 700 distinct
commands (about 670 commands as specified for OpenGL Version 3.0 and another 50 in the
OpenGL Utility Library) that you use to specify the objects and operations needed to produce
interactive three-dimensional applications.OpenGL is designed as a streamlined, hardware-
independent interface to be implemented on many different hardware platforms. To achieve
these qualities, no commands for performing windowing tasks or obtaining user input are



included in OpenGL; instead, you must work through whatever windowing system controls the
particular hardware you’re using. Similarly, OpenGL doesn’t provide high-level commands for
describing models of three-dimensional objects. Such commands might allow you to specify
relatively complicated shapes such as automobiles, parts of the body, airplanes, or molecules.
With OpenGL, you must build your desired model from a small set of geometric primitives—
points, lines, and polygons.A sophisticated library that provides these features could certainly be
built on top of OpenGL. The OpenGL Utility Library (GLU) provides many of the modeling
features, such as quadric surfaces and NURBS curves and surfaces. GLU is a standard part of
every OpenGL implementation.Now that you know what OpenGL doesn’t do, here’s what it does
do. Take a look at the color plates—they illustrate typical uses of OpenGL. They show the scene
on the cover of this book, rendered (which is to say, drawn) by a computer using OpenGL in
successively more complicated ways. The following list describes in general terms how these
pictures were made.• Plate 1 shows the entire scene displayed as a wireframe model—that is,
as if all the objects in the scene were made of wire. Each line of wire corresponds to an edge of
a primitive (typically a polygon). For example, the surface of the table is constructed from
triangular polygons that are positioned like slices of pie.Note that you can see portions of objects
that would be obscured if the objects were solid rather than wireframe. For example, you can see
the entire model of the hills outside the window even though most of this model is normally
hidden by the wall of the room. The globe appears to be nearly solid because it’s composed of
hundreds of colored blocks, and you see the wireframe lines for all the edges of all the blocks,
even those forming the back side of the globe. The way the globe is constructed gives you an
idea of how complex objects can be created by assembling lower-level objects.• Plate 2 shows a
depth-cued version of the same wireframe scene. Note that the lines farther from the eye are
dimmer, just as they would be in real life, thereby giving a visual cue of depth. OpenGL uses
atmospheric effects (collectively referred to as fog) to achieve depth cueing.• Plate 3 shows an
antialiased version of the wireframe scene. Antialiasing is a technique for reducing the jagged
edges (also known as jaggies) created when approximating smooth edges using pixels—short
for picture elements—which are confined to a rectangular grid. Such jaggies are usually the
most visible, with near-horizontal or near-vertical lines.• Plate 4 shows a flat-shaded, unlit
version of the scene. The objects in the scene are now shown as solid. They appear “flat” in the
sense that only one color is used to render each polygon, so they don’t appear smoothly
rounded. There are no effects from any light sources.• Plate 5 shows a lit, smooth-shaded
version of the scene. Note how the scene looks much more realistic and three-dimensional
when the objects are shaded to respond to the light sources in the room, as if the objects were
smoothly rounded.• Plate 6 adds shadows and textures to the previous version of the scene.
Shadows aren’t an explicitly defined feature of OpenGL (there is no “shadow command”), but
you can create them yourself using the techniques described in Chapter 9 and Chapter 14.
Texture mapping allows you to apply a two-dimensional image onto a three-dimensional object.
In this scene, the top on the table surface is the most vibrant example of texture mapping. The



