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. 

I n the spr ing of 2001, we finished writing OpenGL Galli c Programming. Although the 
book didn't cover everything we had initially planned, we hoped that it would bene­
fit people learning to program games with OpenGL. The ensuing years have see n that 

hope realized , as we've come into contact with dozens of people in perso n and many times 
that number via e-mail and the Web who had used ou r book as a start ing point into 3D 
game development. 

Given the tremendous effort involved with writing a book, upon the book's complet ion, 
we both felt that it would be our fi rst and last book. However, since then, as we gained 
experience, we began to feel the need to rewrite the book. Vile noticed areas where it was 
weak, where it needed to be updated to coincide with the latest OpcnGL spec, and where 
material co uld be added to provide more complete coverage. We also wanted to explore 
mo re advanced subject material. We were torn between rewriting the original book and 
creating a ncw advanced book. After some debate, the decision was made to start by tak­
in g the core material from the first book and revising it to be up to datc and more co m­
plete, wh ilc rcmov ing material that we felt wasn't as releva nt for gamc dcvclopmcnt. YOLI 

hold thc rcsults of that effort in your hands. With a solid foundation established through 
this book, we hope to explore more advanced topics in a second volume at some future 
date. 

In this book, you'll begin to learn how to develop games using high-performance graph ­
ics and game libraries. You'll learn how to unleash the powerofOpenGL 1.5 to create real­
istic, rea l-time graph ics. 

XVII 
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Who Should Read This Book 
This book is intended for programmers who arc just getting started in 3D game develop­
ment. We assume that you're comfortable programming in C++ and hope thaI you have 
at least a basic understanding of 3D mathema tics and graphics. By the end of the book. 
you should understand all of the basics of OpcnGl and be able to apply them to games. 

If you're already experienced with OpenGl, you may still find some useful tidbi ts here. 
but you're probably better off wai ling for the next volume. 

What We Will and Won't Cover 
The days when you could cover everything you need to know about game development in 
a single volume (or even two! ) arc long gone - if they ever ex isted at all. To keep the size 
and cost of th is book down to the range that is appropria te for a beginner, we had to care­
full y pick and choose which topics to cover, which required making a few assllmptions. 

The first ass umption is that yo u know how to program in C++. If not, there arc many 
good books covcring it , some of which arc listed in Appendix B, "Further Reading." Pick 
up a few, read them, spend some timc programming, and thcn come back. 

The seco nd assumption is that YOll know how to program on your platform of choice. 
OpenGl is available on many diffe rent platforms, so we can't safely guess which one 
you're using. nor can we devote space to covering many different platforms. Even if we d id 
pick a popular platform such as Windows, the coverage would be incomplete, and every 
page we spent on it would be one page less on OpenGl and game programming. So. if you 
don't already know how to at least gel a basic application up and running on your pbt ­
fo rm of choice, spe nd some time hitting the books or reading tutorials. That said, in 
OpclIGL G(lme Programming. we included a chapter cove ring the basics of Win32 pro­
gramm ing. Because 've believe that the majorit y of ollr readers usc WindO\vs. we've 
included that chapter in PDF fo rmat on the CD, fo r your co nvenience. 

Even though we won't be covering platform-specific programm ing in genera], we will 
cover Windows-specific issues related to OpenGl because the way you sct up and init ial­
ize OpenGl varies from system to system. 

The third ass umption we make is that you have some understanding of 3D math. Many 
beginning game programming books (inclllding our original one) provide 3D math 
primers, but it is such a large topic that these primers are unavoidably incomplete. Rather 
than givc you a half-baked introduction to the topic, we recommend picki ng up one 
of the books suggested in Appendix B. In truth. because Ope nGl hides much of the 
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mathemat ics that goes on behind the scenes, you can probably cheat fo r now and get away 
with no t knm .... ing things like how to compute a dot product or multiply matrices. But if 
you want to become a graphics guru, you'll wa nt to learn as much as YOll can about 3D 
math, and doing so berore diving into a book like this one will make your journey easier. 

Since we wrote a math primer for the previous book. we went ahead and included it on 
the CD as well, so if you just want to learn the basics or perhaps brush up a bit, you may 
find it useful. 

Finally. at least in this volume, we've opted not to cover any topics in game development 
not d irectly related 10 graphics or OpenGL. Subjects such as game design, artificial intel­
ligence, networking, audio, and physics are all very important to games, but they all 
require more than a chapt er or \wo to cover completely- many of them deserve a book 
of their O\ .... n. 

Now that you kno\ .... what we won't be covering, let's talk about what we will be covering. 
As the title suggests, this book is targeted at people who want to make games lIsing 
OpenGL, bu t who have never used it before. So you'll learn a lot of OpellGL. You won't 
learn everything there is to know about it yet-the more advanced aspects will be covered 
in later volumes, and there arc parts of it that aren't particularly userul fo r games - but 
yo u will learn all of the basics, including important topics like texture mapping and ver­
tex arrays. By th e end of the book, you' ll be able to make non-trivia l games. 

Our philosop hy is to focus on one th ing and do it well, rather than trying to cover many 
things and do them poorly. 

What's New 
If you've read, or at least looked at. OpellGL Gallic Programmillg, you may be wondering 
what's different about this book. 

The most obvious change is that this book is much smaller. Thi s book covers mosl of the 
material covered through Chapter 13 in OpenGL Game Progrmllmillg. Although we're 
coverin g most of the same material as the fi rst edition, this is not merely an updat e. 
We've entirely rewritten many sections of the book and tho roughly reviewed and 
upd,lIed everything that hasn't been rewritten . We've added some new sections: some to 
cover !lew functionality that has been added to OpenGL, and some to lay the foundation 
for the next volume. We've also removed a few sections that we felt were of questionable 
va lue (don't worry. though; they're on the CD in electronic forma t, so you' re not really 
miss ing anything). 
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About the Target Platform 
One of the most important (and difficult! ) decisions we faced in writing this book was 
which target platform to lise. Because OpenGL is a cross-platform AP I, th e field was wide 
open, and we were left with several choices: 

I. Write for as many of the major platforms as possible. 

2. Use a cross- platform API to abstract the platform-specific deta ils. 

3. Write for the most popular platform, and let people on olher platforms figure out 
the differences on their own. 

The first option simply isn't practical for space and time reasons. The seco nd option is 
better, but we felt that there arc some platform-specific issues that can't be avoided and 
arc imporl'antto understand. Ultimately, we decided on the third option, nnd it 's clear that 
Windows is still th e most popular platform by a very wide margin for people starting off 
in game development. If you're not using Windows, don't worry, the amount of Windows­
specific informal'ion is very limited. Almost all of the informa tion covered in this book is 
readil y applicable to any platform OpenGL is su pported 011. 

Using This Book 

Note 

If you don't read anything else in th is introduction. read this section. It contains important infor­
mation you'll need to gel the most out of this book. 

The CD 
I n order to reduce the cost of this book while allowing us to pack in as much information 
as possible, , ... e've minimized the amount of code that is listed in the book. Full source 
code for all of the example programs used in the book is included on th e CD, so you'll 
want to open these fil es or print them out to usc in conjun ction with the text. 

Extensions 
You'll learn about extensions in Chapter 8, "OpenGL Ex tensions." As you'll see there, 
extensions are especially important under Windows for accessing new fea{'ures. Through­
out the book, whenever we discuss features that are only available as extensions under 
Windows, we'll provide a box with information about the extension to make it easier for 
you to use. 
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Function Names 

Many OpenGL functions come in multiple versions to support different numbers and 
types o f parameters. In C++, this could easily be implemented usi ng overloaded func­
tions, but since OpcnGL was designed to be used with C and other languages that might 
not support overloading, another solution was necess.1ry. This solution was to incl ude 
information about the type and number of parameters in each function 's name. In order 
to be able to avoid listing all of the different variations of a function , we'll use the follow­
ing convention: 

glFunctionlll34Hbsifd ubusui ItTY PE param l : 
glFunctionlll341lbsifd ubusuijv{TYPE · params): 

Thi s notation indicat es that the function name will be followed by one of thc numbers 
contained within thc first sct of curly braces and then one of the letters contained in the 
second set of curly braces. The letters stand for byte, short, integer, float, double, unsigned 
byte, unsigned short, and unsigned integer, respectively. TY PE is used as a placeholder for 
the specific dat,1 type accepted by the function. The second form va ries from the first only 
in that it includes a v, which indicates that the function takes:1Il array of values rathe r than 
a single value. 

When referring to a function that has multiple forms within the text, we will generally 
refer to it as glFunctlon{) without any parameter information. 

Your Tools 
In order to use this book, you're going to need a few things. First off, you'll need a C++ 
compiler. Because knowing C++ is one of the prerequisites for this book, it's safe to 
assume you already have a C++ compiler. All the code samples for this book were written 
usi ng Visual C++ 6.0 and Visual C++ .NEl : although you should be able to get everything 
to wo rk with other compilers. 

In addition to the compiler, you'll need the headers and libraries for OpenGL. If you're 
using Visual C++, you already have the latest headers and libraries for Windo\vs. For other 
platfo rms, yOll c<ln visit the official OpenGL Web site at wW\v.opengl.org nnd download 
them from there. 

Note 

The OpenGl implementation included with Visual c++ was (not surprisingly) created by Microsoft. 
If you search around the Internet, you may come across an OpenGl implementation for Windows 
created by Silicon Graphics. Because Silicon Graphics is no longer maintaining its implementation, 
you should stick with Microsoft's implementation. 
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The specific files needed for OpenGL under Windows arc listed below. The filenames for 
other platforms may be a li ttle different (.a instead of .lib for Linux, fo r instance), hut the 
function is the same. 

vl .h Primary OpenGL header. By convention , this is placed in a suhfolder of your 
compi ler's include directory named gl. 

glu.h Header for the OpenGL Utility library. This is placed in the same location as 
gl . h. 

opengl32.11 b Library contai ning bindings to OpenGL functions. This is placed in 
your compiler's library folder. 

gl u32 .11 b Libra ry containing bindings to OpenGL Utility Library functions. This is 
placed in your compiler's library folder. 

openg132. dll Dynamic-link library con taining OpenGL fUllction implementations 
and hooks in to video hardware drivers. This is found in th e Windows system 
directory (system32). 

gl u32.dll Dynamic-li nk library containing OpenGL Utility Library function 
implementations. This is fo und in the Windows system directo ry (system32). 

Whenever making a new project, rou'U have to be sure that the OpenGL library fil es arc 
linked to it. In Visual C++, there arc several ways to do this, but the preferred method is 
by opening the Project menu, selecti ng the Sellings command, cl icking the Link tab, and 
add ing openg132. I Ib and glu32.1 ib to the Object/library modules line. YOli can also include 
the following two lines anywhere in your project (note that these commands are Microsoft 
specific and probably won't work with other compilers): 

'pragma cOD'lllent(llb , ' opengI32 . 1ib' ) 
Ipragma cOlIQent(llb, 'glu32.lib") 

When you try to compile rou r program, if you get errors that look like th is: 

error lNK2001: unresolved exte rna l symbol _imp_gIClear@4 

it's a sure sign that you haven't linked the OpenGL libraries correctly. Go back and read 
the preced ing sevew] paragraphs again. 

Support Web Site 
Finally, we maintain a Web si te at http://glbook.gamedev.net that we will use to provide 
support fo r this book. We'll be updating this site regularly to post errata and updates to 
the example programs as needed. Be sure to check it if you have any problems. 

Enough with the introduction, let's get started! 
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CHAPTER 1 

I 
THE EXPLORATION 

BEGINS. • • AGAIN 

B dore digging into the meat of game development, you need to have a founda­
tional understandi ng of the medium in which you'll be \vorking. As should be 
obvio us by now, you'll be using the OpenGL API for graphics, so wc'Jl lakc 11 look 

at OpenC L's o rigi ns, design , and evolution . We'll also provide an overview of the game 
industry, as well as a look at the core elements involved in a game. 

In this chapter, you will learn: 

• What a game is 

• About OpcnGL and ils history 

• About libraries thaI can be used to expand OpcnGL's functionality 

Why Make Games? 
Intera ctive entertainment has grown by leaps and bou nds in the last decade. Computer 
games, which used to be a niche market, have now grown in to a mult i-billion -dollar 
industry. Recent years have shown a trend of accelerating growth whose end is not in 
sight. The interactive entertain ment industry is an explosive muket that pushes th e latest 
com puter technologies to the edge and helps drive research in areas such as graphics and 
artifi cial intelligence. It is this relentless drive and growth that attracts many people to this 
industry, but why do people really make games? 

From working in the game industry ourselves and talking to many others who do as well, 
one thing seems to drive people to learn and succeed at the art of game development: JUII. 
Ga mes have co me to be known as one of the more creative forms o f sofhvare develop­
ment, and the amazing games that have been released in recent years arc a testament to 

3 
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that. Games like Halo by Bungie Software have pushed the envelope of game design to the 
point that the industry will never be the same again. Game developers arc d rawn into this 
industry by the idea of crealing their own virtual world that thou5.1 nds. if not millions. of 
other people will o ne day experience. The game developer strives to be challenged and to 
discover new technologies and new worlds. According to Michael Sikora. an independent 
game developer. " It 's like a trip I just can't get off." This is what making games is all about. 

The World of 3D Games 
Although many companies have contributed to the growth of 3D gaming. a special nod 
must be given to id Software, which was a major catalyst in the rise o f 3D games. More 
than 10 yea rs ago. Joh n Carmack and company unleashed a lillIe game call ed Wolfell s/eill 
3D upon the world. Wo/PD brought the gaming world to its knees with re;lltime raycast­
ing 3D graphics and an immersive world that left garners silling at their computers for 
homs upon hours. The game was a new beginning for the industry, and it never looked 
back. In 1993. the world of DoolII wenl on a rampage and pushed 3D graphics technology 
past yet another limit with its 2.5D engine. The gaming world revcled in the technical 
achievement brought by id in their game DOOIII, bu t it did not stop there. Several years 
hiler, Quake cha nged 3D gaming for good. No longe r were enemies "fake 3D;' but rather 
full 3D entities that could move around in a fully polygona l 3D. The possibilities were now 
limited only by how many polygons the CPU (and eventually, the GPU) could process and 
display o n the screen. Qllake also brought mul ti player gam ing over a net\vork to realit y as 
hordes of Internet lIscrs joined in the fun of death matches with 30 other people. 

Since the release of Quake, the industry has been blessed by new technological advance­
ments nearly every few months. The 3D gaming scctor has brought on 3D accelerator 
hardware that performs the 3D ma th right in silicon. Now, new hardware is released every 
six months tha t seems to double its predecessor in raw power, speed, and Oexibility. With 
all thesc advancements. there could not be a more exciting time than now fo r 3D game 
development. 

The Elements of a Game 
You may now be asking, "How is a game made?" Before we can answer this question, you 
must understand that games are, at their lowest level, softwa re. Today's softw<lrc is devel­
oped in teams, where each member of a team works on his or her specia lty unt il every­
one's work is integr;Hed to create a single, coheren t work of art. Games arc developed in 
much the same way, except programming is not the only area o f expertise. Artists arc 
required to generate the images and beautiful scenery that is prevalent in so many of 
today's games. Level designers br ing the vi rtual world to life and use the art provided to 
them by the ;m ists to create worlds beyond belief. Programmers piece together each ele­
ment and make sure everything works as a whole. Sound techs and musicians create the 
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audio necessary to provide the gamer with a rich, multimedia, believable, and virtual 
experience. Designers come up with the game concept, and producers coord inate every­
one's efforts. 

With each person working on different areas of expertise, the game must be divided into 
various clements that will get pieced together in the end. In general. games arc divided 
into these areas: 

• Graphics 

• Input 

• Music and sound 

• Game logic and artificial intelligence 

• Networking 

• User interface Hnd menuing system 

Each of these ;\Teas can be further divided into more specific systems. For cxample, gamc 
logic would consist of physics and particle systems, while gr<lphics migh t h.we a 2D and/or 
3D rende rer. Figu re 1.1 shows an examplc of a simplistic game archi tec \'ure. 

Input 

Sound and 
Music 

Garno Logic 
and Physlu 

Graphics 

World 
Databaso 

( Data Flies ) 

Figure 1.1 A game is composed of various subsystems. 
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As you can sec, each element of a game is divided into its own separate piece and com­
mun icates with o ther elements of the game. The game logic clement tends to be the hub 
of the game, where decisions arc made for processing input and sending output. The 
architecture shown in Figure 1.1 is very simplistic. however; Figure 1.2 shows what a more 
advanced game's architecture might look like. 

As you can see in Figure 1.2. a more complex game requires a more complex architectural 
design . More detailed components arc developed and used to implemen t speci fic features 
or functionality that the game so ftware needs to operate smoothly. One th ing to keep in 
mind is that games feature some of the most complex blend s of technology and software 
designs, and as such, game development requi res abstract thinking and implementation 
on a higher level than traditional software development. When you are developing a game, 
you are developing a \vork of art, and it needs to be treated as such. Be ready to try new 
things 0 11 your own and redesign existing technologies to suit your needs. There is no set 
way to develop games, much as there is no set way to paint a painting. Strive to be inno­
vative and set ne\v standards! 

What 15 OpenGL? 
OpenGL prov ides the programmer with an interface to graphics hardware. It is a power­
fu l, low- level rendering library, available on all major platfo rms. with ,vide hardware sup­
port. It is designed. for usc in any graphics application, from games to modeling to CAD. 
Many games, such as id Software's Doom 3, use OpenGL fo r their core graph ics-rendering 
engme. 

Htlw.n:iIIg ~ - - - - - _ •• 10 M_k 

I OirKlI,.-1 Vi 
W .. dow. S, m ... V Iop.t t- M"'§9f H .. dIi.g Game Log;' Ga .. , On p.t 

~I Mill.,,, 

~ 
S .... 

I Ph,.;" I Game Dot.bo .. / R ........ Mooo" , 

'/ ~ J[ I MIl.;. S • ..., II Tu",.. II 3D Mod,I. I Ot~et I 

Figure 1.2 A more advanced game architectural design. 
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OpenGL intentionally provides only low-level render ing routines. allowing Ihe program­
mer a great deal of control and flexibility. The provided rout ines can easily be used to 
build high-level rendering and modeling libraries, and in fact, the OpenGL Utility Library 
(GLU), wh ich is included in most OpcnGL distributions, docs exactly that. Note also tha t 
OpenCL is just a graphics library; unlike DirectX, it docs not include support for sound, 
input, networking, or anything d se not directly related to graphics. 

Tip 

OpenGl stands for · Open Graphics library.· ·Open- is used because OpenGl is an open standard, 
meaning that many companies are able to contribute to the development. It does not mean that 
OpenGl is open source. 

OpenGL History 
OpenGL was originally developed by Silicon Graphics, Inc. (SG I) as a multi -purpose, 
pla tform -independent graphics API. Since 1992, the development of OpenGL has been 
overseen by the OpenGL Architecture Review Board (ARB ), which is made up of major 
gmphics vendors and other industry leaders, currently consisti ng of 3DLabs, ATI, Dell , 
Evans & Sutherland , Hewlett-Packard, IBM, Intel, Matrox, NV IDIA, SC I, Sun Microsys­
tems, and Silicon Graphics. The role of the ARB is to establish and maintai n the OpenGL 
spec ification, which dictates which features must be incl uded when one is developi ng an 
OpenGL distribution. 