wood grain on the floor and table surface are all texture mapped, as well as the wallpaper and
the toy top (on the table).• Plate 7 shows a motion-blurred object in the scene. The sphinx (or
dog, depending on your Rorschach tendencies) appears to be captured moving forward, leaving
a blurred trace of its path of motion.• Plate 8 shows the scene as it was drawn for the cover of
the book from a different viewpoint. This plate illustrates that the image really is a snapshot of
models of three-dimensional objects.• Plate 9 brings back the use of fog, which was shown in
Plate 2 to simulate the presence of smoke particles in the air. Note how the same effect in Plate
2 now has a more dramatic impact in Plate 9.• Plate 10 shows the depth-of-field effect, which
simulates the inability of a camera lens to maintain all objects in a photographed scene in focus.
The camera focuses on a particular spot in the scene. Objects that are significantly closer or
farther than that spot are somewhat blurred.The color plates give you an idea of the kinds of
things you can do with the OpenGL graphics system. The following list briefly describes the
major graphics operations that OpenGL performs to render an image on the screen. (See
“OpenGL Rendering Pipeline” on page 10 for detailed information on this order of
operations.)Construct shapes from geometric primitives, thereby creating mathematical
descriptions of objects. (OpenGL considers points, lines, polygons, images, and bitmaps to be
primitives.)Arrange the objects in three-dimensional space and select the desired vantage point
for viewing the composed scene.Calculate the colors of all the objects. The colors might be
explicitly assigned by the application, determined from specified lighting conditions, obtained by
pasting textures onto the objects, or some combination of these operations. These actions may
be carried out using shaders, where you explicitly control all the color computations, or they may
be performed internally in OpenGL using its preprogrammed algorithms (by what is commonly
termed the fixed-function pipeline).Convert the mathematical description of objects and their
associated color information to pixels on the screen. This process is called
rasterization.Calculate the colors of all the objects. The colors might be explicitly assigned by the
application, determined from specified lighting conditions, obtained by pasting textures onto the
objects, or some combination of these operations. These actions may be carried out using
shaders, where you explicitly control all the color computations, or they may be performed
internally in OpenGL using its preprogrammed algorithms (by what is commonly termed the
fixed-function pipeline).During these stages, OpenGL might perform other operations, such as
eliminating parts of objects that are hidden by other objects. In addition, after the scene is
rasterized but before it’s drawn on the screen, you can perform some operations on the pixel
data if you want.In some implementations (such as with the X Window System), OpenGL is
designed to work even if the computer that displays the graphics you create isn’t the computer
that runs your graphics program. This might be the case if you work in a networked computer
environment where many computers are connected to one another by a network. In this
situation, the computer on which your program runs and issues OpenGL drawing commands is
called the client, and the computer that receives those commands and performs the drawing is
called the server. The format for transmitting OpenGL commands (called the protocol) from the



client to the server is always the same, so OpenGL programs can work across a network even if
the client and server are different kinds of computers. If an OpenGL program isn’t running across
a network, then there’s only one computer, and it is both the client and the server.A Smidgen of
OpenGL CodeA Smidgen of OpenGL CodeBecause you can do so many things with the
OpenGL graphics system, an OpenGL program can be complicated. However, the basic
structure of a useful program can be simple: its tasks are to initialize certain states that control
how OpenGL renders and to specify objects to be rendered.Before you look at some OpenGL
code, let’s go over a few terms. Rendering, which you’ve already seen used, is the process by
which a computer creates images from models. These models, or objects, are constructed from
geometric primitives—points, lines, and polygons—that are specified by their vertices.The final
rendered image consists of pixels drawn on the screen; a pixel is the smallest visible element the
display hardware can put on the screen. Information about the pixels (for instance, what color
they’re supposed to be) is organized in memory into bitplanes. A bitplane is an area of memory
that holds one bit of information for every pixel on the screen; the bit might indicate how red a
particular pixel is supposed to be, for example. The bitplanes are themselves organized into a
framebuffer, which holds all the information that the graphics display needs to control the color
and intensity of all the pixels on the screen.Now look at what an OpenGL program might look
like. Example 1-1 renders a white rectangle on a black background, as shown in Figure
1-1.Figure 1-1. White Rectangle on a Black BackgroundExample 1-1. Chunk of OpenGL
CodeThe first line of the main() routine initializes a window on the screen: The
InitializeAWindowPlease() routine is meant as a placeholder for window-system-specific
routines, which are generally not OpenGL calls. The next two lines are OpenGL commands that
clear the window to black: glClearColor() establishes what color the window will be cleared to,
and glClear() actually clears the window. Once the clearing color is set, the window is cleared to
that color whenever glClear() is called. This clearing color can be changed with another call to
glClearColor(). Similarly, the glColor3f() command establishes what color to use for drawing
objects—in this case, the color is white. All objects drawn after this point use this color, until it’s
changed with another call to set the color.The next OpenGL command used in the program,
glOrtho(), specifies the coordinate system OpenGL assumes as it draws the final image and
how the image is mapped to the screen. The next calls, which are bracketed by glBegin() and
glEnd(), define the object to be drawn—in this example, a polygon with four vertices. The
polygon’s “corners” are defined by the glVertex3f() commands. As you might be able to guess
from the arguments, which are (x, y, z) coordinates, the polygon is a rectangle on the z = 0
plane.Finally, glFlush() ensures that the drawing commands are actually executed, rather than
stored in a buffer awaiting additional OpenGL commands. The
UpdateTheWindowAndCheckForEvents() placeholder routine manages the contents of the
window and begins event processing.Actually, this piece of OpenGL code isn’t well structured.
You may be asking, “What happens if I try to move or resize the window?” or “Do I need to reset
the coordinate system each time I draw the rectangle?”. Later in this chapter, you will see



replacements for both InitializeAWindowPlease() and UpdateTheWindowAndCheckForEvents()
that actually work but require restructuring of the code to make it efficient.OpenGL Command
SyntaxOpenGL Command SyntaxAs you might have observed from the simple program in the
preceding section, OpenGL commands use the prefix gl and initial capital letters for each word
making up the command name (recall glClearColor(), for example). Similarly, OpenGL defined
constants begin with GL_, use all capital letters, and use underscores to separate words (for
example, GL_COLOR_BUFFER_BIT).You might also have noticed some seemingly extraneous
letters appended to some command names (for example, the 3f in glColor3f() and glVertex3f()).
It’s true that the Color part of the command name glColor3f() is enough to define the command
as one that sets the current color. However, more than one such command has been defined so
that you can use different types of arguments. In particular, the 3 part of the suffix indicates that
three arguments are given; another version of the Color command takes four arguments. The f
part of the suffix indicates that the arguments are floating-point numbers. Having different
formats allows OpenGL to accept the user’s data in his or her own data format.Some OpenGL
commands accept as many as eight different data types for their arguments. The letters used as
suffixes to specify these data types for ISO C implementations of OpenGL are shown in Table
1-1, along with the corresponding OpenGL type definitions. The particular implementation of
OpenGL that you’re using might not follow this scheme exactly; an implementation in C++ or Ada
that supports function overloading, for example, wouldn’t necessarily need to.Table 1-1.
Command Suffixes and Argument Data TypesThus, the two commandsglVertex2i(1,
3);glVertex2f(1.0, 3.0);are equivalent, except that the first specifies the vertex’s coordinates as
32-bit integers, and the second specifies them as single-precision floating-point
numbers.NoteImplementations of OpenGL have leeway in selecting which C data type to use to
represent OpenGL data types. If you resolutely use the OpenGL defined data types throughout
your application, you will avoid mismatched types when porting your code between different
implementations.NoteImplementations of OpenGL have leeway in selecting which C data type
to use to represent OpenGL data types. If you resolutely use the OpenGL defined data types
throughout your application, you will avoid mismatched types when porting your code between
different implementations.Some OpenGL commands can take a final letter v, which indicates
that the command takes a pointer to a vector (or array) of values, rather than a series of
individual arguments. Many commands have both vector and nonvector versions, but some
commands accept only individual arguments and others require that at least some of the
arguments be specified as a vector. The following lines show how you might use a vector and a
nonvector version of the command that sets the current color:glColor3f(1.0, 0.0, 0.0);GLfloat
color_array[] = {1.0, 0.0, 0.0};glColor3fv(color_array);Finally, OpenGL defines the type of
GLvoid. This is most often used for OpenGL commands that accept pointers to arrays of
values.In the rest of this guide (except in actual code examples), OpenGL commands are
referred to by their base names only, and an asterisk is included to indicate that there may be
more to the command name. For example, glColor*() stands for all variations of the command