At tile time of this writing, the most recent version of OpenGL is Version 1.5. OpenGL 
remained at Version 1.2 for a long time, but three years ago. in response to the rapidly 
changing state of graphics hardware, the ARB committed to ann ual updates to the speci­
fica tion. 

The designers of OpenGL knew that hardware vendors would wa nt to add fealllres that 
may not be exposed by (o re OpenGL interfaces. To address this, they included a method 
for extendi ng OpenGL. These extensions eventually become adopted by other hardware 
vendors, and wh en support for an extension is wide enough-or the extension is deemed 
important enough by the ARB - the extension may be promoted to the core OpenGL 
spec ification. Almost all of the most recent additions to OpenGL started out as exten­
sions - many of them directly pertaining to video games. Extensions arc covered in detail 
in Chapter 8, "OpenGL Extensions." 

OpenGL Architecture 
OpenGL is a collection of seve ral hundred fu nctions providing access to all of the features 
offered by your graphics ha rdwa re. Internally, it acts as a state machine-a collection of 
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states that tell OpenGl what to do and that arc changed in a very well-defined manner. 
Using the API , YOll can set various aspects of the state machine, including such things as 
the current color, lighting, blending, and so on. When rendering. everything drawn is 
affected by the current scllings of the state machine. It 's important to be aware o f \"hat 
the various states arc and the effect they have, because it's not uncommon to have unex­
pected results due to having one or more states set incorrectly. Although we're not going 
to cover the en tire OpenGl state machine, we'll cover everything that's relevant to the top­
ics covered in this book. 

At the core o f OpenGl is the rendering pipeline. as shown in Figure 1.3. You don't need 
to understand everything that happens in the pipeline at this point, but yo u should at least 
be aware that what you see on the screen resuits from a series of stems. Fortunately, 
OpenGl handles most of these steps for you. 

Image I I Geometry 

, , 

[ ... .. 000000000 .. 1 Commands tm .. mm ·~l 
, L--~-----' 
, 

, , 
: ... ............ . 

, ,., 
Texture 
Memory 

, .... 

, 
Display 

lists 

, 
. ........... ~: 

, 
Plu l ~ Ve rtex ... ... Rasleril[ation •.. 

Ope rations Operations 
L--__ -----' , L--~-----' , 

Per.fragment 
Ope rat ions 

, , 
frame Buffer 

Figure 1.3 The OpenGl rendering pipeline. 
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Fixed Function Versus Programmability 

What you see in Figure 1.3 is the classic fixed function pipeline. In the fixed function model, the 
operations that are performed at each stage are always the same, although you're able to provide 
input parameters that modify the operations somewhat. For the past several years, the graphics 
industry has been revolutionized by the development of the programmable pipeline. With pro· 
grammability, a developer is able to take complete control over what happens at certain stages, 
specifically at the vertex and per-fragment operation stages. This is done through the use of cus­
tom programs that actually execute on the graphics hardware. These programs are often referred 
to as shaders. 

Shaders can be difficult to understand when you are fi rst learning computer graphics. so in this 
book we'll be focusing on the fixed function pipeline, which still provides a considerable degree of 
power and flexibility. 

Related libraries 
There arc many libraries available that build upon and around OpenGl to add support 
and functionality beyond the low-level rendering support that it excels at. One o f them, 
Gl U. has already been mentioned. We don't have space to cover aU of the OpenGl­
related libraries, and new o nes arc cropping lip all the time, so wc'lIlimit our coverage 
here to two of the most importan t: GLUT and SDL. We'll cover an additional library, 
Glee, in Chapter 8. 

GLUT 

GLUT, sho rt for OpellGL Utility Toolkit , is a set of support libraries available on ewry 
major platform. OpenCl docs not directly support any form of windowing, menus, o r 
input. That's where GLUT comes in. It provides basic functionalit y in all o f those areas, 
while remaining platform independent , so that YOll can easily move GLUT-based applica­
tions from, for example, Windows to UNIX with few, if any, changes. 

GLUT is easy to use and learn, and although it does not provide you with all the function ­
ality the operating system offers, it works quite well for demos and simple appl ications. 

Because your ultimate goal is going to be to create a fairly complex game, you're going to 
need more flexibility than GLUT otTers. For this reason, other than a brief example at the end 
of this chapler, it is not used in the code in the book. However, if you'd like to know more, 
visit the official GLUT Web page at http://\vw ....... opengl.org!rcsourcesllibraries/glut.html. 
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SDL 

The Simplc Direct Med ia Layer (SDL) is a cross-platform multimedia lib rary, including 
support for audio, input, 2D graphics, and many other th ings. It also provides direct sup­
port for 3D graphics through OpcnGL, so it's a popular choice for cross-platform game 
development. More information on SDL can be found at www.libsdl.org. 

A Sneak Peek 
Let's jump ahead and take a look at some code that you will be using. The code won't 
make much sense now, but it 'll start to in a few chapters. On thc CD, look for and open 
up the projcct Si mple, wh ich you'll find in the directo ry for this chapter. This example 
program displays t\VO overlapping colored polygons, as shown in Figurc J.4. 

Note th.1I this code uses GLUT for handling all the operating system-specific stuff. This is 
just to keep things simple rather than confusing the issue with platform-specific setup 
code. Let's dissect the code. First is the initialization: 

gl[nable(G~D[PTH_TEST}; 

Figure 1.4 A simple OpenGl example. 
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This line enables zbuffering, which ensures that objects closer to the viewer get drawn over 
objects that are farther away. This is explained in detail in Chapter l2, "O penGL Buffers." 

Next up is the Reshape{} routine, which gets called initially and every time the display win­
dow is resized: 

glV iewport{O, 0, {GLsize i } wid th, (G Lsizei) height): 
glMat rixMode {G L_PROJ ECTION} : 
gl Loadldenti ty{): 
gl IlPerspecthe{90.0 , widt h/heigh t, 1.0 , 100.O} ; 

glMat rixMode{G L_MODELVIEW): 

This sets up the way in which objects in the world arc transformed into pixels on the 
screen . All of the functions used here will be explained in Chapter 4, "Transformations 
and Matrices." 

The last piece of code to look at is in the Di splay() routine. This code is called repea tedly 
to update the screen: 

gl Loadldent i ty{): 
gl ulookAt(O .O, 1.0, 6.0, 

0.0, 0.0 , 0.0, 
0.0, 1.0 , O.O}: 

// clear the screen 
gl Cl ea r (Gl_COLOR_BUFF ER_B IT I GL_DEPTH_BUFFER_B IT) : 

gl Begi n (Gl_TRI ANGLES): 
glColor3f{l. 0, 0. 0, 0.0) : 
gl Vert ex3f{2 .0, 2.5, · 1.0) ; 
glColor3 f{ O.0, 1.0, O.O} : 
glVertex3f{ · 3.5, -2.5. · 1.0) : 
glColor3f{ O.0, 0.0, 1.0) : 
gl Vert ex3f{2 .0, ·4.0, 0.0) ; 

glEnd{) ; 

gl Beg i n (GL_POl YGON) : 
glColor3 f{l. 0, 1.0, l.O} : 
gl Vert ex3f{ · 1.0, 2.0, O.O}; 
glColor3 fO. 0, 1.0, O.O} : 
gl Vert ex3f( · 3.0, ·0.5.0. 0) : 
glColor3 f< 0.0, 1.0, La} : 
gl Vert ex3f{ · 1.5, · 3.0,0 .0) ; 
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glColor3f(0.0. 0.0 . O.O} ; 
gIYertex3f(1.0. '2.0. 0.0l; 
glColor3f(l.0. 0.0. I.O}; 
glYertex3f(1.0. 1.0. 0.0) ; 

gIEnd(): 

The first two lines set up the camera, as explained in Chapter 4. gIClear()-which you'll 
learn about in Chapter 12-is then used to clear the screen. The rest of the func tion draws 
the two polygons by specifying the vertices that define them, as well as the colo rs associ ­
ated with them. These functions will all be explained in Chapter 3, "OpenGl States and 
Pri III itives." 

Try modifyi ng some of th e values in the example program to sec what effect th ey have. 

Summary 
In this chapter you took a first look at OpenGL, which you'll be using throughou t the 
remainder of this book for graphics demos and games. Now that you have an ove rview of 
the AP I you will be using, you can get into the fun part of actual developme nt! 

What You Have l earned 
• 3D gaming is a rapidly growing and excited field. 

• OpenGl is a graphics library that is used in many games. 

• OpenGl has been around for over 10 years. Its development is overseen by the 
Architectural Review Board. 

• Libraries such as GLUT and SDL can be used in conjunction with OpcnGl for 
fas ter development and added functionality. 

Review Questions 

I. When \o,>as OpenGl first introduced? 

2. What is the current version number of OpenGL? 

3. Who decides \o,>hat additions and changes arc made to OpenGL? 

On Your Own 

J. Takc the exam ple program and modify it so that the triangle is all red and the 
polygon is all blue. 
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CHAPTER 2 

CREATING A SIMPLE 

OPENGL ApPLICATION 

. 

A mentioned in the in troduction, knowing how to crcate a basic application on 
the platform you arc lIsing is one of the prerequisites to reading this book. How­
vcr, even tho ugh OpcnGL is multip latform, there are platforllHpecific things 

yo u need to do to be able 10 usc OpenGL We'll be covering them for Windows here. Over 
the course of this chapter, you \ViUleam: 

• The WG L and related Windows functions that support OpenGL 

• Pixel formats 

• Using OpcnCL with Windows 

• Full-screen OpcnGL 

Introduction to WGL 
The set of AV is used to sct up OpcnG L on Windows is collectively known as WGL, some­
times pronounced "wiggle." Some of the things we L allows you to do include: 

• Creating and selecting a rendering context. 

• Using Windows font support in OpenGL applications. 

• Loading OpenGL extensions. 

We'll cover fonts and extensions in Chapters 11 , "Displaying Text," and 8, "OpenGL 
Extensions," respectively. Rendering contexts are covered here. 

13 
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Note 

WGl provides considerable functionality in addition to what's been listed here. However, the addi­
tional features are either rather advanced (and require extensions) or very special ized, so we won't 
be covering them in this volume. 

The Rendering Context 
For an operating system 10 be able to work wi th OpenGL, it needs a means of co nnecting 
OpenG llo a window. If it allows multiple applicatio ns to be run ning al once, it also needs 
a way to prevent multiple OpenGL appl ications from interfering with each other. This is 
done through the use of a renderil1g COIl text. In Windows, the Graphi cs Device Interface 
(or GOI) u.~es a dev ice context 10 remember settings aboul drawing modes and com­
mands. The rendering con tex t serves th e same purpose fo r OpenGL. Keep in mind, how­
ever, that" rendering context docs not replace a device context all Windo\vs. The two 
interact to ensure that your application behaves properly. In fact, you need to set up the 
device context firs t and then creale the rendering context wi th a matching pixel format . 
We'll get into the details of this shortly. 

You can actua lly create multiple rendering con texts for a single applica tion. This is useful 
fo r appl ications such as 3D modelers, where you have multiple windows or vie,vports, and 
each needs to keep track o f its settings independently. You could also use it to have one 
rendering context manage your primary display while another manages user interface 
components. The only ca tch is that there can be only one active rendering contex t per 
thread at any given time, though you can have multiple threads-each with its own con­
text- rendering to a single window at once. 

Let's take a look at the most important WGt functions for managing contexts. 

wglCreateContext(J 

Before yo u ca n usc a rendering context , you need to create o ne. You do this through: 

HGlRC wglCreateContext(HDC hDC); 

hOC is the handle for the device context Ihat yo u previously crc;lIed for your Windows 
application. You should call this function only afler the pixel format for the device con­
text has been set, so that the pixel forma ts match. (We' ll talk about setting the pixel for­
mat shortly.) Rather than returning the actual rendering con text, a handle is returned, 
which you can usc to pass the rende ring context to other functions. 
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wglDeleteContext() 

Whenever YOll create a rendering context, the system allocates resou rces fo r it. When 
you're done using the context, you need to let the system know about it to prevent those 
resources from leaking. You do that through: 

BOOl wg lOeleteContext (HGLRC hRC): 

wglMakeCurrent() 

If the currently act ive thread docs not have a current rendering context, all OpenGL func­
tion calls will return without doing anything. This makes perfect sense co nsi dering that 
the context contains all of the state info rmation that OpenGL needs to operate. This is 
don e with wg l MakeCurrent{) : 

BOOl wg l Ma~eCurrent(HOC Me , HGl RC hRCl: 

You need to make sure both the device context and rendering context you pass to 
wglHa~eCurren t () have the same pixel forma l for the function to work. If you wish to des­
elect th e rendering context, yo u can pass NULL for the hRC parameter, or you can simply pass 
another rendering co ntext. 

The wglCrea t eContext() and wglHakeCurrent() functions should be called during the initial­
ization stage of your application, such as when the IIH..CREATE meS5.1ge is passed to the 
windows procedure. The wg lOeleteContext() function should be called when the \ .... indow 
is being destroyed, such as with a IIH..OESTROY message. It 's good practice to deselect the ren ­
dering context before deleting it, though wg lOel eteContext () will do that for you as long as 
it's the current con text for the active thread. 

Here's a code snippet to demonstrate this concept: 

LRESULT CALLBACK IIndProc(HIiNO hwnd, UI NT message , IIPARAH wPa ram , LPARAH lParam ) 

I 
stat 1c HGLRC hRC : 
sta t ic HOC hOC ; 

swl t ch( message) 

I 

/I render ing context 
II device con text 

case WM_CREATE : II window Is being crea ted 
hOC " Ge t OC( hwnd } ; /I get device context for wi ndow 
hRC .. wglCrea t eContexUhOC) ; /I create rendering contex t 
wglMakeCurren t (hOC. hRCJ : /I make render ing cont ext current 
break; 
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case 11M_DESTROY; 
wgl HakeCurrent (hOC , NUll) ; 
wglOeleteContext(hRC) ; 
PostOultHessage(O); 
break: 

II end swi tch 
/I end 'IIndProc 

/I window Is being destroyed 
/I deselect render ing context 
II delete rendering context 
/I send IIH_OUIT 

This little bit of code will create and destroy your OpenGL window, You use static vari ­
ables fo r the rendering and device contexts so you don't have to re-create them every time 
the w indows procedure is called. This helps speed the process up by eliminat ing unneces­
sary calls. Th e rest o f the code is fairly straight forw'ard as th e comments tell exactly what 
. . 
IS gomg on. 

Getting the Current Context 

Most of the time you will store the handle to your rendering co ntext in a global or mem­
ber v'l riable, but at times you don't have that information .wailable. This is often the case 
when you're using multiple rendering contexts in a multithreaded application. To gel the 
handle to the current context, YO Ll can use the fo llowing: 

HGlRC wg 1 GetCurrentContext( }; 

If the re is no current rendering context, this will retu rn HUll. 

YOli can acquire a handle to the current d evice context in a similar manner: 

HOC wglGetCurrentOC(} ; 

Now that you know the basics of dealing with rendering con texts, we nccd to discuss pixel 
formats and the PIXElFORHATOESCRIPTOR structure and how you usc them to set up your 
w indO\v. 

Pixel Formats 
OpenG L prov id es a finite number of pixel formats that include such properties as the 
color mode, depth buffer, bits per pixel, and whether the window is double buffered . The 
pixel formut is associuted with yom rendering window and device co ntext , desc ribing 
what types of data they support. Before creating a rendering context, you must select an 

appropriate pixel format to use. 
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The first thing YOll need to do is lise the PI XElFORMATDESCRI PTOR structure to define the char­
acteristics and behavior you desire for the window. T his structure is defined as 

typedef struct tagPIXElFORMATDESCRIPTOR ( 
WORO nSize : II size of the structure 
WORO nVersion ; II always set to I 
DWORD dwFlags ; II flags for pixe l buffer properties 
BYTE iPixelType: II type of pixel data 
BYTE cColorBi t s : 
BYTE cRedBits; 
BYTE cRedShift: 
BYTE cGreenBits: 
BYTE cGreenShi ft; 
BYTE cBl ueB its ; 
BYTE cBl ueShift: 
BYTE cAlphaBits: 
BYTE cAlphaShi ft; 
BYTE cAccumBits : 
BYTE cAccumRedB its: 
BYTE cAceumGreenBits : 
BYT E cAccumBlueBi ts; 
BYTE cAccumA IphaBits: 
BYTE cDepthBits : 
BYTE cStencilBits; 
BYTE cAuxBu ffers ; 
BYTE i LayerType: 
BYTE bRese r~ed : 

DWORD dwLayerMask ; 
DWORD dwV is ibleMask; 
DWORD dwDa mageMask; 

PIXf LFORMATDESCRIPTOR : 

/I number of bits per pixe l 
II number of red bits 
II shift count for red bits 
II number of green bits 
/I shift count for green bits 
II number of blue bits 
II shift coun t for blue bits 
II number of al pha bits 
/I shift count for alpha bits 
II number of accumu l ation bu ff er bits 
II number of red accumulat ion bits 
II number of green accumulation bits 
/I number of blue accumulation bits 
II number of alpha accumulation bits 
II number of depth bu f fer bits 
II number of stenei I buffer bits 
/I number of auxi l iary buffe r. no t supported . 
II no longe r used 
II number of overlay and under l ay planes 
II no longer used 
/I transparen t underlay plane color 
II no longe r used 

Let's take a look at the more important fields in this structure. 

nSize 

The first of the more important fields in the structure is nSi Ie. This field should always be 
set equal to the size of the structure, like this: 

pfd .nSize • sizeof(P IXELFQRMATDESCRI PTOR) ; 
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This is fairly straightforward and is a common requirement for data structures that get 
passed as pointers. Often, a structu re needs to know its size and how much memory has 
been allocated for it \ ... hen performing various operations. A size field aliov'/s easy and 
acc urate access to this information with a quick check of the size field. 

dwFlags 
The next fi eld, dwFl ags, specifies the pixel buffer properties. Table 2. 1 shows the more com­
mon values that you need for dwFlags . 

Table 2.1 Pi xel Format Flags 

Value Meaning 

P FO_O RAIUO_W I NO{)W 

PFO_SUPPORT_OP ENGL 
PFO_OOUBLEBUFHR 

prO_OOUBlEBurFE~DONTCARE 

PFO_GEHERIC~CCELERATED 

prO_GEHERIC_FORHAT 

iPixelType 

The buffer can draw to a window or device surface. 
The buffer supports OpenGL drawing. 
Double buffering is supported. This flag and pro_SUPPORUiOI are 
mutually exclusive. 
The requested pixel lormat (an either have or not have a depth buffer. 
To sele<:l a pixel format without a depth buffer, you must specify this 
flag. The requested pixel lormat can be with or without a depth buffer. 
Otherwise, only pixel formalS with a depth buffer are considered. 

The r~ested pixel loonat can be either single Of double buffered. 
The requested pixel foonat is accelerated by the device driver. 
The requested pixel foonat is supported only in software. (Check lor this 
flag if your application is running slower than expected.) 

The l Pi xe l Type field specifi cs the type of pixel data. You can set thi s field to one of the fol ­
lowing val ues: 

• PFD_TYPE_RGBA. RGBA pixels. Each pixel has four components in this order: red, 
green, blue, and nlpha . 

• PFD_TYPE.JOLORIN DEX . Palettcd mode. Each pixeiuses a color-index value. 