you use to set the current color. If we want to make a specific point about one version of a
particular command, we include the suffix necessary to define that version. For example,
glVertex*v() refers to all the vector versions of the command you use to specify vertices.OpenGL
as a State MachineOpenGL as a State MachineOpenGL is a state machine, particularly if you’re
using the fixed-function pipeline. You put it into various states (or modes) that then remain in
effect until you change them. As you’ve already seen, the current color is a state variable. You
can set the current color to white, red, or any other color, and thereafter every object is drawn
with that color until you set the current color to something else. The current color is only one of
many state variables that OpenGL maintains. Others control such things as the current viewing
and projection transformations, line and polygon stipple patterns, polygon drawing modes, pixel-
packing conventions, positions and characteristics of lights, and material properties of the
objects being drawn. Many state variables refer to modes that are enabled or disabled with the
command glEnable() or glDisable().If you’re using programmable shaders, depending on which
version of OpenGL you’re using, the amount of state that is exposed to your shaders will
vary.Each state variable or mode has a default value, and at any point you can query the system
for each variable’s current value. Typically, you use one of the six following commands to do this:
glGetBooleanv(), glGetDoublev(), glGetFloatv(), glGetIntegerv(), glGetPointerv(), or
glIsEnabled(). Which of these commands you select depends on what data type you want the
answer to be given in. Some state variables have a more specific query command (such as
glGetLight*(), glGetError(), or glGetPolygonStipple()). In addition, you can save a collection of
state variables on an attribute stack with glPushAttrib() or glPushClientAttrib(), temporarily
modify them, and later restore the values with glPopAttrib() or glPopClientAttrib(). For temporary
state changes, you should use these commands rather than any of the query commands, as
they’re likely to be more efficient.See Appendix B for the complete list of state variables you can
query. For each variable, the appendix also lists a suggested glGet*() command that returns the
variable’s value, the attribute class to which it belongs, and the variable’s default value.OpenGL
Rendering PipelineOpenGL Rendering PipelineMost implementations of OpenGL have a similar
order of operations, a series of processing stages called the OpenGL rendering pipeline. This
ordering, as shown in Figure 1-2, is not a strict rule about how OpenGL is implemented, but it
provides a reliable guide for predicting what OpenGL will do.Figure 1-2. Order of OperationsIf
you are new to three-dimensional graphics, the upcoming description may seem like drinking
water out of a fire hose. You can skim this now, but come back to Figure 1-2 as you go through
each chapter in this book.The following diagram shows the Henry Ford assembly line approach,
which OpenGL takes to processing data. Geometric data (vertices, lines, and polygons) follow
the path through the row of boxes that includes evaluators and per-vertex operations, while pixel
data (pixels, images, and bitmaps) are treated differently for part of the process. Both types of
data undergo the same final steps (rasterization and per-fragment operations) before the final
pixel data is written into the framebuffer.Now you’ll see more detail about the key stages in the
OpenGL rendering pipeline.Display ListsDisplay ListsAll data, whether it describes geometry or



pixels, can be saved in a display list for current or later use. (The alternative to retaining data in a
display list is processing the data immediately—also known as immediate mode.) When a
display list is executed, the retained data is sent from the display list just as if it were sent by the
application in immediate mode. (See Chapter 7 for more information about display
lists.)EvaluatorsEvaluatorsAll geometric primitives are eventually described by vertices.
Parametric curves and surfaces may be initially described by control points and polynomial
functions called basis functions. Evaluators provide a method for deriving the vertices used to
represent the surface from the control points. The method is a polynomial mapping, which can
produce surface normal, texture coordinates, colors, and spatial coordinate values from the
control points. (See Chapter 12 to learn more about evaluators.)Per-Vertex OperationsPer-
Vertex OperationsFor vertex data, next is the “per-vertex operations” stage, which converts the
vertices into primitives. Some types of vertex data (for example, spatial coordinates) are
transformed by 4 × 4 floating-point matrices. Spatial coordinates are projected from a position in
the 3D world to a position on your screen. (See Chapter 3 for details about the transformation
matrices.)If advanced features are enabled, this stage is even busier. If texturing is used, texture
coordinates may be generated and transformed here. If lighting is enabled, the lighting
calculations are performed using the transformed vertex, surface normal, light source position,
material properties, and other lighting information to produce a color value.Since OpenGL
Version 2.0, you’ve had the option of using fixed-function vertex processing, as just previously
described, or completely controlling the operation of the per-vertex operations by using vertex
shaders. If you employ shaders, all of the operations in the per-vertex operations stage are
replaced by your shader. In Version 3.1, all of the fixed-function vertex operations are removed
(unless your implementation supports the GL_ARB_compatibility extension), and using a vertex
shader is mandatory.Primitive AssemblyPrimitive AssemblyClipping, a major part of primitive
assembly, is the elimination of portions of geometry that fall outside a half-space, defined by a
plane. Point clipping simply passes or rejects vertices; line or polygon clipping can add
additional vertices depending on how the line or polygon is clipped.In some cases, this is
followed by perspective division, which makes distant geometric objects appear smaller than
closer objects. Then viewport and depth (z-coordinate) operations are applied. If culling is
enabled and the primitive is a polygon, it then may be rejected by a culling test. Depending on
the polygon mode, a polygon may be drawn as points or lines. (See “Polygon Details” in Chapter
2.)The results of this stage are complete geometric primitives, which are the transformed and
clipped vertices with related color, depth, and sometimes texture-coordinate values and
guidelines for the rasterization step.Pixel OperationsPixel OperationsWhile geometric data takes
one path through the OpenGL rendering pipeline, pixel data takes a different route. Pixels from
an array in system memory are first unpacked from one of a variety of formats into the proper
number of components. Next the data is scaled, biased, and processed by a pixel map. The
results are clamped and then either written into texture memory or sent to the rasterization step.
(See “Imaging Pipeline” in Chapter 8.)If pixel data is read from the framebuffer, pixel-transfer