For our purposes, the i PixelType field will always be set to PFD_TYPE_RGBA. This allm ... s 
you to use the standard RGB color model with an alpha component for effects such as 
transparency. 
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cColorBits 
The cColorBi ts field specifics the bits per pixel available in each color buffer. At the present 
time, this value ca n be set to B, 16, 24, or 32. If the requested color bits are no t ava ilable on 
the hardware present in the machine, the highest setting closest to the o ne you choose will 
be used. Fo r example, if you set cColorBits to 24 and the graphics hardware does not 
support 24·bit rendering, but it docs support 16-bit rendering, the device context lhat is 
crea tcd will be 16-bit. 

Setting the Pixel Format 
After you have the fi elds of the PIXElfORJotATOESCRIPTOR structure set to your desired values, 
the next step is to pass the structure to the ChoosePi xelformat() function: 

i nt ChoosePixe lFo rma t( HOC hdc, CO NST PIX EL FORHA TOESCRI PTOR *ppfd) : 

This functio n attempts to find a predefined pixel format th at matches thc one specified by 
your PIXE LFORJotATOESC RIPTO R. Ifit can't find an exact match, it will find the closest one it can 
and change the fi elds of the pixel format descriptor to match what it actually gave you. 
The pixel forma t itself is returned as an integer representing an !D. You ca n use this value 
with the SetPixel Format() function: 

BOOl SetPixelFormat(HDC hdc , jnt pixel format . const PlXElfORHATOESCRIPTOR *ppfd); 

Th is sets thc pixel fo rmat fo r the device context and window associated with it. Note that 
the pixel fo rmat can be set only once for a window, so if you decidc to change it, you must 
destroy and re-create your window. 

The following listing shows an example of setting up a pixel format: 

PIXElfORHATOESCRIPTOR pfd: 
memset(&pfd. 0, sizeof(PIXElfORHATDESCRIPTOR)) ; 
pfd.nSize - sizeof(PIXElFORHATOESCRIPTOR) ; /I size 
pfd.dwFlags - PFD_ORAIUO_IHN DOW I PFD_SUPPORT_OPENGl J PFO_OOUBlEBUFFER: 
pfd.nVersion - I: II ~ersion 
pfd.iPixelType - PFD_TYPE_RGBA : II color type 
pfd.cColorBits - 32 : 1/ prefe red co lor depth 
pfd .cOe pthBit s - 24 : /I de pth buffer 
pfd .1layerType - PFD_HAIN_PlANE: 1/ mai n laye r 

1/ choose best ma tching pixel format. return index; 
int plxelFormat - ChoosePlxelFormat(hDC , &pfd): 
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II set phel format to device context 
SetPixeIFormat(hDC, phelFormat. &pfd l : 

One of the first things you might notice about that snippet is that the pixel format 
descriplor is first ini tialized 10 zero, and only a few o f the fields are set. This simply means 
that there arc several fields thaI you don't even need in o rder to SCI Ihe pixel format. AI 
limes you may need these other fields, bu t for now you can just sel them eq ual 10 zero. 

An OpenGL Application 
You have the tools, so now let's apply them. In thi s sectio n of the chapter, yo u will piece 
togeth er the previolls sect ions to give you a basic framework for crea ting an OpenG L­
enabled window. What follows is a complete listing of an OpenGl window ;Ipplic:ltion 
that displays a window with a lime-green colored triangle rotating about its center on a 
black background . let's take a look. 

From winmaln.cpp: 

'deflne WIN32_LEA~ND~EAN 
'define WIN32_EXT~LEAN 

Ilnclude <wt ndows.h> 
Ilnclude <gl/gl.h> 
'lnclude <gl/gl u. h> 

'lnclude ' CGfxDpenGL.h ' 

boo] extttng - false ; 
long wlndowW ldth - BDO; 
long wlndowHe tght - 600; 
long wlndowBit s - 32; 
boo] fullscreen - false ; 
HOC hOC : 

1/ is the app ex iti ng? 
I I the wi ndow wi dth 
1/ the window height 
1/ the wi ndow bi ts per pixe l 
/1 full screen mode? 

/1 wi ndow device context 

1/ global po inte r to the CGhOpenGL rende ring class 
CGfxOpenGL *9-91 Render - NULl; 

The above code defines our i/inc ludes and initialized glob:ll variables. Look at the com­
ments for explan:ltions of the global variables. The 9-g1 Render pointer is fo r the CGfxOpenG L 
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class we use throughout the rest of the book to encapsulate the OpenGL-specific code from 
the operating system- specific code. We did this so that if you want to run the book's exam­
ples on another operating system, such as Linux, all you need to do is copy the CGfxOpel1G L 
class and write the C/C++ code in another operating system required to hook the CGfx · 
OpenGl class into the application . You should be able to do this with rdative ease; that is our 
goal at least. 

void SetupPixelFo rmat( HOC hOC) 
I 

in t pi xel Format ; 

PIX EL FO RMATOESC RIPTOR pfd • 
{ 

s i l eof( PI XE LFORMATOESCRI PTOR), 
1. 
PFO_SU PPORT_OPENG L 
PFD_DRAW_TO_WINDOW 
PFO_DDUBL EB UF FER, 
PFD_TY PC RGB A, 
31, 
0, 0, 0,0 , 0 , 0, 
0, 
0, 
0, 
0, 0, 0,0 , 
16, 
0, 
0, 
PFO_MAIN]LANE, 
0, 
0, 0, 0, 

I : 

/I s i l e 
/I vers ion 
/I OpenGL wi ndow 
/I rende r t o window 
/I su pport double· buf fer ing 
/I color type 
/I prefered co lor depth 
/I color bits ( igno red) 
/I 110 al pha buffer 
/I al pha bits (igno red) 
/I 110 acc um ul ati on bu ff er 
/I acc um bits ( ig no red) 
/I de pth buffer 
/I 110 s t enc i l bu ff er 
/I t10 auxi li ary buffers 
/I main l aye r 
/I reserved 
/I 110 l ayer , vi s ibl e , damage mas ks 

pixel Format • ChoosePi xelFo rmat{h OC, &pfd) ; 
Set Pi xe lFormat(hDC . pi xel Format, &pfd) ; 
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The SetupPixel Format{) function uses the PIXE LFORMATOESCRIPTOR to set up the pixel format 
for the defined device context, parameter hOC . The contents of this function are described 
earlier in this chapter in the "Pixel Formats" section. 

LR£ SULT CA LLBACK Ma inWindowProc{HWNO hWnd, UI NT uMsg. WPARAM wPa ram, l PARAM IPa r am) 

I 
static HOC hOC ; 

static HG LRC hRC; 

in t height , width ; 

1/ dispatch messages 

swit ch (uMsgJ 

I 
case WI'UREATE: 

hOC· GetoC{hWnd); 

SetupPi xe 1 Format (hOC) ; 
hRC • wglCreateContext{hDC); 

wglMakeCur rent{hOC. hRC) ; 

break ; 

case WM_OESTROY: 

case WM_QUiT: 

II window creation 

1/ window destroy 

case WM_C LOSE : /I windows is clos ing 

/I des elect rendering contex t and dele te it 
wglHakeCur rent{hOC. NUL l); 

wgI OeleteContext{h RC ) ; 

/I send WM_QUIT to message Queue 

PostO ui tMess age { 0); 

break ; 

case WM_SIZE: 

height· H!WO RO{l Param); 

width · LOWORO {1Pa ram); 

II retrieve widt h and he ight 

LgI Render ->SetupProject i on{wi dth , hei ght); 

break; 

case WM_KEYOOWN: 

int fwKeys; 

LPARAM keyOa ta ; 
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fwKeys - (in t )wParam: 
k.eyOata - lParalD; 

swi tch( fwKeys) 

I 
case WK.-ESCAPE: 

PostOui tMessage( 0) : 
break; 

defaul t: 
break.; 

break: 

default: 
break: 

/I virtual -key code 
/I key data 

return OefWindowProc(hWnd , uHsg, wParam, lParam); 
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The MainWindowProc() is called by Windows wheneve r it receives a Windows message. We 
arc no t goi ng to go into the details o f the Windows messaging system. as any good Win­
dows programming book will do fo r you, but generally we need to concern ou rselves o nly 
with the HainWlndowProc() during initialization, shutdown, window resizing operations. 
and Windows-based input functionality. We listen for the following m ess-1ges: 

• II~CREAH: This m essage is sent when the window is created. We set up the pixel for ­
mat here. retr ieve the window's device context, and create the OpenGL rendering 

con text. 

• IIM_OESTROY. W~OUJT, WM_CLOSE: Th ese m essages are sent when the window is destroyed 
o r the user closes the window. We destroy the renderin g context here and then 
send the Wt-COUIl message to Windows with the PostOuitHessage() fu nction. 

• IIM_S rH: This m essage is sent whenever the window size is being changed. It is also 
sent during part of the window creation sequence, as the operating system resizes 
and adjusts the \vindow according to the parameters defined in the Cre at eWindowEx( ) 
function. We set llP the OpenGL projection matrix here based on the new width 
and height of the window, so Ollr 3D viewport always matches the window size. 

• IIH_KEYOOIIN: This message is sent whenever a key on the keyboard is pressed. In this 
part icular message code we arc interested only in retrieving the keycode and seeing 
if it is equal to the ESC virtual key code, VK_ESCAPE. If it is, we quit the application 
by call ing the PostOui tMessage( ) fu nction. 
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You can learn more about Windows messages and how to handle them through the 
Microsoft Developer Network, MSDN, which comes with your copy of Visual Studio. You 
can also visit the MSDN Web site at http://msdn.microsoft.com. 

int WINAP I Wi nMai n(H INSTANCE hlnstance, HIN$TANC E hPrev lnstance , LPSTR IpCmd Li ne, i nt 
nShowCmdJ 
I 

icon 

WNDCLASSEX wi ndowCl ass ; 
HWNO hwnd ; 
MSG ms g; 
OWO RO dwExStyl e; 
OWO RO dwSty le ; 
RECT windowRect; 

g_g l Render - new CGhOpenGL; 

windowRect .l ef t- {long)O ; 
wi ndowRect . r i ght-( long )wi ndo wWi dt h; 
windowRect .top- ( l ong)O ; 
wi ndowRect .bottorr.- (long) windowHe ig ht; 

/1 fill out the window class st ructure 

/I wi ndow class 
/I wi ndow handle 
/I message 
/I Window Extended Style 
/I Window Style 

II Set Left Va lue To 0 
/1 Set Right Va l ue To Requested Width 
/I Set Top Value To 0 
/1 Set Bottom Value To Requested Height 

windowC lass.cbS i ze - sizeo f{ WN DCLA$SfX); 
wi ndowC lass.sty le - CS_HREORAW I C$_VREORAW; 
windowC lass. l pfnWndProc 
wi ndowC lass.cbC lsExtra 
windowC lass.cbWndtxtra 

- MainW indowProc; 
• 0, 
• 0, 

wi ndowC lass.hlnstance - hlnstance ; 
windowC lass.hlcon - loadlcon(NU LL , IDI_APPLICATIONl; /I de fault i con 
windowC lass.hCursor • loa dCursor{NU ll, !OCARROW); /I de fa ult arrow 
windowC lass.hbrBackground - NUL L; /I don't need bac kground 
wi ndowC lass. l pszMenuName - NU LL; 
windowC l ass. 1 pszCI assName - "GLCI ass"; 
wi ndowC lass.hlcon$m • loa dlcon(NULL, ID'-WINLOGO); 

II register the windows class 
if (! Regi sterClassEx(& windowC I ass l) 

return 0; 

if (full screen) 

I 
1/ ful lscreen? 

DEVMO DE dm$creenSettings ; 

II no menu 

/I wi ndows l ogo small 

/I device mode 
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memse t (&dm$creen$ettings ,O,sizeof (dm$creen$ettings)) ; 
dm$creen$et t i ngs . dmSi ze - s i zeof{ dm$creen$et t i ngs}; 
dm$creen$ettings .dmPe l sWidth - wi ndowWi dt h; 
dm$creen$ettings .dmPe l sHeight - windowHeigh t ; 
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/I screen wi dth 
/I screen height 

dm$creen$ettings .dmBitsPerPel - windowBits; II bits per pixe l 
dm$creen$ettings .dmFields-OM_B IT$ PERPElI DM_PElSWIOTHIO M_PElSHE IGHT; 

if (ChangeOisplay$ettings{&dm$creenSettings, CO$JULl$CRE EN ) 1_ 

OISP_CHANGE_$ UCC E$SFUl) 
I 

II setting disp l ay mode failed. switch to windowed 
MessageBox(NU Ll, "Oi splay mode fai l ed" , NUL L. MB_OK ); 
ful l screen - FALSE ; 

i f (full screen) 

I 
1/ Are We Sti l l In Fullsc reen Mode? 

el se 
I 

dwExStyle-WS_EX_APPWINOOW; 
dwStyle-W$_POPU P; 
ShowCursor(FALSE}; 

// Window Extended Style 
/I Windows Style 
1/ Hide Mouse Pointer 

dwExSty 1 e-WS_EX_APPW INOOW I W$_EX_WINOOWEOGE ; 
dwSty l e-W$_OV ERLAPPEDWIN DOW ; 

1/ Window Extended Style 
II Windows Sty le 

/I Adjust Window To True Requested Size 
Adjus tW i ndowRectEx (&wi ndowRect , dwSty l e, FALSE , dw ExStyl e) ; 

II class registered, so now create our window 
hwnd - CreateWindowEx(NU Ll. 

"G LClass" , 
II extended sty le 
/1 class na me 

"BOGLGP - Chapter 2 - OpenGL Application" , /1 app name 
dw$tyle I WS_CLlPCHILOREN I 
W$_CL IPSIB LINGS , 
O. 0, /1 x,y coord inate 
windowRect. right - wi ndo wRect.left . 
windowRec t . bottom - windowRec t. top, 
NU LL, 
NU LL, 

II wi dth , height 
II hand le t o paren t 
/1 hand le t o menu 
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hlnstance . 
NULl) ; 

hDC • Get DC{hwnd) ; 

II application instance 
II no extra params 

II chec k if window creation fai led (hwnd wou ld equal NULl) 
i f (!hwnd) 

ret urn 0; 

Sho wW indow(hwnd. SW_S HOW ); 
Upda teWindow{hwnd) ; 

g_g l Render -> I nit ( ) ; 

wh i l e (!exiting) 

I 
g_g IRender -)Prepare(O .Of ); 
Lgl Render · )Render() ; 
SwapBuffers(hDC) ; 

II display the window 
II update the window 

while {Pee kHessage (&msg . NU Ll. O. O. PIUOREHOV E)) 
I 

if (!GetHessage (&msg. NULl. o. 0)) 

exiting· true: 
break ; 

Trans lateHessage (&msg) ; 
Di spatchHessage (&msgJ ; 

delet e LglRende r; 

if (f ullscreenJ 
I 

ChangeDisp laySettings(NULL.O) ; 
ShowCursor{TRUE) ; 

return {int)msg.wParam ; 

II If So Switch Back To The Desktop 
II Show Hous e Poi nter 
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And the re is the main Windows entry point function, WlnHaln() . The majo r points in 
this function arc thc creat ion and registration of the window class, the call to the 
Crea teWfndowEx() funClion to create the window, and the mai n whl1e() loop for thc pro­
gram's execut ion. You may also notice our use of the CGfxOpenGL class, whose definition is 
shown bela' .... 

From CGfxOpenGL. h: 

class CGfxOpenGL 
I 
priva te: 

In t rlLwfndo wW fdt h: 
Int rlLwfndowHeight; 

f l oa t rlLangle; 

publ i c: 

I , 

CGfx OpenGL ( ) : 
vi rtua 1 ~CGfxOpenG L (); 

bool lnit() : 
bool Shutdown(); 

void SetupProjectfon(fnt width . int hei ght) ; 

void Prepare(float dt); 
void Render(): 

First we should mention thai by no means are we saying that the CGfxOpenGl class is how 
you should design your applicalions with OpenGL It is strictly meant to be an easy way 
for us to present you with flexible, easy-to-understand, and portable OpenGL applica­
tions. 

Second, this cI<lSS is very simple to usc. It includes methods to initialize your OpenGL code 
(lnf t ( l), shut down your OpenGL code (Shutdown ( l), set up the projection rn<ltrix for the 
window (SetupProj ect fo n{)) , perform any data-specific updates for a frarne (Prepare()), 
and render your scenes (Render(») . We will expand on this class throughout the book, 
depending on the needs of our applications. 

Here's the implementation, located in CGfxOpenGL.cpp: 

'ffdef _WINDOWS 
'Include <wlndows . h> 
lendl f 
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Ihnclude <gl/gl . h> 
Ihnclude <gl/glu .h> 
If i nclude <math . h> 
llinclude · CGfxOpenGl.h" 

II disa ble implicit float -double cast ing 
Up ragma warning(dis ab le:4305l 

CGfxOpenGL : : CGfxOpenGL{ ) 
I 

CGfxOpenGL : : -CGfx OpenGU l 
I 

boo I CGfx OpenG L: : !nit{) 
I 

II clear to black backg round 
gIC learColor{ O.O, 0. 0, 0.0, 0.0) ; 

return tr ue ; 

boo I CGfx OpenG L: :$hutdown{) 
I 

return tr ue ; 

voi d CGfx OpenG L: :$etupPro j ect ion( int width , int heightl 

i f {height - O} II don't want a div ide by zero 

he ig ht · 1; 

gIV i ewport(O, 0, width , height}; II reset t he viewpo rt to new dimensions 
gIMa t ri xMode(Gl_PROJ ECTION} ; II se t project ion matr ix current matrix 
glloa dldent ity(); II reset proj ect i on matr ix 
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1/ calculate aspect ratio of window 
gl uPerspect i ve (52 . Of • (GL fl oat )wi dthl (GLfl oa t ) he i ght, 1. Of ,1000 . Of) ; 

gl Matr ixMode(GL_MO DE LVI EW ) ; 
glloadldentity() ; 

II set mode l view matrix 

m_windowWidt h - width ; 
m_wi ndo wHeight - height; 

voi d CGfx DpenG L: : Prepa reI f loat dt ) 

void CGfxO penG L: :Render() 

1/ clear sc reen and depth buffer 

II reset model view matrix 

gl Cl ea r{ GL_COlOR_BUF FER_B IT I GL_DE PTH_B UFF ER_B IT); 

glload Ident i ty ( ) ; 

1/ move back 5 units and rota te about all 3 axes 
glTrans lateHO .O, 0. 0, -5.0t); 
glRot atef[ m_ang le, 1. 0f, O.Of, O.Of} ; 
glRot atef (m_ang le, O.Of, 1. 0f, C.Of) ; 
glRot atef (m_ang le, O.Of , 0.0t. 1.0f) ; 

1/ I ime greenish color 
glColor3f (0.7f , 1.0f , 0.3f) : 

II draw the tr i ang le such that the rotat i on point is in the center 
gl Begin{GL_TRIANGLE$) ; 

gIV ertex3f{l .Of, -1.0f , O. Of); 
gIV er tex3f{ -1.0f , -l.0t. O.Of) ; 
gIV ertex3f{O .Of, 1. 0f. O.Of): 

glEnd(}: 

As you can sec, we've put all the OpenGL-specific code in th is class. The Init{) method 
uses the glC learColor{) function to set the background color to black (0,0,0) and initialize 
the member variable m_ang l e, which is used in the Render(} method by glRotate f{) to 
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perform rOlalions. In Ihis example. the SetupProjectl on() method sets up the viewport for 
perspective projection, which is described in detail in Chapter 4, "Transformations and 
Matrices." 

The Render() method is where we put all OpenGL rendering calls. In this method. we 
first clear the color and depth buffers, both of which are described in Chapter 12, 
"OpcnGL Buffers." Next. we reset the model matrix by loading the identity matrix 
with glloadldentlty(), described in Chapter 4. The glTranslatef() and glRotatef() func­
tion s, also described in Chapler 4. move the OpenGL camera five units in the negative z 
axis direction and rotate the world coordinate system along all three axes. respect ively. 

Next we set the current rendering colo r to a lime green color with the glColor3f{) func­
tion, which is covered in Chapter 5, "Colors, Lighting, Blending. and Fog." Lastly, the 
transformed triangle is rende-red with the gl Begi n(), gl Vertex3f( ), ;lIld glEnd() functions . 
These functions are covered in Chapter 3, "OpenGL States and Primitives." 

You can find the code for this example on the CD included with this book under Chapter 
2. The example name is OpenGLApplication. 

And finally. what would an example in this book be without a screensllot? Figure 2.1 is a 
screenshot of the rotating lime green triangle. 

Figure 2.1 Screenshot of the ·OpenGLApplication - example. 
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Full-Screen OpenGl 
The code presented in the prev io lls section creates an application that runs in a ,vindow, 
but nea rly all 3D games created nowadays are displayed in fulJ-screen mode. Ifs time to 
learn how to do that. You'll take the sample program you just created and modify it to give 
it full -screen capabilities. Let's take a look at the key parts that you need to change. 

In orde r to switch in to fu ll-screen mode, you must use the D£VHODE data structure, which 
con tains informa tion about a d isplay device. The structure is actually fairly big, but for ­
tunately, there are o nly a few members that you need to worry about. These arc listed in 
Table 2.2. 

Table 2.2 Important DEVMODE Fields 

Field Description 

dillS! ze Size of the structure, in bytes. Used for versioning. 
dlllB1 t sPerPel The number of bits per pixel. 
d.Pel sllidth Width of the screen. 
d.PelsHe1ght Height of the screen. 
d.Fiel ds Set of bitflags indicating which fields are valid. The flags for the fields in this 

table are DIUITSPERPEt, [»UElSIIIDTH. and DH_PELSHEIGHT. 

After you have initialized the DEYHODE structure, you need to pass it to ChangeOlsplay' 
Settings( 1: 

LONG ChangeO! spl aySet t f nqs{ lPOEYHOOE pOevHode, OWORD dwFl aqs 1: 

This takes a pointer to a OEYHOOE structure as the first parameter and a set of nags descr ib ­
ing exactly what you 'vant to do. In this case, you'll be passing COSJULLSCREEN to remove 
the taskbar from the screen and fo rce Windows to leave the rest of the screen alone when 
resizing and mov ing windows around in the new display mode. If the f'unction is success­
ful , it returns OISP _CHANGLSUCCESSFUl. You can change the display mode back to the default 
state by passing NUL L and 0 as the pDevHode and dwFI ags para meters. 

The following code will be added to the sample application to set lip the chHnge to full ­
screen mode. 

OE VHOOE devHode : 
memset(&devHode, 0, st zeof(DEVHODE ll : 
devHode. dmSl ze - sf zeof (OEV HO DE 1 : 

1/ clear the structure 
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de~Mode.dmBjtsPerPel - Lsc reenBpp ; 
de~Mode.dmPelsW jdth - CLsc reenWidth ; 
de~Mode.dmPelsHejght - g_screenHei ght ; 
de~Mode.dmFields - DlUELSWIDTH I DH_PELSHEIGHT I DH_BITSPERPEL: 

If (ChangeDi sp 1 aySett i ngs (&devHode . CDSjULLSCREEN) !. DISP _CHANGE_SUCCESSFUL) 
/I change has failed, you ' ll run in windowed mode 
g_fullScreen - false ; 

Note that the So:1mple application uses a global nag to cont rol wheth er fu ll·screen mode is 
enabled . 

There are a few th ings you need to keep in mind when switch ing to full-sc reen mode. The 
fi rst is that you need to make sure that the wid th and height specified in Ihe DHHOOE struc· 
ture match the width and height you lise to create th e window. The simplest WHy to ensure 
this is to usc the same width Hnd height variables for both ope rations. Also, you need to 
be sure to change the display settings before creating the window. 

The s\ yle settings for fu ll·screen mode differ fro m those o f regular \vindows, so you need 
to be able to ha ndle both cases. If yo u arc not in fu ll·screen mode, you will use the same 
style settings as described in the sample program fo r the regular window. If you are in fu ll· 
screen mode, yo u need to lise the WS_EX_APPWINOOW flag for the extended style and the 
WS_POPUP flag for the normal window style. The WS_EX_APPWINOOW nag fo rces a top-level win· 
dow down to the taskbar once yo ur own window is visible. The WS_poPUP fl ag creates a win· 
dow without a border, \vhich is exactly what you want with a full -sc reen application. 
Another thing you'll probably want to do for ful1·screen is remove the mOllse cursor from 
the screen. This can be accomplished with the ShowCurso r() function. The fo llowing code 
demo nst rates the style settings and cursor hid ing fo r both full-scree n and windowed 
modes: 

jf (g_fullScreen) 
I 

else 

extendedWindowStyle - WS_EX_APPWINDDW ; 
windowStyle - Ws_poPUP; 
ShowCurso r (FA LSE) ; 

/I hide top le~el windows 
II no borde r on your wi ndow 
II hide the cu rsor 

extendedWindowS tyle - NULl; II same as earlier examp le 
windowS tyle - WS_OVERLAPPEOWINDOW I WS_VIS IBlE I 

WS_SYSHENU I WS_C 1I PCHI LOREN I WS_ClI PS IBlIHGS: 
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Take a look at the OpcnGLApplication program o n the CD in the directo ry for Chapter 2 
to see how you integrate the full -screen mode into your programs. As you ca n sec, you 
do n't need to modify your program too much to add the capabilit y to use full -screen 
mode. With a linJc extra Windows programming, you can even ask the user if he or she 
would like full -screen or windowed mode before the program even starts. Throughout the 
rest of the book, you will develop games and demos that will have the option of running 
in either mode. 

Summary 
In thi s chapt er you learned how 10 create a simple OpenGL application, parti ­
cularly within the context of the Microsoft Windows operat ing system. You learned 
about the OpenGL rendering context and how it corresponds to th e "wiggle" functions 
wgl CreateCon t e~t ( ), wgl De 1 eteConte~t ( ), wgl MaKeCurrent(), and IIg 1 GetCur ren tCont ext{ l. Pixel 
formats were also cove red, and you learned how to set them up for OpenGL in the Win ­
dows operating system. Finally, we provided the full source code for a basic OpenGL 
applicatio n and discussed how to set up the window for full -sc reen nlode in OpenGL 

What You Have learned 
• The WG L, or wiggle, functions are a set o f extensions to the Win32 API that were 

created specifically for OpcnGL Several o f the main functions involve the render­
ing context, \ ... hich is used to remember OpenGL settings and commands. Yo u can 
use several rendering con texts at once. 

• The PIXElFORHATDESCRIPTOR is the structure that is used to describe a device context 
that will be used to render with OpenGL. This structure must be specified and 
defined before any OpcnGL code will work on a window. 

• Full-screen OpenGL is used by most 3D games that are being developed. You took 
a look at how you can implement full -screen mod e into your OpenG L applica­
tions, and the OpenGLAppl icalion program on the indu ded CD-ROM gives a 
dea r picture of how to integrate the full -screen code. 

Review Questions 
I. What is the rendering context? 

2. How do you retrieve the current rendering context? 

3. What is a PlXElFQRMATDESCRIPTQR? 

4. What docs the glClearColor() OpenGL function do? 

5. What struct is required to set up an application fo r full -screen? 
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On Your Own 

1. Take the OpenGLApplication example and a) change the background color to 
white (1, 1, 1), and b) change the triangle's color to red (i, 0, 0) . 
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CHAPTER 3 

QPENGL STATES 

AND PRIMITIVES 

. 

N
ow it 's time to finally get into the meal of OpenGL! To begin to unlock the 
power of OpenG L, you need to start with the basics, and that means under­
standing primitives. Before we start, we need to discuss something that is going 

to come up dur ing our disc ussion of primitives and pretty much everything else from this 
point on: the GpenGl state machine. 

The OpenGL state mach ine consists of hundreds o f settings that affect various aspects o f 
rendering. Because the state machine will pia)' a role in everyth ing you do, it's important 
to understand what the default settings are, how YOli can get information about the cur­
rent scttings, and how to change those settings. Several generic functions are used 10 (00-

lrolthc state machine. so we will look at those here. 

As you read this chapter. you will learn the following: 

• How to access values in the OpenGL state machine 

• The types of primitives available in OpenGL 

• How to modify the way primitives are handled and displayed 

State Functions 
OpenGL provides a number of multipurpose functions that allow you to query the 
OpenGL stalc machinc, most of which begin with gl Get. ... The most generic versions of 
these functions will be covered in this section, and the more specific oncs will be covered 
with the features they're related to throughout the book. 

35 
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No t e 

All the functions in this section require that you have a val id rendering context. Otherwise, the 
values they return are undefined. 

Querying Numeric States 
There arc four general-purpose functions that allow you to retrieve numeric (or Boolean ) 
va lues sto red in OpenGL states. They are 

voi d g:l Get Boo 1 eanv (Glenum pname , Glboo 1 ean *params) ; 
void g:lGetDoublev(Glenum pname, Gldouble *params) ; 
void g:lGet Floatv(Glenum pname, Glfl oat *para ms) ; 
void g:lGet lntegen(Glen um pname, Glint *par ams) ; 

In each of these prototypes, th e parameter pna me specifies the state sening you ;l fe q uery­
ing, and pa rams is an array that is large enough to hold all the values associ<lted with the 
setting in question. The number of possible sta tes is huge, so instead of listing all of the 
states in this chapter, we will discuss the specific meaning of many of the pname values 
accepted by these functions as they come lip. Most of them wo n't make much sense yet 
anyway (unless you arc already an OpenGL guru, in which case, what are you doing read­
ing this?). 

Of course, determining the current state machine settings is interesting, but not ncarly as 
interesting as being able to change the settings. Cont rary to what you might expect, there 
is no g:1 Set () or similar generic function for setting state mach ine values. Instead, there is 
a variety of more specifi c functions, which we will discuss as they become more relevant. 

Enabling and Disabling States 
We know how to find oUllhe states in the OpenG L state machine, so ho\.,. do we turn the 
states on and o ff? Enter the g:l[nable{ l and g:lDisable() fu nct ions: 

void g:lEnable(Glenum cap) ; 
void g:l Disa ble(Glenum cap) : 

The cap parameter represents the OpenGL capability you wish to en<lble or disable. 
glEnable() turns it on, ;md g:l Dis ab le() turns it off. OpenGL includes ove r 40 capabilities 
that you can enable and disable. Some of these include GL_BLEN D (for blending operations) , 
G~TEHURE_2D (for 2D texturing), and Gl_ll GHT ING (for lighting operations). As you progress 
lhrougho ut th is book, you will learn more capabilities that you can turn o n and off with 
lhese functio ns. 
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glisEnabled() 
Oftentimes, you just want to find a lit whether a particular OpenGL capability is on or ofr. 
Although this ca n be done with glGetBool eanv (), it 's usually easier to use gl Is[nabled{), 
which has the following prototype: 

Glboolean glIsEnabledlGLenulII cap l: 

qllsEnabled() can be called wi th any of the values accepted by glEnable()/qID1sable(). It 
returns Gl..TRUE if the capability is enabled and GLJAlSE otherwise. Again , we'll wait to 
explain the meaning of the various values as they come up. 

Querying String Values 
You can find out th e details of the OpenGL implementation being used at runtime via the 
following function: 

const GLubyte *qlGetSt r ing(GLenum na mel; 

The null- terminated string that is returned depends on the value passed as name, which can 
be any of the values in Table 3.1. 

Tip 

gl GetStri nq () provides handy information about the OpenGl implementation, but be careful how 
you use it. I've seen new programmers use it to make decisions about which rendering options to 
use. For example, if they know that a feature is supported in hardware on Nvidia Geforce cards, but 
only in software on earlier cards, they may check the renderer string for geforce and, if it's not 
there, disable that functionality. This is a bad idea. The best way to determine which features are 
fast enough to use is to do some profiling the first time your game is run and profile again when· 
ever you detect a change in hardware. 

Table 3.1 glGetStringO Parameters 

Parameter Definition 

GLVENDOR The string that is returned indicates the name of the company whose OpenGl 
implementation you are using. ror example, the vendor string for ATI drivers is AT! 
Tech no log ics Jnc. This value witt typicaUy always be the same for any given company. 

GLRENOERER The string contains information that usuaUy reflects the hardware being used. For 
eKample, mine returns RADEON 9800 Pro x86IMHX I30 No .. ! ISSE. Again, this value 
will not change from version to version. 

GLHRSIOH The string contains a version number in the form of either major_number .111 nor --"umber 
or lIIajor _n~aber .Iinor _nuillber. re lease. fi UJJIber , possibly followed by additional infor­
mation provided by the vendor. My current drivers return 1.3. 4010 111n2000 Re1 ease. 

GUXTENSIONS The string retumed contains a sp3ce-delimited list of aU of the available OpenGl 
extensions. This will be covered in greater detail in Chapter 8. "OpenGl Extensions." 
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Finding Errors 
Passing incorrect values to OpenGL fu nctions causes an error nag to be set. When this 
happens, th e function returns without doing anything, so if you're not getting the results 
you expect, querying the error nag can help you to more easily track down problems in 
your code. You can do this through the following: 

Glenum gIGet£rror() ; 

This returns one of the values in lable 3.2. The value that is returned ind icates the first 
crrorthat occurred since startup or since the last call to gIGetError () . In other words,once 
an error is generated, the error flag is not modified until a call 10 gJGetErrorO is made; 
after the call is made, the error flag will be reset to G~NO_ERROR. 

Table 3.2 OpenGL Error Codes 

Value Meaning 

GLMO_ERROR Self·explanatory. This i5 what you want it 10 be all the time. 
GLl~~All O_ENUM This error is generated when you pass an enumerated OpenGl value that the 

function doesn't normally accept 

GU~VAL1D_VALUE This errOf is genefated when you use a numeric value that is outside of the 
accepted range. 

GU NVAllD_DPERATIDN This {'fTOf can be harder to track down than the previous two. It happens when 
the combination of values you passed to a function either doesn 't worle together 
or doesn't worle with the existing state configuration. 

GLSTACK....OVERFlOll OpenGl contains several stacks that you can directly manipulate, the most 
common being the matrix stack. This error happens when the function call 
would have caused the stack to overflow. 

GLSTACK....UNDERFLDII This is li~ the previous error, except that it happens when the functiOfl would 
have caused an underflow. This usually only happens when you have mt)(e pops 
than pushes. or if one of your IMlshes would have caused an overflow (because 
thatlMlsh would then have been ignoredJ. 

GLDUCDU~EMORY This error is generated when the operation causes the system to run Oul of 
memory. Unlike the other error conditions, when this error occurs, the current 
OpenGl state may be modified. In fact, the entire OpenGl state, other than 
the error flag itself. bKomes undefined. If you encounter this error, your 
application should try to exit as gracefully as possible. 

GLTAatCTOO_lA~G E This error is uncommon, since it can only be generated by functions in OpenGL's 
imaging subset, which isn't used frequently in games. It happens as a result of 
using a table that is too large for the implementation to handle. 
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Giving Ope nGl a Hint 
Some operations in OpenGL may vary slightly from implementation to implementation 
(or driver to driver), so an attempt was made to allow developers a level o f control over 
the trade-orr between image quality and speed. While not all OpcnGL implementations 
follow the command, the glHintO function allows you to specify your desired level of 
trade-off between image quality and speed for several differen t OpenGL behaviors. 

void glHint(Glenum target. Glenum hint): 

The target parameter specifics the behavior you want to control. Even thou gh you may 
not yet full y understand the purpose for the possible OpenGL behaviors, they arc listed in 
Table 3.3. The Mnt pa rameter can be one of the three options: Gl_FflSTEST, Gl_NICEST, or 
GU}ONCCARE. Gl_FflSTEST is used to indicate that the fastest and most efficient implementa­
tion should be used, possibly sacrificing quality. GL_NICEST is used to indi cate that thc high ­
est quality implementation should be used, possibly losing performance. GLOONCCflR£ 
indicates that you do not have a preference on the method used to render, so the OpenGL 
driver will decide what it thinks is best. Keep in mind that hints are implemen tation­
dependen t, meaning some implementations might ignore the hints altogether. 

Table 3.3 glHintO Behaviors 

Parameter Meaning 

Gl-POINT_SHOOTHLHINT, Gl-lIH~SHOOTH_HI NT. 

Gl-POlYGON_SHOOT~I Nl 

GU~HIHT 

GUERSPECT ! YUORR[CT 1010 I NT 

Handling Primitives 

Specify the sampling quality of points. lines, or 
polygons during antialiasing. 

If GUIC£ST is specified for the hint paramete~ then 
fog calculations are performed per pixel. If Gl-F,l.ST[ST 
is specified for the hint parameter, then fog 
cakulations are performed per vertex. 

Specify the quality of color and texture-coordinate 
in terpolation. 

So, what arc primitives? Merriam-Webster's dictionary defi nes a primitive as "an unso­
phisticated person." Well, tha t doesn't help much, so we'll give it a shot: Simply pu t, prim­
itives arc basic geometric entitics such as points, lines, and tri.mgles. 

You will be using thousands and thousands of these primitives to make your games, so it 
is important to know how they work. Before we get into specific primitive types, though, 
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we need to talk about a couple of OpenGL funct ions that you will be using often, at least 
in simple programs. The first is glBegin(), which has the following pro to type: 

void glBegin (GLenulII mode); 

You use glBegin() to tell OpcnGL two things: 1) that you arc ready to sta rt drawing, and 
2) the primi tive type you want to draw. You specify the primi tive type with the IIOde para­
meter, which can take on any of the values in Table 3.4. 

Table 3.4 Valid glSeginO Parameters 

Pa ramet er Definition 

GLPOINTS Individual poinK 

GL_L! NES Individual line segments composed of pai rs of vertices. 

GL L! NCSTR IP Series of connected lines. 

GL LI NCLOOP Closed loop of connected lines, with the last segment au tomatica lly created 
between the first and last vertices. 

GLTRI ANG lES 
GL_TRIANGl[_STR IP 

GLTRIANGlUAN 

GLOUADS 

GLOUAU1RIP 

GUOlYGON 

Single triangles as vertex triplets. 

Series of connected tr iangles. 

Set of triangles containing a common central vertex. 
Quadrilaterals (polygons with 4 vert ices). 

Series of connected quadrilaterals. 

COIlVl'X polygon with an arbitrary number of vertices. Noo-c:onvex polygons 
can be created using the GlU tesselation functions. . 