operations (scale, bias, mapping, and clamping) are performed. Then these results are packed
into an appropriate format and returned to an array in system memory.There are special pixel
copy operations for copying data in the framebuffer to other parts of the framebuffer or to the
texture memory. A single pass is made through the pixel-transfer operations before the data is
written to the texture memory or back to the framebuffer.Many of the pixel operations described
are part of the fixed-function pixel pipeline and often move large amounts of data around the
system. Modern graphics implementations tend to optimize performance by trying to localize
graphics operations to the memory local to the graphics hardware (this description is a
generalization, of course, but it is how most systems are currently implemented). OpenGL
Version 3.0, which supports all of these operations, also introduces framebuffer objects that help
optimize these data movements, in particular, these objects can eliminate some of these
transfers entirely. Framebuffer objects, combined with programmable fragment shaders replace
many of these operations (most notably, those classified as pixel transfers) and provide
significantly more flexibility.Texture AssemblyTexture AssemblyOpenGL applications can apply
texture images to geometric objects to make the objects look more realistic, which is one of the
numerous techniques enabled by texture mapping. If several texture images are used, it’s wise
to put them into texture objects so that you can easily switch among them.Almost all OpenGL
implementations have special resources for accelerating texture performance (which may be
allocated from a shared pool of resources in the graphics implementation). To help your OpenGL
implementation manage these memory resources efficiently, texture objects may be prioritized
to help control potential caching and locality issues of texture maps. (See Chapter
9.)RasterizationRasterizationRasterization is the conversion of both geometric and pixel data
into fragments. Each fragment square corresponds to a pixel in the framebuffer. Line and
polygon stipples, line width, point size, shading model, and coverage calculations to support
antialiasing are taken into consideration as vertices are connected into lines or the interior pixels
are calculated for a filled polygon. Color and depth values are generated for each fragment
square.Fragment OperationsFragment OperationsBefore values are actually stored in the
framebuffer, a series of operations are performed that may alter or even throw out fragments. All
these operations can be enabled or disabled.The first operation that a fragment might encounter
is texturing, where a texel (texture element) is generated from texture memory for each fragment
and applied to the fragment. Next, primary and secondary colors are combined, and a fog
calculation may be applied. If your application is employing fragment shaders, the preceding
three operations may be done in a shader.After the final color and depth generation of the
previous operations, the scissor test, the alpha test, the stencil test, and the depth-buffer test
(the depth buffer is does hidden-surface removal) are evaluated, if enabled. Failing an enabled
test may end the continued processing of a fragment’s square. Then, blending, dithering, logical
operation, and masking by a bitmask may be performed. (See Chapter 6 and Chapter 10.)
Finally, the thoroughly processed fragment is drawn into the appropriate buffer, where it has
finally become a pixel and achieved its final resting place.OpenGL-Related LibrariesOpenGL-