Figure 3. 1 illust rates examples of each of the primitive types that you can draw with 
OpenGL through the g1 Begi n{) function. The rest of this chapter provides a detailed look 
at each of these primitive lypes. 
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Figure 3.1 OpenG l primit ive types. 
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Each call to gIBegin() needs to be accompanied by a call 10 gIEnd(), \vhich has the follow­
ing fo rm: 

void glEndO: 

As you can sec, gl End() lakes no parameters. There really isn't much to say about glEndt I, 
other than that it tells OpenGL that you are finished rendering the type of primitive you 
specified in glBegin(). Note that gIBegin ()/gIEnd () blocks may not be nested. 

Not all OpenGL funClions can be used inside a gl Begin( J/gIEnd() block. In fa Cl, only vari­
ations of the fu nctions listed in Table 3.5 may be used. Using any other OpenGL calls will 
generat e a Gl.lHVAllD_OPERATJON error. While Table 3.4 gives a bri ef description of each 
funct ioll , we will discuss them in more detail later. 

Now we Ileed to talk about one particularly important function-or 3ctually, family of 
functions-before we 1110ve on to primitive types: the gl Vert ex ( J functions. Th ese functions 
arc used inside a glBeg in ( J/gIEnd() block to specify a point in space (a vertex), \vhich is then 
interpreted <lppropri<ltely depending on the value passed to gl Be9i n (). The gIVertex () func­
tion is very important because every object you draw with OpenGL is ultimately described 
as an ordered set o f vertices. 

Table 3.5 Valid glBeginO/glEnd Functions 

Function Description 

gIYertex' () Sets vertex coordinates 
gleo lor*(j Sets the current color 
gISecondaryColor ' () 
gllndex ' () 
gI Hor.al · O 
glTexCoord*( ) 
glMultl TexCoord' () 
gl FogCoord* () 
gl ArrayEl emen t () 
glEvalCoo rd· () 
glEva lP01nt ' O 
gl Materlal*() 
glEdgeFlag*() 
glCa l llist*() 
glCalll1su*O 

Sets the 5I'(ondary color 
Sets the current color index 
Sets normal vector coordinates 
Sets texture coordinates 
Sets texture (oordinates for multi texturing 
Sets the fog (oordinate 
Specifies attributes for a single vertex based on elements in a vertex array 
Generates coordinates when rendering Bezier curves and surfaces 
Generates coordinates when rendering Bezier curves and surfaces 
Sets material properties (affect shading when lighting is used) 
Controls the drawing of edges 
[xl'(utes a display list 
[xl'(utes display lists 
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The glverte>: () function has a number of variations that take o n the form: 

voi d glVerte>:!234 Hdf isIL .. J; 

0' 

void glVerte>:1234 Hdf isl v(. .. J; 

The version of gl vertex () you'll be using most often is glVertex3f () , which takes three 
floating-point values rep resenting the x, y. and z coordinates of the vertex. You should get 
used to this so rt of multidimensional notation of functio ns because OpenGL uses the 
notation everY'vhere! 

How abo ut some examples of using the glVertex (j function? Here arc a few: 

gIY ert ex21(5 , 20): /I draw a vertex at ( 5 , 20) 
gIV er tex3f(1.5, 0.5 , 10.0): 1/ draw a ve rtex at 0.5 . 0.5. 10.0 ) 

GLfloat v[ 3] - I 1.5 . 0.5, 10.0 ): 
gIY er tex3fv(v}: II draw the same vertex as above, except as an array 

Every time you speci fy a vertex, other data becomes associated wi th it, based on what 
states yo u currently have enabled. This other data includes the current primary and sec­
ondary colors, the current normal, the current texture coordinates, the current material, 
the current edge flag, and the fog coordinates. AU of these things arc covered in later chap­
lers, so do n't worry about them yet. The important th ing to understand is that none of 
these things mailer without a vertex to use them. 

That about does it for the basics, so let 's move on to some of the most common primitive 
types you'll be using. 

Drawing Points in 3D 
It does n't get any more primitive than a point , so that 's what we'll look at first. Drawing a 
point in 3D is simple and really quite powerful. After all, if you can draw a single pixel o n 
the sc reen, yOll can draw anythi ng! So without further ado, here's how to draw a point in 
OpenGL: 

gl Begi n (Gl.PO I NTS) : 
glver te>:3f(0.0, 0.0 , 0.0); 

glEnd{) : 

In the fir st line, YO ll tell OpenGL that you're going to be drawing points by pass ing 
GL_POINTS to gIBegln () . In the next line, you tell it to draw a si ngle point at the origin. 
Finally, with glEnd() yo u let OpenGL know you arc finished drawing points fo r now. Note 
that indenting the code within the glBegin (J /glEnd () block is optio nal, but it is a common 
practice among OpenGL programmers because it makes the cod e a bit easier (a read. 
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What if you want to draw a seco nd point, this o ne at (0.0, 1.0, O.O)? Well . you could usc: 

gIBegin(Gl_POINTS): 
gIVertex3f(0.0. 0.0 , 0.0): 

gIEnd(): 
9 I Begi n(G~POINTS): 

gIVertedf(O.O, 1.0, 0.0): 
gl End(): 

However, that would be ho rribly inefficient. If you notice, G~POI HTS is plural (in fac l, most 
o f the values you can pass to gl Begi n() are plural ), which should suggest that within a sin ­
gle gIBegin()/glEnd{) block, you can render more than one point , and that's exactly the 
case. $0 the preceding code would become: 

g I Begin(G~POINTS): 

gIVertex3f(0.0 , 0.0 , 0.0): 
gIVertex3f(0.0, 1. 0, O.O}: 

gIE nd(} : 

Ah ... shorter, fas ter, better. You can make as many calls to gl Vertex(} as you want within 
the gIBegin(l/glEnd() block, and each will be rendered as a single point. 

OpenGL gives you a great deal of control over how primitives are drawn, and points are no 
exception. There arc th ree things you can modify: the size of the points. whether they arc 
anl ialiascd, and whether distance has an effect on the size and transparency of the point. 

Modifying Point Size 

To change the point size, you usc 

void glPointSize(Glfloat size}: 

This results in a size-by-size square centered on the vertex coordi nates you specified. The 
default size is J.O. If point antialiasing is disabled (which it is by default ) th e point size will 
be rounded to th e nearest integer (with a minimum size of 1) indicating the pixel dimen ­
sions of the point. If you like, you can usc gIGet() with GL_POINT_SIIE to find out the cur­
rently selected size. Here's an example: 

/I retrieve current poin t size 
GLfloat oldSize : 
g l Ge t Floa tv (G~PO INT_SIIE. &oldSize): 

/I if we have a small point size , make it big (5 .0). otherwise make 1t default 
if (oldSize < 1.0) 

glPointSize(5.0): 
else 

glPointSize(I.O): 
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Antialiasing Points 
Although you can specify primitives with almost infinite prec ision, there is a finite num­
ber of pixels o n the screen. Th is can cause the edges o f primitives to look jagged. Antialias­
ing provides a means o f smooth ing out the edges to give them a more realistic look. If you 
want to use anl ialiasing, you can turn it on by passing Gl_POINT_SHOOTH to glEnable() (it can 
be turned off again by passing the same parameter to glDisable()). If you arc unsure 
whether point an tialiasing is currently enabled or disabled, you find out by calling gl Get() 
with GL_PDINT_SHODTH. or with gl IsEnabled (GL_POINCSHOOTH ). Here is an exam ple: 

1/ if point ant ial1asing 15 currently disabl ed, then enable it 
if (! gllsEnabled(G~POINT_SHOOTH )) 

gIEnable(GL_PO INT_SHOOTH1 ; 

When antialiasing is enabled, the range of supported point sizes is not necessa rily contin­
uous. The only size for which the OpenGL specification requires support \vith antialias­
i ng is 1.0. If 'Ill unsupported size is used, it will be rounded to the nearest supported val ue. 
To find out the range of sizes yo ur implemen tation su pports, you can call gIGet() with 
Gl_PO IN CSIZCRANGE, and you can usc GL_PDINT_SIZCGRANUlARITY to find the size difference 
between adjacent supported sizes. The following code shows how to do both ; 

GLfloat sizes(2) ; 
Glfloat granularity ; 

/I retrieve the point size range 
91 GetFl oah( G~POI NT_SIZE_RANGE, si zes) ; 

GLfloat lIIinPointSlze .. slzes(D]; 
GLfloat lIIaxPointSlze .. sizes(I]; 

1/ ret r ieve the point size granularity 
gIGetFloatvIGL-PDINT_SIZCGRANULARITY . &granular i ty ): 

Wi th an tial iasing on, the current point size is used as the d iameter of a ci rcle centered at 
the x and y \v indo\v coordinates of the point you specified. OpenGL determines how 
much of each adjacent pixel is covered by the point and adj usts the pixel color accordingly, 
gradually blending it with the background color toward the point's edges. 

Note 

It is worth noting that blending needs to be enabled for antialiasing to work. Blending is discussed 
in Chapter 5, · Colors, Blending, lighting, and Fog: 
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Effect of Distance 

Normally, points always occupy the same amount of space o n the screen, regardless of 
how fa r a\"'ay they are from the viewer. Fo r some applicatio ns of points, such as particle 
systems, you' ll want the points to be smaller as !.hey get fa rther away. You can do this 
lhrough the use of the 91 PointParalleter() functions: 

void 91PointParameterlifHenum pnallle, type param); 
void 91PointParameterliflv{enum pname, const type *params); 

The valid valu es and uses of pname and param(s) arc summarized in Table 3.6. 

Extension 

Extension name: ARB_pointJlarameters 

Name string: GURBJlo intJlarame ters 

Promoted to core: OpenGL 1.4 

Function names: 91 Poi ntpa ramete ri ARB, gl Poi nt Parameterl vARB, 9 1 Poi ntParameterfARB, 
91 Poi ntPa rame terhARB 

Tokens: G~POINCS Il U~I I(JRB, GL_POI NT _$ IlCMAX_ARB, Gl_POI NT _DIST ANCC 
ATTENUATION-ARB, GL_POINT_FAOE_THRESHOlD_ARB 

Table 3.6 Poi nt Parameters 

Parameter Description 

GUOiHCSIZUllN Sets the lower bound on the size OpenGl wil1 scale a point to. Tak.es 
a single value. 

GLP01NCS1Z[J1AX Sets the upper bound 00 the size OpenGL will scale a point to. Tak.es 
a single value. 

GLPOlliC01STANCUTTENUATJON Takes an array of 3 values which correspond to the a. b, and c 
coefficients in the attenuation factor: 

GU01 IIUAOUHRESHOLO 

II(a+b*d+c*d2), 

where d represents the distance from the point to the eye. The square 
root of this factor is multiplied by the point size to determine the final 
size. By default, the values of a, b, and c are (1, 0, and 0), resulting in 
no distance attenuation. 

This uses a single value that specifies the size below which OpenGL 
begins to reduce the alpha value of the point. allowing you to 
gradually fade it as it becomes smaller. 
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A Pointy Example 

The CD that accompanies this book includes an example en titled Points in this chapter 
that displays a row of points where each poin t's size increases in the row. Figure 3.2 is a 
screenshot of this program. 

The most important part of the example code is the following lines: 

float pointSize - 0.5; 

II draw a line of pOints of increasing size 
for (floa t poin t - -4. 0; po in t < 5.0; point+-O.5J 
I 

I 

II set the point size 
gIPointSize(pointSize); 

II draw the point 
gl Beg; n (GL_PO I NTS); 
gl Ver tex3Hpoint , 0.0, O.O} ; 
gl£ nd(} ; 

II inc rease the point size for t he next poin t 
pointSize +- 1.0; 

Figure 3.2 Screenshot of the Points example for Chapter 3 on the CD. 
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These lines of code perform the actual point d rawing in a row along the world x-axis, with 
each point separated by 0.5 units. For each point , we first set the size of the point (start­
ing at a poin t sizeofO.5),and then we draw the point by passing GL_POINTS to gIBegln() and 
using the gIVertex3f1) function. The point size fo r the next point is then inc reased, and the 
process is repea ted. 

Now that you have points down, let's move on to something a li ttle more in teresting. 

Drawing lines in 3D 
Drawing a line in 3D isn't all that different from drawing two points, and because you 
already know how to do that, let 's just dive right in: 

g I Begin(G~L1NES); 

gIVertex3f(-2.0 , -1.0, 0.0); 
gIVertex3f(3.0, 1. 0, 0.0): 

gIEnd{) : 

This time, you start off by passing GL_lIN ES to gIBegin{) so that OpenGL knows how to 
in terpret the 1\"0 ve rtices you arc about to specify. After it h'1S both vertices, it knows to 
draw a line co nnecting the two of them. 

Just as with points, YOll can draw as many lines as you want to beh"een the calls to 
glBegin( )/gl End(). Each pair is treated as the endpoints of a new line. If you do n' t specify 
an even number of vertices, the last o ne will just be d isca rded. 

As with poin ts, OpenGL allows YO ll to change several parameters to affect how lines arc 
drawn . In addi tion to setl ing Ihe line width and turni ng on an tialiasing, you can specify a 
stipple patlern . 

Modifying Line Width 

The default line width is 1.0. To find out the currently selected line width, simply call 
gl Get () with G~ll NUll OTH. To change it, you can call gIL i neWi dth() like so: 

~old glllneWldth(Glfloat widt h) : 

Here's an example of its usc: 

1/ retrie~e t he current line wi dth 
Glfloat oldWidth; 
gl Ge t Fl oa t ~ (GlJ I NCW 10TH. &01 dWi dth): 

1/ if our line width is small , make it big 
if (oldWidth < 1.0) 

gllineWidth(5.0): 
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Antialiasing Lines 

Antialiasing fo r lines \"or\(s very much as it docs with points. YOli can turn it o n and off 
by passing Gl.UNE_SHOOTH to glEnabl e() and glOisable(). and the current state can be 
determi ned by passing Gl.UNE_SHooTH to glGet{ ) o r gl IsEnabled{). It is disabled by default. 

Again. when using antialiasing. an OpenGL implemen tation is required on ly to support 
the default line width of 1.0. To determine the range and granulari ty of supported sizes, 
you can usc glGet() with Gl_lI NLWIOTH_RAN GE and Gl_lIHUtIOTH_GRAMUlARITV, respectively. 
Here's an example of how to do th at: 

Glfloat sizes[2] : 
Glfloa t granularity ; 

gl GetFl oatv (Gl_Ll NE_W I OIH_RANGE. si zes ) ; 
Glfloat min lineWidt h ... sizes [O]; 
Glfloat ma xli neW idth - sizes[l] ; 

9 1 GetFI oa tv (Gl_LlNE_W I OIH_GRANULARITY. &'granul a ri ty) ; 

Looks a lot like the points sample above, doesn't it? 

Specifying a Stipple Pattern 

You call specify a stipple pattern with which to draw the Lines. The stipple pattern speci­
fies a mask that will determine which portions o f the line get d rawn, and it can thus be 
used for things such as dashed lines. Before using stippling, you need to enable it by pass­
ing Gl_llNCSTIPPlE to gl Enable(}. Then. you set the stipple pattern using glLineStipple(). 
which looks like this: 

void glLineStipple(Glint factor, Glushort pattern) ; 

The factor parameter defaults to 1 and is clamped to fall in the range 1-256. It is used 
to specify how many times each bit in the pattern is repeated before moving o n to the 

next bit. 

The pa ttern parameter specifies a 16-b it pattern . Any bits that arc set in the pattern will 
result in the correspond ing pixels being set; otherwise they arc not drawn. Something to 
be aware of is that th e bits in the integer arc applied in reverse order, so that the low-order 
bit affects th e left- most pixel; then, as the line progresses to the right , higher o rder bits are 
used. This is illustrated in Figure 3.3. 
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._ ._._._._._._._._._._.-

Figure 3.3 A sample stipple pattern demonstrating how the bit order is interpreted. 

The following code enables line stippling and then specifics a pattern of alternating dashes 
and dots: 

g 1 [nab 1 e( GlJ I NE_ST1 PPLE) ; 
GLushort stipplePattern ... OxFAFA ; /I Illl 1010 1111 10lD 

/I draws the stipple pattern as OlD1 llll 0101 1111 
gILineStipple!2. stipplePatte rn) ; 

You can determine the currently selected stipple pattern and repeat factor by calling glGet 
with Gl_LlNE_STlPPlLPATTERN and GL_LlNLSTlPPLCREPEAT. Here's an exa mple: 

Glushort currentStipplePattern ; 
GLint currentStippleRepeat ; 

gl Get Short v( GLL ] NCST] PPLE_PATTERN. &currentSt i pp I ePat tern): 
gl Getl ntv (GL_Ll NE_ST I PPL E]EP EA T. &currentSt i pp I eRepeat) : 

Hold the Line Example 

On the CD with the previous Points example is an exam ple for lines that demonstrates 
line widths and line stippling. Figure 3.4 is a screenshot of th is line exam ple. 
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Figure 3.4 Screenshot of the Lines example in Chapter 3 on the CD. 

You can see in the screenshot that two columns o f lines arc displayed. The left column 
shows lines of increasing width , while the right column shows the s..,me lines of increas­
ing width, but with a stipple pattern applied to them. Here's the code that draws the left 
colu mn: 

float lInelUdth - D.!> ; 

1/ draw a series of lines of inc reas ing width 
fo r (floa t l1ne - 0.0 : line ( 7.0; lin~.5 l 

I 
1/ set the line width 
gILl neWldt h(llneWidth) : 

1/ draw th e l ine 
gl Beg1 n (GLLINESl ; 

gIVertex3f (-5. 0, 0.0. li ne-3.0 l : 
gIVertex 3f(- 1.0, 0.0, line -3.0 l : 

gIEnd() ; 

1/ increase the llne width for the next line 
lineWidth.;- 1. 0: 
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As yo u can see, this algorithm is very similar to the Poi nts example in the previous 
sect ion. For each line, we first set the width of the line, and then we d raw' the line by pass­
ing Gl.-LINES to g18egin() along with two vertices representing the line endpoin ts by the 
glVertex3f() function. The line wid th is then increased for the next line. Don't worry 
about the math you see inside the glVertex () function. It 's being done so the lines are posi­
tioned properly in the viewport. 

This next set of code draws the same lines in the right column with a stipple pattern: 

/1 reset line width 
lineWidth - 0.5; 

II enable sti ppling 
g l Enable(G~LINE_STIPPLE); 

/I OxAAAA - 1010 1010 1010 1010 
shor t stipplePatt ern - OxAAAA; 

/I set t he stipple pattern 
g1LineStipple(2 , stipplePattern) ; 

1/ draw a series of lines of increasing width with stippling 
for (float line - 0.0; line < 1.0 ; line-t-O .S ) 

I 
/I set the line width 
glLineWidth(lineWidth); 

/I draw the po in t 
g18egin(G~L1NES) : 

glVertex3f(1.0, 0.0 . line-3.0) ; 
glVertex3ffS.0 , 0.0, line-3.0); 

glEnd(): 

II increase t he point si ze for the next poi nt 
l inellidth +- 1.0: 

Since this code is essentially the same as the previolls block tl1.11 draws the lines in the left 
column, let us look at the primary difference: the stipple pattern. As you can see, all we 
have to do is enable the stipple pattern in the OpenGL state machine with the 
glEnable(Gl.-STlPPLLPATTERN) call . Next we teU Ope nGL the stipple pattern we want it to 
usc when drawing the next set o f lines. We defi ne the stipple pattern as OxAAAA and set that 
pattern in OpenGL with the glLineStipple() fu nction. Then when the lines are d rawn, the 
stipple pattern is appl ied. 



TeamLRN

52 Chapter 3 • OpenGL States and Primit ives 

Now that you have a handle on lines, let's move. on to the heart and soul o f almost every 
3D game in existence: the all -mighty polygon. 

Drawing Polygons in 3D 
Although you can (and will ) do some interesting things with points and lines, there's no 
doubt that polygons give you the most power to create immersive 3D worlds, so that 's 
what we'll spend the rest of the chapter on. Before we get into specific polygon types sup­
ported by OpenGL (that is, triangles, quadrilaterals. and polygons), we need to discuss a 
few things that peftain to all polygon types. 

You draw all polygons by specifying several points in 3D space. These points specify a 
region that is then fill ed with color. At least, that's the default behav ior. However, as you'd 
probably expect by now, the state machine controls the way in which the polygon is 
drawn, and you're free to change the default behavior. To change the way polygons are 
drawn, you use 

vo1d glPo lygooMode(Glenum face. GLenum model : 

As you will learn in the next subsection. OpenGL handles the fron t and back faces of poly­
gons separately; as a result. when you call gl PolYQooMode( l, you need to specify the face 10 
which the change should be applied. You do this by setting the face parameter to GLFRONT 
fo r front -facing polygons, Gl_BACK fo r back-facing polygons, or GLFRONT-"ND_BACK for bo th. 

The mode parameter can take on any of the values in Table 3.7. 

If, for example, YOll want to set the front -facing polygons to be d rawn fill ed and the back­
facing ones to be rendered as a wire frame (as lines), you could use the following code: 

glPolygooHode (GLFRONT. Gl_Fllll : 
gIPolygooHode (GLBACK. GLlINE1: 

Table 3.7 Polygon Modes 

Value 

GLPO!NT 

GU !N E 

GUILL 

Definition 

Each vertex specified is rendered as a single pOint, the rendering of which can be controlled 
by the point states discussed earlier. This baskally produces the same effect as calling 
g1 8e91n() with GUOINTS. 
This will draw the edges of the polygon as a set of lines. Any of the line states discussed 
previously will affl'Cl how the lines are drawn. This is similar to calling 918e91n() with 
GU INUOOP. 
This is the default state, which renders the polygon with the interior filled. This is the only 
state in which polygon stipple and polygon smoothing (see the following) will take effect. 
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No te that unless you have changed the mode for front -facing polygo ns eisc\vherc, the first 
line is unnecessary. because polygons arc drawn filled by default. 

To find out the current mode for drawing polygons, you can call glGet() with 
GLPOlYGOtU«lOE. 

Polygon Mode Example 

On the CD you will find a Polygons example that illustrates how polygon modes can be 
used and the effects they have on OpenGL drawing. Figure 3.5 is a screenshot of th is 
example. 

In this example, \ve have five squares rotating clockwise at the same rate, whi ch mea ns the 
front faces of the squares face the same direction at the same time (and vi ce versa fo r the 
b,\ck faces) . Ea ch square is given a different polygon mode and is therefore drawn differ­
ently. Starting from the left (square number one), here is each square's configuration: 

I) gl Po lygonMode{ GL FRONT. Gl_LI NEl : 

2) gl Pol ygonMode{GLBACK, Gl]OINTl : 

3) glPol ygonMode (GLFRONT-ANO_BACK, GL_FI LLl : 

4) g 1 Po lygonMode{ GLBACK. Gl_LI HE) : 

5) glPol ygonHodeI GLFROHT_AHO_BACK, GL_lINE1: 

Figure 3.5 Screenshot of the Polygons example in Chapter 3 on the CD. 
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Polygon Face Culling 

Although polygons arc infinitely thin , they have two sides, implying that they can be seen 
from either side. Sometimcs, it makes sense to have each side displayed differently, and 
this is why some of the (unc tions presented here req uire you to spec ify whether you're 
modifying the (ront (ace, back face, or both. In any case, the rendering statcs (or each of 
the sides arc stored separately. 

When you knmv that the viewer will be able to sec only one side of a polygon, it is possi ­
ble to have OpenGL eliminate (or more precisely, skip processing) polygons that the 
viewer can't sec. For example, with an object that is co mpletely enclosed and opaque, such 
as a ball , only the front sides of polygons are ever visible. If you can determine that th e 
back side of a polygon is facing the viewer (which would be tru e for polygons on the side 
of the b<lll opposite of the viewer), you can save time transforming and rendering the 
polygon because you know it won't be seen. OpenGL can do this for you automatically 
through the process known as wiling. To use culling, you first need to enable it by pnssi ng 
GL_CULLJACE to glEllab1e(). Then, you need to specify which face you wnnt culled, which is 
done with gl Cu l l Face( l: 

void glCullFace(Glenum model; 

mode cnn be GlJRONT to cull front fncing polygo ns, Gl_BA(K to cull back facing polygons, or 
G~FRONTJNO_BA(K to cull them both. Choosing the latter causes the polygons to not be 
drawn at all, which doesn't seem particularly useful. Gl_BA(K is the default sett ing. 

The next step is telling OpcnGL how 10 determine whether a polygon is fronl facing or 
back facing. It does this based on what is called polygo1l wimlitlg, \vhich is the order in 
which you specify vertices. Looking at a polygon head-on, you can choose any vertex with 
which to begin describing it. To finish describing it. )'ou have to proceed either clockwise 
or counterclockwise around its vertices. If you're co nsistent about hmv )'ou specify )'our 
polygons and order )'ou r vertices, OpenGL can use the winding to au tomatically deter­
mine whether a polygon face is front or back facing. By default, OpenGL treats pol)'gons 
with counterclockwise ordering as front -facing and polygons with clock\vise o rdering as 
back-f'ICing. The default behavior can be changed using 91 FrontFace( ): 

void glFrontFace(GLellum mode): 

mode should be G~(CW if you want to use counterclockwise orientation for front-facing 
pol)'gons and G~CW if you want to use clockwise orientation. 

Note 

The winding setting isn't just relevant in culling; it's used by other OpenGl subsystems. including 
lighting. 
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Hiding Polygon Edges 

ii 's not uncommo n to wa nt to rende r so mething in wi re-frame mode, and sOllletimes you 
may not wa nt to have all the edges o f your polygons show lip. For example, if you're d raw­
inga square using two triangles, you may not wan t the viewer to sec the d iagonal line. This 
is ill ustrated in Figure 3.6. 

Figure 3.6 Hiding polygon edges you don't want to see. 

You can tell OpenG L \ .... hether a particular edge of a polygon should be included when ren­
dering it as lines by calling gl EdgeF1 ag(), which can take on o ne of the two following forms: 

• void glEdgeflag(Glboolean is Edge ) ; 

• void glEdgeFlagv(const Glboolean *jsEdge); 

The o nly d ifference between these two forms is that the first takes a single Boolean value 
as its parameter and the second takes a pointer to an array contain ing a single Boolean 
value. (The OpenCL designers must have had a good reason to wan t to pass a single value 
in an array, but J can't think o f one myselfl ) Either way, these functions arc used to set the 
ed ge flag. If the nag is set to GLTRUE (the default ), the edges you specify arc d rawn; if it is 
set to Gl_FAlSE, Ihey arc not. Pretty simple. 

Antialiasing Polygons 

As with points and lines, you can also choose to an tialias polygons. You control polygon 
an tialiasing by passing Gl]OlYGON_SMO OTH to glEna bl e(} and glOisable{), and the current 
state can be detenn ined by passing the same parameter to gIGet() o r gl IsEnab 1ed( I. As you 
might expect, it is disabled by default. Here is an exam ple of how to enable polygon 

antialiasing: 

/I if polygon antialias1ng 1s dis abled . then enable it 
1 f (! g1 I sEnab 1 edt GLPOl YGON_SHOOTH)) 

g1 Enab 1 e(GLPOl YGON_SHOOTH); 
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Specifying a Stipple Pattern 

The last general polygon attribute you need to look at is polygon stippling, which is sim­
ilar to line stippling. Rather than filling in a polygon with a solid color, you can set a stip­
ple pattern to fill the polygon. If you've ever set a pattern fo r your Windows wallpaper, 
you'll have some idea of the effect. 

Polygon stippling is offby default, but you can turn it on by passing Gl_POlYGO/LSTIPPLE to 
gl Enab 1 e(). Once it's enabJcd, you need to specify a stipple pattern , which you do using the 
following: 

void glPolygonStipple(const Glubyte *mask ) : 

The ma sk parameter in this call is a pointer to an array containing a 32 x 32 bit pattern. This 
mask will be used to determine which pixels show up (for bits that arc turned on) and which 
ones don't. Unlike line-stipple patterns, which show lip in reverse, polygon-stipple patterns 
show lip exactly as they arc specified. Note that the stipple pattern is applied to screen coor­
dinates in 2D. Thus, rotating a polygon doesn't rotate the pattern as well. 

Now that we've discussed some general polygon properties, we can look at specific polyg­
onal primitives supported by OpenGL. 

Triangles 

Triangles are generally the preferred polygon form. 111ere arc several reasons for this: 

• The vertices of a polygon are always coplanar, because three points define a plane. 

• A triangle is always convex. 

• A triangle can't cross over itself. 

If you try to render a polygon that violates any of these three properties, unpredictable 
behavior will result. Because any polygon can be broken down into a number of triangles, 
it makes sense to work with them. 

Drawing a triangle in 3D isn't any more difficult than drawing a point or a line. You just 
need to cha nge the value passed to gl Begjn( ) and then specify three vertices: 

glBegin (Gl_TRIANGlES ): 
glVertex3f{ -2.0. -1. 0 . 0. 0); 

glVertex3f{3.0. 1.0. 0.0) : 

glVe rtex3f(0 .0. 3.0. 0.0): 

glEnd(): 

Just as with points and lines, you can draw mUlt iple triangles at one time. OpenG L treats 
every vertex triple as a separate triangle. If the number of vertices defim.xI isn't a multiple 
of 3, then the ex tra vertices arc discard ed. 
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OpenGL also supports a co uple of primitives related to tria ngles that can improve per­
formance. To understand why you might want to usc these, consi der Figure 3.7. 

Here, you have t\ ... o connected triangles, which have vertices A and C in common. If you 
render these using GLTRI AN GlES, you'll have to specify a total o f six verlices (A, H, and C for 
triangle 1 and A, D, and C for triangle 2). You'lI send A and C down the pipeline twice, 
perfo rming the same geometrical operations on them each time. Obviously, this is waste­
ful; compounding this, you can have vertices shared by many t riangles in more complex 
models. If you can reduce the number of times you're sending and transfo rming redun­
dant ve rtices. yo u can improve performance, which is always good . 

One way you ca n do this is by using triangle st ri ps. Simply call g:lBegin() with 
Gl_TRIANGlE_STRIP, followed by a series of verlices. OpenGL handles this by draw ing the 
first three vertices as a single triangle; after that, it takes every vertex specified and combines 
it with the previous two vertices to create another triangle. This means that after the firs t 
triangle, each additional triangle costs only a single vertex. In general, every set of /I trian ­
gles you can reduce to a triangle strip red uces the number of vertices from 311 to /I + 2. 
Figure 3.8 illustrates how you can use a triangle strip. 

Triangle fans arc a similar concept; you can visualize them as a se ries of triangles around 
a single central vertex. You d raw fans by calling gl Begin () with Gl.TRIANGlE_FAN . The firs t 
ve rtex specified is the central ve rtex, and every following adj:lCent pair of vert ices is com­
bi ned with the center vertex to create a new polygon, as ill ustrated in Figu re 3.9. 

_ _ _ _ 7 C o _- -r-- \ 
I I 
I 2 \ 
I ' 
I I 
I \ 
I 1 II 
I 'I 

, ----------- - - - -- - - 'j! ---
B 

Figure 3.7 Two polygons with shared vertices. 
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' r-________ ~3~--------~5 

2'~--------~4~--------{6 

Figure 3.8 A triangle strip creates triangles by combining vertices 
into triplet sets. 
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75 T4 
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Figure 3.9 A triangle fan starts with the central vertex and spans 
out as a "fan" of vertices. 
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Like st rips, fans allow you to draw II triangles while specifying only 11 + 2 vertices. How­
ever, in pract ice, the number of triangles that can be packed into a single fa n is usually 
considerably fewer than the number that can be represented as a strip because in most 
cases, any given ver!ex won't be shared by a huge number of triangles. 

The challenge with either method is in identifying strips and fans, which is relatively easy 
with simple models bul becomes increasingly difficult as the complexity of your models 
grows. No rmally, the process of converting a model represented as triangles into a series 
of t riangle stri ps (or fans, but usually strips) is done outside of your game engine, ei ther 
when the model is exported fTOm a modeling program o r through a sepa rate tool that 
optimizes the data for your game. Doing this effectively is beyond the scope of our cur­
rent discussion. 

Quadrilaterals 

Quadrilaterals, or quads, are fom-sided polygons that can be collvenient when yOli want 
to draw a sq uare or rectangle. You create them by calling gl Begin() with GLOUADS and then 
specifying four o r more ve rtices, as Figure 3. 10 shows. Like triangles, you can draw as 
many quads as you want at a time. 

4 3 

1 2 

Figure 3.10 A quad is specified with four vertices. 
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OpenGL provides quad strips as a means of improving the speed of rendering quads. 
They are specified using GLOUAD_STRIP. Each pair o f vertices specified after the first pair 
defines a new q uad. 

Polygons 

OpenGL also supports polygons with an arbitrary number of vertices, but in such cases, 
o nly o ne polygon can be drawn within a gIBegin(l/gIEnd() block. The para meter passed is 
GLPDlYGDN (not ice thai it's not plural ), and once gIEnd () is reached, the last vertex is auto­
matically connected to the first. If fewer than three vertices arc specified, nothing is 
drawn. Figure 3.1 1 is an example o f polygon drawing. 

Using Primitives: Triangles and Quads Example 
The final ex.ample for this chapter, called TrianglesQlIads, shows how you can render a 
grid using variations of triangles and quads. YOll can sec the sc reenshot of this example in 
Figure 3. 12. 

, 

4 

Figure 3.11 A polygon can be an arbitrary number of vertices. 
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Figure 3.12 Screenshot of the TrianglesQuads example in Chapter 3 
on the CD. 

Handling Primit ives 61 

As you can see in the screenshot, we render a set of six grids, each with a different primi ­
tive type. In the top-left of the figure we have a grid drawn with Gl_PO IN TS so you can see 
the shape of the grid. The code for drawing this is simply: 

void DrawPoints() 

gl Poin t Si ze(4 . 0) ; 
gIBegin(G L_POINTS); 
fo r lint x .. 0; x < 4; x++ ) 

for (int z .. 0; z < 4; z++ ) 
gIVertex3f (x, 0, z ) ; 

gl£nd() ; 

The top-middle grid is drawn with GL_T RIA NGLfS. We used GLJIlL on this grid so you can 
see where the actual triangles are drawn (in all other grids the entire grid is filled ). The 
code for this grid is 

void DrawTria ng les() 
[ 

glBegin(G L_TRIANG LfS); 
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for (int x - 0; x ( 3; x++) 

I 
for (int z - 0; z ( 3; z++) 

I 

I 

gl End(): 

glVertex3f(x, 0.0 , z); 
glVertex3f((x+1.0), 0.0, z); 
glVertex3f(x. 0,0 , (z+I. O)) ; 

The top-right grid is drawn with Gl_OUADS. The code for this grid is 

void Ora wOuads() 

I 
g l Begin(G~OUAOS); 

for (int x - 0: x ( 3; x++) 

I 
for {tnt z - 0; z ( 3; z++ ) 

I 
glVertex3f(x, 0.0. z); 
glVerte:Il3f{{x+l.OJ. 0.0, z); 
glVertex3f{(x+1. 01. 0.0 , (z+l. O}); 
glVertex3f{x, 0.0 . (z+l. Oll : 

glEnd(); 

The bottom-left grid is drawn with rows of GL_TRIANGLCSTRIP. The code fo r th is grid is 

void OrawTr iangleStrip() 

I 
/I 3 rows of triang le strips 
for {int x - 0: x ( 3; x++) 

I 
g l Begin(G~TR I ANGlCSTRIP); 

for {int z - 0; z ( 3; z++ ) 

I 
gIVertex3f(x. 0.0, z); 
glVer tex3 f«(x+1. 0), 0.0 , zJ: 
glVerte:Il3f{x, 0.0, (z+1.0»); 
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glVertex3f ( (x+I .O) , 0.0, (z+1.0)); 

gIEnd() ; 

The bottom-middle grid is drawn with a GL_TRIANG LCFAN. The code for this grid is 

~oid DrawTriangleFan() 

I 

// center ~ertex of fan 
gIVertex3f(0.O, 0.0 , 0.0) ; 

// bottom side 
for (in t x,. 4; x> 0; x--) 

gIVertex3f(x -1. 0.0 , 3.0) ; 

/1 right side 
for (in t z ,. 4; z > 0; 1-- ) 

gIVertex3f (3.0 . 0.0 , z -1); 

glEnd() ; 

And finally. the bottom-right grid is drawn with rows of GL_QUA D_STR IP . The code for this 
grid is 

~oid Dra wQuadStrip() 

I 
for (int x ,. 0; x < 3; x++) 

I 
gIBegin(G L_QUAD_STRIP); 
for lint 1 • 0; z < 4; z++ ) 

I 
glVertex3f (x, 0.0, z) ; 

gIVertex3f (( x+1.0) , 0.0, Z); 

gIEnd{) ; 
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As yOLL ca n see from the code, each grid 's code is slightly different from the others. This is 
because each primitive accepts data slightly differently, which requires us to modify our 
algorithms for each primitive type in order for the grids to be drawn properly. 

Spend some time looking al and modifying this code to be sure you arc comfortable with 
it. You will be using primitives in every application from here o n out, so you had better 
understand them well! 

Attributes 
Earlier in thi s chapter you saw how to set and query individual states from OpenGL. Now 
let us look at a way to save and resto re the values of a set of related state va riables with a 
single command. 

An nltribllie group is a set of related state variables that GpenGL classifies into a group. 
For example, the line group consists of all the line drawing attributes, such as the width, 
stipple pattern attributes, and line smoothing. The polygon group consists of the 
same sets of attributes as lines, except for polygons. By using the gl PushA t tr i b() and 
glPopAttr i b() functions, yo u can save and restore all of the state information for a group 
in o ne function call . 

voi d gl PushAttrl b(GlbHf iel d mask ) ; 
voi d glPopAttr i b(void) ; 

glPushAttr l b() saves all of the att ributes for the attribute gro up speci fied by lila sk onto the 
attr ibute stack. The mask bits can be logically GRed together to save any combination of 
attribute bits. gl PopAttr ib() restores the values of the state variables that were saved with 
the last gl PushAttrl b(). Table 3.8 includes a list of a few (certainly not am) attribute groups 
that yo u can pass to gI PushAttr lb () . 

Table 3.8 Attribute Groups 

Mask Attribute Group 

Gl-ALl-ATTR IB_BI TS 
GUNAB LLBIT 
GUOUIT 
Gl-LIGHTI NG_B IT 
GUI NLBIT 
GUOINUIT 
GUOLYGOOIT 
Gl-TEXTURLBIT 

AU OpenGL state variables in aU attribute groups 

Enabled state variables 

Fog state variables 

Lighting state variables 

Line state variables 

Point state variables 

Polygon state variables 

Texturing state variables 
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Summary 
In this chapter, you learned a little more about the OpenGL state machine. You know how 
to use glGet() and gllsEnabled() to query the values of parameters w' ithin the state 
machine. You've also seen some specialized functions fo r altering the state machine, and 
you should now have an idea of how it works. You'll be looking at other aspects of the slale 
machine as you move on. 