Related LibrariesOpenGL provides a powerful but primitive set of rendering commands, and all
higher-level drawing must be done in terms of these commands. Also, OpenGL programs have
to use the underlying mechanisms of the windowing system. Several libraries enable you to
simplify your programming tasks, including the following:• The OpenGL Utility Library (GLU)
contains several routines that use lower-level OpenGL commands to perform such tasks as
setting up matrices for specific viewing orientations and projections, performing polygon
tessellation, and rendering surfaces. This library is provided as part of every OpenGL
implementation. The more useful GLU routines are described in this guide, where they’re
relevant to the topic being discussed, such as in all of Chapter 11 and in the section “The GLU
NURBS Interface” in Chapter 12. GLU routines use the prefix glu.• For every window system,
there is a library that extends the functionality of that window system to support OpenGL
rendering. For machines that use the X Window System, the OpenGL Extension to the X
Window System (GLX) is provided as an adjunct to OpenGL. GLX routines use the prefix glX.
For Microsoft Windows, the WGL routines provide the Windows to OpenGL interface. All WGL
routines use the prefix wgl. For Mac OS, three interfaces are available: AGL (with prefix agl),
CGL (cgl), and Cocoa (NSOpenGL classes).All of these window system extension libraries are
described in more detail in Appendix D.• The OpenGL Utility Toolkit (GLUT) is a window-system-
independent toolkit, originally written by Mark Kilgard, that hides the complexities of differing
window system APIs. In this edition, we use an open-source implementation of GLUT named
freeglut, which extends the original functionality of GLUT. The next section describes the
fundamental routines necessary to author programs using GLUT, all of which are prefixed with
glut. In most parts of the text, we continue to use the term GLUT, with the understanding that we
are using the Freeglut implementation.Include FilesInclude FilesFor all OpenGL applications,
you want to include the OpenGL header files in every file. Many OpenGL applications may use
GLU, the aforementioned OpenGL Utility Library, which requires inclusion of the glu.h header
file. So almost every OpenGL source file begins with#include <GL/gl.h>#include <GL/
glu.h>NoteMicrosoft Windows requires that windows.h be included before either gl.h or glu.h,
because some macros used internally in the Microsoft Windows version of gl.h and glu.h are
defined in windows.h.NoteMicrosoft Windows requires that windows.h be included before either
gl.h or glu.h, because some macros used internally in the Microsoft Windows version of gl.h and
glu.h are defined in windows.h.The OpenGL library changes all the time. The various vendors
that make graphics hardware add new features that may be too new to have been incorporated
in gl.h. In order for you to take advantage of these new extensions to OpenGL, an additional
header file is available, named glext.h. This header contains all of the latest version and
extension functions and tokens and is available in the OpenGL Registry at the OpenGL Web site
(). The Registry also contains the specifications for every OpenGL extension published. As with
any header, you could include it with the following statement:#include "glext.h"You probably
noticed the quotes around the filename, as compared to the normal angle brackets. Because
glext.h is how graphics card vendors enable access to new extensions, you will probably need to



download versions frequently from the Internet, so having a local copy to compile your program
is not a bad idea. Additionally, you may not have permission to place the glext.h header file in a
system header-file include directory (such as /usr/include on Unix-type systems).If you are
directly accessing a window interface library to support OpenGL, such as GLX, WGL, or CGL,
you must include additional header files. For example, if you are calling GLX, you may need to
add these lines to your code:#include <X11/Xlib.h>#include <GL/glx.h>In Microsoft Windows,
the WGL routines are made accessible with#include <windows.h>If you are using GLUT for
managing your window manager tasks, you should include#include <freeglut.h>NoteThe
original GLUT header file was named glut.h. Both glut.h and freeglut.h guarantee that gl.h and
glu.h are properly included for you, so including all three files is redundant. Additionally, these
headers make sure that any internal operating system dependent macros are properly defined
before including gl.h and glu.h. To make your GLUT programs portable, include glut.h or
freeglut.h and do not explicitly include either gl.h or glu.h.NoteThe original GLUT header file was
named glut.h. Both glut.h and freeglut.h guarantee that gl.h and glu.h are properly included for
you, so including all three files is redundant. Additionally, these headers make sure that any
internal operating system dependent macros are properly defined before including gl.h and
glu.h. To make your GLUT programs portable, include glut.h or freeglut.h and do not explicitly
include either gl.h or glu.h.Most OpenGL applications also use standard C library system calls,
so it is common to include header files that are not related to graphics, such as#include
<stdlib.h>#include <stdio.h>We don’t include the header file declarations for our examples in
this text, so our examples are less cluttered.Header Files for OpenGL Version 3.1Header Files
for OpenGL Version 3.1As compared to OpenGL Version 3.0, which only added new functions
and features to the sum of OpenGL’s functionality, OpenGL Version 3.1 removed functions
marked as deprecated. To make that transition easier for software authors, OpenGL Version 3.1
provides an entire new set of header files, and recommends a location for vendor to integrate
them into the respective operating systems. You can still use the gl.h and glext.h files, which will
continue to document all OpenGL entry points, regardless of version.However, if you’re porting
code to be used only with Version 3.1, you might consider using the new OpenGL Version 3.1
headers:#include <GL3/gl3.h>#include <GL3/gl3ext.h>They include functions and tokens for
Version 3.1 (for future versions, the features set will be restricted to that particular version). You
should find that these headers simplify the process of moving existing OpenGL code to newer
versions. Like any OpenGL headers, these files are available for download from the OpenGL
Registry ().GLUT, the OpenGL Utility ToolkitGLUT, the OpenGL Utility ToolkitAs you know,
OpenGL contains rendering commands but is designed to be independent of any window
system or operating system. Consequently, it contains no commands for opening windows or
reading events from the keyboard or mouse. Unfortunately, it’s impossible to write a complete
graphics program without at least opening a window, and most interesting programs require a bit
of user input or other services from the operating system or window system. In many cases,
complete programs make the most interesting examples, so this book uses GLUT to simplify