You also learned about the primitive types supported by O penGL and how to modify 
properties pertaining to them. You should now have no trouble putting points, lines, tri­
angles, and other primitives on the seTeen. Now that you have state machine basics and 
primitives und er your belt , you can safely move on to more interesting things. 

What You Have Learned 

• You clln query curren t settings from the OpenG L st:lte machine by using th e 
gl Ge t () and gl IsEna bl ed{) functions. 

• Prirnit ives arc drawn by firs t specifying the primi ti ve type wit h the gl Begi n{} func­
tion, then sending the vert ices and following up with the gl End{) function. 

• The gl Vertex{) func tion specifies a vertex in a gIBegi n(}/gIEnd() block and is avail­
able in several variations that allow you to define the number of coordinates, the 
coordi nates' d:l ta type, and whether the coo rdina tes arc being passed individually 
or as an array. 

• You can d raw points by passing GL_POI NTS as the parameter to glBegln(), modify 
point size by using the gl Poin tSi ze{} function, turn point antialiasing on by passing 
GL_POI NCSHOOTH to gI Ena ble (). and control the effect of distance on points with 
gl Poi ntParamete r{}. 

• Lines arc drawn by passing GLLl NES as the parameter to gI Begin(). You can modify 
line width wi th the glli neWidt hl) function, and line an tialiasing is t urned o n by 
sending Gl_L I HE_SMOOTH to gl Enab 1 e{ 1. Line stippling is accomplished through the 
usc of the glLineSt ippl e{) function. 

• You c:ln cha nge the way OpenGL draws polygons by using the glPol ygonMode () 
function. Pa ssing GLPOI NT forces OpenG L to draw only the vertices of polygons; 
GL_LINE forces O penGL to draw the edges between polygon vertices liS Jines; GlJ Ill 
is the default beh;lv ior, which renders polygons wilh the in terior filled and allows 
polygon smoothing and stippling. 

• Passing GLCULLFA CE to glEnable() tells OpenGL to enable its face culling mecha­
nism. Using the gICul1Face() function then a llows you to specify which polygon 
side OpenG L should cull. 
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• By default, OpenGL treats ve rtices that are orde red counterclockw ise in a po lygon 
as the fro nt face of the polygon, wh ile the clockwise ve rtices are the back face. The 
91 FrontFace() funct io n allows you to modify th is sett ing. 

• Triangles arc the most importan t polygon in 3D graphics as any polygon can be 
broken down in to a set of tr iangles. You draw a tr iangle in OpcnGl by passing 
G~TRIAHGlES to gIReg1n£) . 

• You can draw a set of triangles more efficiently by passing GL_TRIAHGLCSTRIP or 
Gl.JRIAHGLE_FAH to giReg i n (). GLTR1 AHGLE_STRI P d raws a triangle strip, wh ich creates a 
strip o f triangles by combining vert ices into sets of triplets. GLTRIAHGLEJAN starts 
with th e first vertex as the center ver tex and draws the rest as a fan of vertices 
around the cent er. 

• Quad rilaterals may also be drawn by passing GL_OUADS or GLOUAD_STRIP to giBegin( J. 

• /I -sided convex polygons may be drawn by passing GL_PO LY GO N to gl Begln(). 

• You can save and restore OpenGL state variab les using the glPushAt t rl b{} and 
gl PopAtt r lb(} functions. 

Review Questions 

1. How would you de termine if OpenGL is d rawing antialiased lines? 

2. How is culling enabled? 

3. In what o rder does OpcnGL d raw vertices fo r a GL_TR I ANGLE_STRIP~ 

4. In what o rder does OpenGL d raw vertices fo r a GL_TRIAHGLEJAH? 

5. What do the following variations of giYertex (} mean? 

a . glYertex3H 1 

h. glYertex2iv O 

c. glYertex4d ( 1 

d. glYertex3fv () 

e. gl Yert ex2s() 

On Your Ow n 

I. You have been tasked to write a function that draws a 2D circle approxim<ltion 
with the option of drawing only the edge of the circle or drawing the circle filled at 
the world origin (0, 0, 0). Your function must accept the radius of the circle and a 
value for the number of edges in the circle approximation. Write a function to 
draw the circle approximation given the fo llowing proto type: 

void OrawCircieApproximation(float radius , int numberOfSides , boo \ edgeOnly): 
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TRANSFORMATIONS 

ANO MATRICES 

. 

N ow iI's time to take a short break from learning how to create objects in the 
world and focus on learn ing how to //love the objects around in the world . This 
is a vi tal ingredienllo generating realistic 3D gaming worlds; without it , the 3D 

sce nes you create would be static, bo ring, and totally !laninler'letlvt'. OpcnGL makes it 
easy fo r the programmer to move objects around through the usc of var ious coordillate 
trtlllS!ormllt;oll 5, discussed in this chapter. You will also take a look at ho\\o' to usc your own 
matrices with OpenG L, which provides you with the power to manipulate objects in many 
different ways. 

In this chapter you'Ulcam about: 

• The basics of coordinate transformations 

• The camera and viewing transformations 

• OpenGL mat rices and mat rix stacks 

• Projections 

• Using your own matrices with OpenGL 

Understanding Coordinate Transformations 
Set this book down and stop reading for a moment. Look around you. Now, imagine that 
yo u have a came ra in your hands, and you are taking photographs of your surroundings. 
For instance, yo u might be in an office and have your walls, this book, your desk, and 
maybe your co mputer nea r you. Each of these objects has a sha pe and geo metry described 

67 
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in a/om/ coordi/Ulte system, which is unique for every object, is centered on the object, and 
doesn't depend on any other objects. They also have some sort of position and o rienta­
tion in the world space. You have a position and o rientation in world space as well. The 
relationship between the positions of theS{" objects around you and your posit ion and ori­
enta tion determines whether the objects are behind you or in front of you. As you arc tak­
ing photographs of these objects, the lens of the camera also has some effect on the final 
outcome of the pictures you arc taking. A zoom lens makes objects appear closer to or 
farther from your position. You aim and click, and the picture is "rendered" onto the cam­
era film (o r on to your memory card if you have a digital camera). Your camera and its film 
also have sett ings, such as size and resolution, which help define how the final picture is 
rendered. The final image you sec in a picture is a product of how each object's position, 
your position, your camera's lens, and your camera's settings interact to map your sur­
rounding objects' three-dimensional features to the t'.vo-dimensional picture. 

Transformations work the same way. They allow you to move, rotate, and manipulate 
objects in a 30 world, while also allowing you to project 3D coordinates onto a 20 sc reen. 
Although transformations seem to modify an object directly, in reality, they are merely 
transform ing the object's local coordinate system into another coordinate syste m. When 
rendering 3D scenes, vertices pass through four types of transformations before they arc 
finally rendered on the scree n: 

• Modeling transformation. The modeli ng transformation moves objec ts around 
the scene and moves objects from local coordinates into world coordinates. 

• Viewing transformation. The viewing transformation specifics the location of the 
camera and moves objects from world coordinates in to eye or camera coordinates. 

• Projection transformation. The projection transformation defines the viewing 
volume and clipping planes and maps objects from eye coordinates to clip 
coordinates. 

• Viewport transformation. The viewport transformation maps the clip coordinates 
into the two-dimensional viewport, or window, on your screen. 

While these four transfo rmations arc standard in 3D graphics, OpenGL includes and 
combines the modeling and viewing transformation into a single motle/view trnlls!omlfl­

I iOI1. We will discuss the model view transformation in "The Modelview Matrix" section of 
this chapter. 

Table 4.1 shows a summary of all these transformations. 

When you arc writing your 3D programs, remember that these transfor mations execute 
in a specific orde r. The modelview transformations execute before the projection trans­
formations; however, the viewport can be specified at any time, and OpenGL will auto­
matically apply it appropr iately. Figure 4.1 shows the genera l o rder in which these vertex 
transformations arc execu ted. 
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Table 4.1 OpenGL Transformations 

Transformation 

Viewing 

Model ing 

Projection 
Viewport 
Modelview 

Description 

In 3D grillJhics. specifies the location of the Girnera (001 a true OpenGl 
transformation) 
In 3D grillJhics. handles moving objects around the scene (oot a true OpenGl 
transformation) 
Defines the viewing volume aoo dipping planes 
Maps the projection of the stene into the rendering window 
Combination of the viewing and modeling transformations 

Figure 4.1 The vertex transformation pipeline. 

Eye Coordinates 
One of th e most critical concepts to transformations and viewing in OpenGL is the con­
cept of the camem, or eye coordinates. In 3D graphics, the current viewing transforma­
tion matrix, which converts world coordinates to eye coordinates, defines the camera's 
position and orientation. In con trast, OpenGL converts world coordinates to eye coordi­
nates with the mode/view matrix. When an object is in eye coordinates, the geometric rela­
tionship between the object and the camera is known, which means our objects arc 
positioned relative to the camera position and are reildy to be rendered properly. Essen­
tially. you can use the view ing transformation to move a camera about the 3D world, 
whi le the modeling transformation moves objects aroLLnd the world. In OpenGl , the 
default camera (or viewing matrix transformation) is always oriented to look dow n the 
negative z axis, as shown in Figure 4.2. 
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Figure 4.2 The default viewing matrix in OpenG l looks down the 
negative z axis. 

To give you an id ea of this orientation, imagine that YOli are at the origin and you rotate 
to the left 90 degrees (about the y axis); YOll would then be facing along the negative x axis. 
Similarly. if you were to place yourself in the default camera orientation and rotate 180 
degrees. you would be facing in the posi tive z direction. 

Viewing Transformations 
The viewin g transformation is lIsed to position and aim the camera. As already stated , the 
camera's default orientation is to point down th e nega tive z axis while positioned at the 
origin (0,0,0). You can move and change the camera's orientat ion through translation and 
rotation commands, which, in effect, manipulate the viewing transformation. 

Remember that the viewing transformation must be specified before any other modeling 
tr'lIlsfor mation5. This is because transformations in OpenCL .lre applied in reverse order. 
By specifying the viewing transforma tion firs t. you arc ensuring that it gets applied after 
the modeling transfo rmations. 

How do you create the viewing transformation? First you need to clea r the cur rent mat rix. 
Yo u 'lccomplis h this through the glloadldent j ty () function, specified as 

voi d glLoadldent lty() ; 
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Th is sets the current matrix equa l to the identity matrix and is analogous to dearing the 
screen before beginning rendering. 

Tip 

The identity matrix is the matrix in which the diagonal element values in the matrix are equal to 
1, and all the other (nondiagonal) element values in the matri)!; are equal to 0, so that given the 
4 x 4 matri)!; M: ,\1(0,0) = ,\1(1,1) = ,\1(2,2) = M(3,3) = 1. Multiplying the identity matrix I by a matrix 
M results in a matrix equal to M, such that f x M = M. 

After initializing th e current mat rix, you can create the viewing matri x in several different 
ways. One method is to leave the viewing matrix equal to the iden tit y matrix. This results 
in the default location and orientation of the camera, which would be at the origin and 
looking down the negative z axis. Other methods incl ude the following: 

• Using th e gl ulookAt() function to specify a line of sight that extends from the 
camera. This is a function that encapsulates a set of tmnslation and rotation 
commands and will be discussed later in this chapter in the "Using glulookAt (}" 
section. 

• Using the translation and rotation modeling commands gl Trans 1 a te () and 
gl Rotate ( ). These co mmands are discussed in more detail in the "Using gl Rotate ( ) 
and glTransl ate () " section in this chapter; fo r now, su ffi ce it to say that th is 
method moves the objects in the world relative to a stationary camera. 

• Creating your own routines that use the translation and rotation funct ions for 
yOllr own coordinate system (for example, polar coordinates for a camera orbiting 
around an object). Th is concept will be discussed in this chapter in the "Creating 
Your Own Custom Routines" section . 

Modeling Transformations 
The modeling transformations allow you to pOSItion and orient a model by moving, 
rotat ing. and scaling it . You can perform these operations one at a time or as a combina­
tion of events. Figure 4.3 illustrates the three built-in operat ions that you can usc on 
objects: 

• Translation. This operation is the act of moving an object along a spec ified vector. 

• Rotation. This is where an object is rotated about a vector. 

• Sca ling. This is when you increase or decrease the size of an object. With scali ng, 
yOLL can specify different values for different axes. This gives you the ability to 
stretch and shrink objects non-uniformly. 

The order in which YOlL specify modeling t ransformatio ns is very importa nt to the final 
rendition of your scene. For example, as shown in Figure 4.4, rotating and then translating 
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Figure 4.3 The three modeling transformations. 
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Fi gure 4.4 (A) Performing rotation before translation; (B) Performing 
translation before rotation. 

an object has a completely different effect than translating and then rotating the object. 
Let's say you have an arrow located at the origin that lies flat on the x-y plane, and the first 
transformation you apply is a rotation of 30 degrees around the z axis. You then apply a 
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translation transformation of +5 units along the x axis. The final position of the triangle 
would be (5. 4.33) with the arrow pointing at a 30-degree angle from the positive x axis. 
Now. let's sw'ap the order and say you translate the arrow by +5 units along the x axis first. 
Then you rotate the arrow 30 degrees about the z axis. After the translat ion. the arrow 
would be located at (5. 0). When you apply the rotation transformation. the arrow would 
still be located at (5. 0). but it would be pointing at a 30-degree angle from the x axis. 

Projection Transformations 
The projection transformation defines the viewing volume and dipping planes. It is per­
formed after the modeling and viewing transformat ions. You can think of the projection 
transformation as determ ining which objects belong in the viewing volume and how they 
should look. I t is very much like choosing a camera lens that is used to look into the world. 
The field of view you choose when creating the projection transformation determines 
what type of lens you have. For instance. a wider field of view would be like having a wide­
angle lens. where you could sec a huge area of the scene without much detail. With a 
smaller field of view. which would be similar to a telephoto lens. you would be able to look 
at objects as though they were doser to you than they actually arc. 

OpenG L offers two types of projections: 

• Perspective projection. This type of projection shows 3D worlds exac tly as you see 
things in real life. With perspective projection, objects that are farther away appear 
smaller than objects that are doser to the camera . 

• Orthographic projection. This type of projection shows objects on the screen in 
their true size. regardless of their distance from the camera. This projection is use­
ful for CAD software. where objects are drawn with specific views to show the 
dimensions of an object (i.e. front, left, top views), and can also be used for iso­
metric games. 

Viewport Transformations 
The last transformation is the viewport tmllsformatiol1. This transformat ion maps the clip 
coordinates created by the perspective transformation onto yOll( window's rendering SllT­

face. You can think of the viewport transformation as determining whether the final 
image should be enlarged or shrunk. depending on the size of the rendering surface. 

OpenGL and Matrices 
Now that you've learned about the various transformations involved in OpenGL.let's take 
a look at how you actually usc them. Transformations in OpenGL rely on the matrix for 
all mathematical compu tations. As you will soon see. OpcnGL has what is called the 
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matrix s/(/ ck. which is useful fo r co nstructing complicated models com posed of many 
simple objects. Yo u will be taking a look at each of the transformations and look more into 
the mat rix sta ck in this section. 

Tip 

In case you need a refresher course, the mathematical concept of the matrix is discussed in the - 3D 
Theory and Concepts - chapter included on the CO. 

The Modelview Matrix 
The modclview /f/(I/rix defines the coordina te system that is used to place and orient 
object s. This 4 x 4 matrix can either transform vertices or it ca n be transformed itself by 
other matrices. Vertices arc transformed by mUltiplying a vertex vector by the 1110delview 
matrix, resulting in a new vertex vector that has been transformed. The Illodelview matrix 
itself can be transformed by mult iplying it by another 4 x 4 m;ltrix. 

Before calling any transformation commands, you must specify whether you want to 
modify the modelview mat rix or the projection matrix. Modifying either matrix is accom­
plished thro ugh the O penGL function glHatrixHode(), which is defined as 

vold glHatrtxHode(Glenum mode); 

In order to modify the moddview matrix, you use the argument Gl_HODELVI Ell. This sets the 
moddview matrix to the current matrix, which means that it will be modified with sub­
sequent transforma tion commands. Doing this looks like 

vol d glHatrl xHode(GLHOOElV lEW): 

Other arguments for glHat r ixHode incl ude GljROJECTlON, GLCOLOR. or GLTEXlURE. GL 
PROJECTION is used to specify the projection matrix; Gl_COlOR is used to indicate the color 
matrix, wh ich we won't be covering; and Gl_TEXlURE is used to indicate the texture matrix, 
whi ch we will di scuss in Chaptcr 7, "Texturc Mapping." 

Usuall y at the beginning of your rendering loop, you will wa nt to reset the model view 
matrix to the default position (0,0,0) and orientation (looking down th e negative z axis) . 
To do this, you c<lll the glloa dlde nt i ty( ) function, which loads the identity matrix as the 
current rnodelview m<ltrix, thereby positioning the camera at the world origin and default 
or ientation. Here's a snippet of how yo u might reset the Illodelvicw matrix; 

glHatrl xHode( Gl,J100ElV I Ell ) ; 
glLoadldentlty() : II reset the model view matrix 

/1 . .. do other transformations 
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Translation 
Translation allo \ ... s you to move an objcrt from o ne position in the world to another posi­
tion in the \ ... orld. The OpenGL functio n glTransl ate () performs this func tionality and is 
defined as follo\ ... s: 

void glTranslatelfdlCTYPE x. TYPE y, TYPE zl ; 

The para meters x, y, and l specify the amount to translate along the x, y, and z axes. For 
example, ir you execute the command 

glTranslatef(3.0f. 1.0(' S. Of) : 

any subseq uently spec ified objects will be moved three unit s along the positive x axis, one 
unit along the positive y axis, and eight units along the positive z axis, to a final position 
of (3, \ ,8). 

Suppose you wan t to move a cube from the origin to the posi tion (5,5,5). You first load 
the model view matrix and reset it to the identity matrix, so you are start ing at the origin 
(0,0, 0). You then perform the translation t ransformation on the current matrix to posi­
tio n (5, 5, 5) before calling your OrawCube( 1 function. In code, this looks like 

glHa tr lxHode(GljMOOElV IEW ) ; /I set current matrix 
glloadldentity(): /I reset modelview 
glTranslatef(S.Of, 5.0f ,5. 0f) : /I move t o (5 .5.5) 
OrawCube() ; /I draw the cube 

Figure 4.5 illustrates how this code executes. 
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Figure 4.5 Translating a cube from the origin to (5,5,5). 
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How about a translation e.'(ample? On the CD under Chapter 4 you \vi ll find an example 
called Translation that illustrates a very simple oscillati ng translation alo ng the z axis. The 
example renders a Oat square pla ne at the o rigin , but because th e world coordinate system 
is being translated, the square plane appears to be moving into and away from the view. 
Here is the code from the Prepare() function , which performs the oscillation logic: 

void CGfxOpenGl::Prepare() 

I 
/I if we ' re moving in the -z direction . decrement the z posHion 
if (direction) 

zPos -.. 0.01 ; 
else /I we're moving in the +z direction, increment the z position 

zPos +- 0.01; 

/I if we have reached t he or ig in or -20 uni t s al ong the 
/I Z axis , then change di rec tion 
i f (zPos > .. 0.0) 

direction" true ; 
else if (zPos < .. -20.0) 

di rection" false ; 

This code either inc reases or decreases the value used to translate the world alo ng the z 
axis, depend ing on the "direction" we arc currently heading. When the translation value 
reaches an extreme (0.0 o r -20.0), then we change the "d irection" of the translation. This 
code in the Prepare() funClion is called prior to the Render() function, which looks like this: 

void CGfxOpenGl::Render() 

I 
/I clea r color and depth buffe rs 
gl(l ea r( Gl_COlO~BUFFEIU IT I Gl_OEPTH_B UFFER_BIT): 

/I load the identity ma trix (clea r t o defau lt position and orienta tion ) 
glLoadldentlty() ; 

/I transla t e t he wor ld coo rdi nate sys t em al ong t he z axi s 
glTranslatef(O.O , 0.0 , zPosl ; 

II draw the plane at the wo r ld or ig in 
DrawPlane() : 
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The Render () funClion is very simple. After clearing the color and depth buffers, we load 
the identity matrix to ini tialize to the default world position and orientat ion, translate 
along the z axis lIsing the value determined in the Prepare() function, and then draw the 
plane. The DrawP1 ane () function draws a 4 unit by 4 unit square plane that lies along the 
x-z plane with its center at the world origin. The resulting execution shows a plane that 
moves back and fo rth along the z axis. A screenshot is shown in Figure 4.6. 