opening windows, detecting input, and so on. If you have implementations of OpenGL and
GLUT on your system, the examples in this book should run without change when linked with
your OpenGL and GLUT libraries.In addition, since OpenGL drawing commands are limited to
those that generate simple geometric primitives (points, lines, and polygons), GLUT includes
several routines that create more complicated three-dimensional objects, such as a sphere, a
torus, and a teapot. This way, snapshots of program output can be interesting to look at. (Note
that the OpenGL Utility Library, GLU, also has quadrics routines that create some of the same
three-dimensional objects as GLUT, such as a sphere, cylinder, or cone.)GLUT may not be
satisfactory for full-featured OpenGL applications, but you may find it a useful starting point for
learning OpenGL. The rest of this section briefly describes a small subset of GLUT routines so
that you can follow the programming examples in the rest of this book. (See Appendix A for more
details GLUT).Window ManagementWindow ManagementSeveral routines perform tasks
necessary for initializing a window:• glutInit(int *argc, char **argv) initializes GLUT and
processes any command line arguments (for X, this would be options such as -display and -
geometry). glutInit() should be called before any other GLUT routine.•
glutInitDisplayMode(unsigned int mode) specifies whether to use an RGBA or color-index color
model. You can also specify whether you want a single- or double-buffered window. (If you’re
working in color-index mode, you’ll want to load certain colors into the color map; use
glutSetColor() to do this.) Finally, you can use this routine to indicate that you want the window to
have an associated depth, stencil, multisampling, and/or accumulation buffer. For example, if
you want a window with double buffering, the RGBA color model, and a depth buffer, you might
call glutInitDisplayMode(GLUT_DOUBLE | GLUT_RGBA | GLUT_DEPTH).•
glutInitWindowPosition(int x, int y) specifies the screen location for the upper-left corner of your
window.• glutInitWindowSize(int width, int height) specifies the size, in pixels, of your window.•
glutInitContextVersion(int majorVersion, int minorVersion) specifies which version of OpenGL
you want to use. (This is a new addition available only when using Freeglut, and was introduced
with OpenGL Version 3.0. See “OpenGL Contexts” on page 27 for more details on OpenGL
contexts and versions.)• glutInitContextFlags(int flags) specifes the type of OpenGL context you
want to use. For normal OpenGL operation, you can omit this call from your program. However, if
you want to use a forward-compatible OpenGL context, you will need to call this routine. (This is
also a new addition available only in Freeglut, and was introduced with OpenGL Version 3.0.
See “OpenGL Contexts” on page 27 for more details on the types of OpenGL contexts.)• int
glutCreateWindow(char *string) creates a window with an OpenGL context. It returns a unique
identifier for the new window. Be warned: until glutMainLoop() is called, the window is not yet
displayed.The Display CallbackThe Display CallbackglutDisplayFunc(void (*func)(void)) is the
first and most important event callback function you will see. Whenever GLUT determines that
the contents of the window need to be redisplayed, the callback function registered by
glutDisplayFunc() is executed. Therefore, you should put all the routines you need to redraw the
scene in the display callback function.If your program changes the contents of the window,



sometimes you will have to call glutPostRedisplay(), which gives glutMainLoop() a nudge to call
the registered display callback at its next opportunity.
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K. Hansen, “good opengl textbook. This is the textbook for my computer graphics class, and it is
much more useful than the one I had the last time I took a graphics class. I know some
reviewers complained about it being filled with deprecated material, but that is a good thing
when your class starts out with that material (like mine does) before moving on to the current
stuff. So if you just want a quick reference to the most current version of OpenGL, there might
be a better book, but if you want a more complete reference that explains how it all fits together,
this book is pretty solid.”

Syzygies, “Buy the edition appropriate to your hardware. I have a digital version of this edition on
my Kindle DX; I returned the corresponding box set unopened, and bought instead the sixth
edition covering OpenGL 2.1. (I prefer hard copy for ease of browsing, except when my hard
copy isn't with me.)OpenGL is going through an uncomfortable transition, and the other reviews
slam this book for an issue with OpenGL, not this book. My newest hardware, bought within the
week, "only" supports OpenGL 2.1, which is fine by me. Sure, these OpenGL manuals are
expensive, and many of us have obsolete editions on our bookshelves, but that's no reason to
buy an edition that is "too new" for one's hardware. Value your time, and buy exactly the edition
that matches your current hardware.”

Sean Richards, “OpenGL time.. I purchased this book a long time ago. OpenGL has gone
through many revisions since then. It seems like in todays industry there is a hope to make
OpenGL the industry standard and cross platform.”

Chimgee, “Five Stars. useful”

Mr. C Bell, “Still the definitive guide to OpenGL, but I wonder if this book has reached its "give up
writing it" date. This book is, without a doubt, the best guide you can buy to learning basic
OpenGL.The early chapters take the reader through the essential elements of computer
graphics (colour, lighting, drawing primitive objects, transformations, viewing), then later
chapters deal with more specialised techniques such as texture wrapping, accessing the
hardware buffers, picking and analytical surfaces. Each chapter has copious examples that are
well written, clearly explained and have easy to understand example code. The author provides
sufficient maths to explain why the major aspects of OpenGL are the way they are (for example
how to compute normals and viewing transformations) and gives references to more arcane
mathematical topics (eg Bezier patches and Nurbs surfaces). If you work your way through this
book, or even just the first half of it + the appendices, you really will understand computer
graphics.The book also deals briefly with the extension libraries required to use OpenGL on the
various different hardware platforms you will encounter: Windows, Unix/Linux and Mac. It also
describes the utility GLU library that makes using OpenGL easier.The reader will need to be



reasonably familiar with the C programming language, and all the examples are written in C, but
users of other languages should not have much trouble dealing with this.So why am I a bit luke-
warm about it?The problem is that OpenGL is mutating rather faster than this book can be
updated. This 7th edition, published in Autumn 2009, refers to OpenGL releases 3.0 and 3.1; but
release 3.2 was already available when it appeared, and at the time of writing this review (March
2010) release 4.0 has just been announced.If you just want to learn basic OpenGL this is fine,
but if you are a developer who needs to exploit the latest and greatest features of the language
you find yourself in the position of having to spend a lot of money on a book only to find that it is
already out of date. I have a succession of these "red books" on my shelf dating back 15 or so
years now, and each time I buy a copy I read less and less of the incremental information it
contains.For example the current trend is away from the traditional method of "construct a
primitive object and send it to the graphics card to draw" towards a different model of "tell the
graphics card where to find my information, and also compile a programme on it to render this".
Or in OpenGL-speak from immediate mode rendering using the fixed graphics pipeline towards
programmable shaders using GL Shading Language (GLSL).The author has tackled this issue
as well as he can, but he faces the twin problems that not only does he not have enough space
to do it justice (this edition is already 55mm thick), but also he cannot keep up with the
development of OpenGL. In addition much of the traditional way of drawing things is
"deprecated" from OpenGL 3.0 onwards, which leaves the author in the unenviable position of
having to explain how everything works in his early chapters while simultaneously remarking that
things should no longer be done this way! (Personally I think the traditional methods will still be
around long after I'm dead, and I have no intention of dying any time soon...)Through no fault of
his own he is in danger of growing this book to the point where it is too big and expensive for a
beginner while still being inadequate for an advanced user.Perhaps it needs to become a hybrid
paper (basics) and online reference (advanced + latest & greatest) document. Certainly
*someone* needs to gather all the documentation on OpenGL together into a single place, and I
can't think of anyone better qualified than the author to do this, I'm just no longer sure that a
book is - on its own - enough to do the job.”

David, “Yet to finish, but exactly what I was looking for. My tutor recommended this book even
though its not the latest, the guide still works. We're making a sphere and adding motion blur for
an assignment, was amazed when this book covered it.”

L. M. Prado, “Great. I bought this book because i needed a reference for new version. I had the
book for version 2 and i knew many things were going to be deprecated.This book is nearly the
same as the last one. The same!. But things to be deprecated are marked. but only marked. You
get no advice on "how to make this when it desappears". So it's not really a good choice if you
have the last book. You just donwload the opengl new version specification document from
Kronos website and you check whether something is disspearing.Just the same. but great great



book.”
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