Rotation 
Rotation in OpenGL is accomplished through the gIRotate () function , which is defined as 

~old gIRotatelfd)(TYPE ang le. Glfloat x, TYPE y, TYPE 1) : 

With this function, you arc performing a rotation around the vecto r specified by the x, y, 
and 1 para meters. The angle of rotation is specified by ang l e and is measured in degrees in 
the coun terclockwise direction . 

For example, if you wanted to rotate around the yaxis 135 degrees in the co unterclock­
wise d irect"ion, you wo uld use the following: 

glRo tatef(135.0f. O.Df. l.O f. O.Ofl : 

Figure 4.6 A screenshot of the Translation example. 
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The va lue of 1. Of for the y argument specifies a vector 
pointing in the direction of the positive y axis. Figure 
4.7 illustrates how' th e glRotate() function works. 

If you wanted to rotate clockwise, )'oU would set the 
angle of rotation as a negative number. To rotate 
around the y axis 135 degrees in the clockwise direc­
tion , you usc the following code: 

glRotatef(-1J5.0f. O.Of. 1.0f. O.Of); 

What if you wanted to rotate around an arbitrary axis? 
You ca ll accomplish this by specifying the arbitrary 
axis vector in the x, y, and z parameters. By drawing a 
line from th e relative origin to the point represented 
by (x .y.z), you can sec the arbitrary axis around 
which you will rotate. For instance, if you rotate 90 
degrees ahout the axis specified by the vector ( I , 1,0), 
you rotate abou t the axis that goes from the relative 
origin to the point ( 1, 1, 0). In code, this looks like the 
following: 

glRotatef(90.0f. 1.0f, 1.0f. O.Of); 

Figure 4.8 illustrates how it works. 

Rotating about a single axis is fine , but most applica­
tions rotate their objects about multiple axes. The 
order in which you specify rotations is very importan t 
when doing this because each rotation you apply 
changes the local coordinate system of the rotations. 
For insta nce, if you rotate an object 60 degrees about 
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<;IIRotat_f( . :I.of, o. of ,0 . of ,1. of); 

Figure 4.7 The glRotate() function 
takes the angle of rotation and a 
vector for the axis of rotation as 
parameters. 

"' 
gIFl.otatef(90. Of, 1. Of . 1.Of .o.of)J 

Figure 4.8 Rotation about an 
arbitrary axis. 

the x axis and then rotate that same object 45 degrees about the y axis in subsequent calls 
to gl Rotate(), th ell the resultant orientation of that object is a result of the two rotations 
occurring one after the other within the context of the object's local coordinate system. 
The first rotation will be applied as expected, and the object will be rotated 60 degrees 
about the x axis. However, the second rotation about the y axis will not be in the context 
of th e world coordiJl;\te system. Instead, the y axis rotation occurs in the context of the 
object's local coordinate system. Because the object has already been rotated 60 degrees 
abou l the x axis, the object's new y axis has also been rotated 60 degrees coun terclockwise. 
Your second rotation about the y axis will actually be in this new configuration. Let's look 
at an example; maybe it will make more sense. 

Included on the CD in Chapter 4 you will find an example entitled Rotatio n. A sc reenshot 
of this exam ple is shown in Figure 4.9. If you build and run the example, you \"ill see the 
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Figure 4.9 A screenshot of the Rotation example. 

same plane we created in the Translation example, except this time it is rotating about the 
origin instead of translating along the z axis. Also being drawn in this example arc two sets 
of lines representing the coordinate system x and y axes. The white lines represent the 
world coordinate system x and y axes, while the yellow lines represen t the x and y axes in 
the object's local coordinate system. The important part of this example is the following 
lines in the Render() method: 

/I rotate about x axis then y axis at presc ribed angles and draw plane 
gIRotatef(xAxlsAngle. 1.0 . 0.0 . 0.0): 
gIRot atef(yAxisAngle. 0.0. 1.0 . 0.0); 
DrawPlane() ; 

You will notice \vhen the example executes that the plane is always rotating about the same 
world x axis properly, which also seems to be altering the location of the y axis. This is 
because the rotation about the x axis is specified first, while we arc still in the original ori ­
entation of the world coordinate system. Once we rotate along the x axis, though, the ori ­
entation of the world coordinate system changes to reflect that rotation, and ;IS you c;ln 
see from the example. the orientation of the y axis changes (the yellow line perpendicular 
to the plane). Then when we rotate about the y axis, the rotation occurs in the new ori­
entation that has been created as a result of the x axis rotation. Hopefully, through this 
example you can see how much the order of rotation about different axes matters. Take 
some time to modify the Ro tation example to see how different rotation o rders can affect 
the final rotatio nal o utcome of an object. 
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Scaling 
Scaling, in its most simple definition, increases or dec reases the size of an object or coor­
dinate system. In other words, when using scaling operations, vertex coordinates fo r an 
object are either mult iplied by or divided by a scaling fac tor for each axis. This means that 
if you would normally place a vertex at the location ( I, I , I ) without scaling, thcn apply­
ing a scaling factor of 2.0 along each axis would place the vertex at the location (2, 2, 2). 
Scaling is performed in OpcnGL through the qIScale () function , which is defined as 

void qlScale[fd l( Glfloat x. Glfloat Y. Glf loat zl: 

The values passed to the x, y, and z pa ramete rs specify the scale factor along each axis. For 
example, this line applies a scal ing facto r of 2.0 along each axis: 

gl Sca l ef (2 .0f. 2.0f. 2.0f) : 

If you were to draw a I x 1 x 1 unit cube after executing the above line, then th e cube 
would really be drawn as a 2 x 2 x 2 cube. Now, let's say you took that cube, and you 
wanted to double its width (the x axis) withou t changing its height (the y axis) and depth 
(the z axis). You would usc the following: 

glScalef(2.0f. 1.0f. 1.0f): 

What if you \vanted to shrink an object? Well, because the scaling factors arc each multi­
plied by the vertices, you simply choose a value less than one, like this: 

glScalef(O.Sf . O.Sf . O.Sf) : 

This line will shrink an object by half its o riginal size. A value o f 0.2 would shrink it by 
one-fifth, 0.1 by one- tenth, and so on. You can even use negative val ucs to mirror, or flip, 
objects. If you set a scaling factor to 1.0, then the axis the scaling factor bclongs to will nol 
be scaled. As yo u might have guessed from this, scaling is equivalent to multiplying by the 
scaling factor. Values between 0.0 and 1.0 will shrink the object, and values grcater than 
1.0 will enlarge the object. Figure 4.10 illustrates the glScale() functi on. 

"' ., ~
" < "' 

.: " .. .. ' .' 

". 
gIS calaf(2. 0f, 2.Of, 2.Of») 

Figure 4.10 The glScale() function. 
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In the examples so far in this chapter, you've seen an object move arou nd fo r translation , 

and you've see n an objec t rotate for rotation. So naturally, now you arc goi ng to see an 

exampl e for scaling o f an object shrinking and expa nding. O n the CD YOll will find an 
example ent itled Scaling in the Chapter 4 folde r. Taking a look at the Prepare() function 

in the CGfxOpenGl class, you will sec: 

voi d CGfxOpenGl:: Prepare( f1 oat dt) 

I 
1/ inc rea se or decrease scale factor 
if (increaseScale) 

scaleFactor +- 0.001 ; 

else 
scaleFactor .", 0.001; 

if (scaleFactor >- 2.0) 

lncreaseSca l e - fal se: 
el se if (sca l eFac t or < .. O.ll 

lncreaseScale" true ; 

Befo re we render each frame, the Prepare() func tion increases or decreases o ur scaling fac­

to r within a range of 0.1 units to 2.0 units. We pass the scaling factor to the gl Scale() fu nc­

tio n in the Render() function below: 

void CGfxOpenGl::Render(l 

I 
1/ clear screen and depth bu ffer 

glClear(Gl_COlOILBUFFEILBIT I Gl_OEPTH_BUFFER_BIT): 

1/ load tile identity matrix (clear to default position and orientation) 
glloadldentity(); 

II move eye back 10 units and orient tile plane so we can see it 
glTransla t ef(O.O , 0.0, '10 .0) : 
gIRota t ef(90.0, 1.0, 0.0 , 0.0) : 

II scale t he plane al ong a1l three axes 
91 Sca l eft scaleFactor , sea l eFactor , scaleFactor) : 
DrawPlane{} : 

The Render() fu nction sets up the camera 10 units back and rotated o nto the z axis so that 

we can view the plane from above. it then calls the glScale(} fu nct io n , passi ng the scale 

fa ctor to all three axis pa rameters. The result is a plane that increases and decreases in size 
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Figure 4.11 A screenshot of the Scaling example. Exciting! 

with the value or the scale ractor. Although you can't see the plane changing shape, Figure 
4. 11 is a screenshot or the Scaling example. 

Matrix Stacks 
The modelview matrix we've been playing with so rar is actually only one matrix at the 
top of a stack or matrices, which is naturally called the OpenGL matrix stack. There arc 
rOllr types or matrix stacks in OpenGL: 

• The modeJview matrix stack 

• The projection matrix stack 

• The color matrix stack 

• The texture matrix stack 

The rnoddview mutrix is the top matrix 
or the modelview matrix stack, and the 
projection mutrix is the top matrix or the 
projection matrix stack. Figure 4.12 gives 
so me more in rormation about these 
matrix stacks. The tex ture matrix stack is 
used ror the transro rmation or texture 
coord inates, and the color matrix can be 
lIsed to modify colors. 

Mod.l , i.w m.tr"i~ .U<:I<-
32 4~~ m . tri., .. 

ProJutlo n t.1U,hc St. <:I<-
2 ~ ~ ~ m.t,I ... 

Figure 4.12 The modelview and projection 
matrix stacks are made up of 32 4 x 4 matrices 
and two 4 x 4 matrices, respectively, for the 
Microsoft OpenGl implementation. 



TeamLRN

OpenGL and Matrices 83 

In Chapter 3, "OpenG L States and Primitives," you were introduced to two functions, 
glPllshAttrib() and glPopAttrib(). Yo u learned that you could save the current state of the 
OpenG L state machine by using glPllshAttrib(), and you could then retrieve that saved 
state by using glPopAttrib(). 

Matrix stacks allow you to do the same thing. The modelview ma trix stack allows you to 
save the current state of the transformation matrix, perform other transformations, and 
then return to the saved transformation matrix without having to store or calculate the 
transfo rmation matrix on your own. The projection, texture, and color matrix stacks 
allow you to do the same th ing. 

Using the modcJview matrix stack essentially allows you to transform from one coordi ­
nate system to anoth er while being able to revert back to the original coordinate system. 
For instance, if we position ourselves at the point ( 10, 5, 7), and we then push the cllrrent 
model vi ew matrix onto the current stack, then our current transformation matrix is reset 
to the loca l coordinate system centered around the point ( 10, 5, 7). This means that any 
transformations we do are now based on the coordinate system at ( 10,5, 7). So if we then 
translate 10 units down the positive x axis with glTranslate(10.0, 0.0 , 0.0), we a reat the 
position ( 10,0, 0) in the current transformation matrix, but in the world we are posi ­
tio ned at (20,5, 7). When the matrix stack is popped, we revert back to the o riginal trans­
fo rmation matrix and therefo re the original coordinate system, which means we arc again 
positioned at (10,5,7). 

T\",o functions allow you to push and pop the matrix stacks: glPushHatrix() and 
glPopHatrh(). The glPushHatrix() func tion copies the current matrix and pushes it onto 
the stack and is defined as: 

void glPushHatrlx(); 

If you push too many matriccs onto the stack, then OpenGL gives a GLSTAC~OVERFlOW 
error. The modelvi ew matrix stack is guaranteed to have a stack depth of at least 32, 
and all o f the other matrix stacks have a depth of at least 2. You ca n find out if your imple­
mentation supports larger stacks by calling glGet() with GLMACHOOElVIEW_STACI\...OEPTH, 
GLMACPROJECTION_ST AC~OEPTH, GLHAX_COlO~STACK_DEPTH, or GL_HAX_TEXTURE_ST ACK....OEPTH. 

The glPopMa tr ix{) function pops off the top matrix on the sta ck and discards its contents. 
All other matrices in the stack are moved up one position. glPopHa tr lx{) is defi ned as 

void glPopMa t r1x{): 

If you try to usc this function when there is only one matrix in the stack, OpenGL will give 
a GL_STAC~UNOERFLOW error. 

Figure 4.13 shows how the glPushMatrh{) and glPopMatrh{) funct ions operate on the 

matrix stack. 
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Figure 4.13 Pushing and popping on the matrix stack. 

The Robot Example 
On the CD you will find the so urce code for an OpenGL demo called RobotExample that 
shows an animated watking robot around which the camera rotates. The robot is con­
structed of cubes that you scale 10 different shapes and sizes to give the robot arms, legs, 
feet , a torso, and a head. The glPushHatrix( ) and glPopMatr ix() functions arc used to posi­
tion the robot's body parts in coordinates relative to the center of the robot. Take special 
note of these functions as you trace through the source code. 

Figure 4. 14 shows a screenshot of the Robot example. 

Figure 4.14 A screenshot of the Robot example. 
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There arc two functions that you should focus on as you browse through the source code. 
The first is the Prepare() method in the Robot class: 

~oid Ro bot : :Prepare(float dt} 

II if leg is movi ng fo rward, inc reas e angle , el se decrease ang le 
for (in t si de" 0; side < 2; sid eH ) 
I 

1/ arms 
if (armStat es [side] - FORWA RD_STATE) 

armA ng les[s id e] .... 20 .0f * dt ; 
el se 

armA ng les[s id e] . • 20. 0f * dt ; 

II ch ange st ate if exceed ing angl es 
i f (armA ng les[ s ide] )- 15. 0f} 

armSt ates[ sidel .. BACKW ARD_STATE; 
el se if (armAngles[side l <- ·IS.Of) 

armStates[s id e] .. FORWARD_STATE; 

II le gs 
if (legSt ates [s ide] - FORWARD_STATU 

legAng les[s id e] .... 20.0f * dt ; 
else 

legAng les[s id e] . • 20 .0f * dt ; 

1/ ch ange st at e if exceed ing angles 
if (legAng les [s ide] ) .. 15.0f} 

legStates[s id el - BA CKW ARD_STATE; 
el se if (l egAngles[side l <- · 15. 0f ) 

legSt ates[s id e] .. FORWARD_STATE; 

The Prepare() method modifies the robot arm and leg angles, as well as determining the 
direction each arm and leg is moving. We use the dt parameter to make the robot 's move­
ment frame-rate independent. The armA ng les and legAng les arrays store each arm's and 
leg's angles (array index 0 is the left arm, I is the right arm), respectively; the armStates and 
I eg$t ate s arrays store the current state of each arm and leg, respectively. 
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The method YOll are probably most interested in, thollgh, is the DrawRobot{) method in the 
Robot class: 

void Robot : :D rawRobot{float xPos, float yPos, fl oat zPos) 
I 

glPushMatrix(); 
glTranslatef(xPos, yPos , zPos); 

II draw head and torso parts 
DrawHead(1 .0f. 2.0f. 0.00; 
DrawTorso(1.5f , O.Of, 0.00: 

1/ draw robot at desired coordinates 

/I move t he left arm away from the torso and rota te it to ghe "wal king" effect 
glPushHatrix() : 

glTranslatef{ O.Of, -0.5f, 0.00 ; 
gl Ro t atef{armAng les[l EFTl. l.Of, O.Of, 0.00: 
DrawA rm(2.5f, O.Of , -0.5f) : 

glPopMatrix(): 

/I move t he righ t arm away fro m the torso and ro tate it to give · wa l ki ng " effect 
glPushHatrix() ; 

glTranslatef{O .Of, -0.5f, 0.0f) ; 
gl Ro tatef{armAng les[ RIGHTJ. l. Of, O.Of, O.Of); 
OrawA rm( · 1. 5f, O.Of, -0.5f) ; 

gl PopMatrix(): 

/I mo ve t he left leg away from the torso and rotate it to ghe "walking" effect 
glPushHatrix(}; 

glTranslate HO.Of. -0.5f, 0.0f) ; 
glRotatef{legAng les[l EFT l. l.O f, O.Of . O.Of}: 
Drawleg( -O.5f. -5.0f , -0.50: 

glPopMatrix(}: 

/I move t he right leg away f rom the torso and ro tate it to give "wa l ki ng " effect 
glPushHatrix() ; 

glTransla t ef{O .Of. -0.5f, 0.00 ; 
gl Ro t atef{legAng les[R IGHTJ. l. Of, O.Of. O.Of); 
Orawleg( 1. 5f , -5.0f, -0.50 ; 
gl PopHatr ix(): 

gl Po pMatr ix (): /I pop back to orig inal coo rd inate syst em 
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The DrawRobot() method draws the entire robot at the specified (x, y. z) coo rdinates. To 
simplify the code, the method calls several other methods that render the different parts 
of th e robot: DrawHead(), DrawTorso(). DrawArm( 1, and Drawleg(). In turn . each o f these meth ­
ods draws its respec tive part at the specified position , relative to the position of the robot 
itsel f because we usc the gl PushHatrix( 1 and gl PopHat rlx() functions to position and rotate 
each robot part . 

Projections 
We've mentioned projection transformations several times now and even used them in 
code. so it 's high tim e we discussed how they work. As we've pointed o ut , there are two 
general classes of projection transformations available in OpeneL: orthographic (or par­
allel) and perspective. We'll look at both of these in detail. 

By setting a proj ec tion transformation, you are, in effect, crea ting a viewing volume, 
which serves two purposes. The first is that the viewing volume defines a number of clip­
ping planes, which determine the portion of your 3D world that is visible at any given 
time. Objects that are outside this volume are not transformed or rendered. 

The seco nd purpose of the viewing volume is to determine how objects arc drawn. This 
depends o n the shape of the viewing volume, which is the primary difference between 
orthograph ic and perspective projections. 

Befo re specifyi ng any kind of projection transformation. though, you need to make sure 
that the projection matrix is the currently selected matrix stack. As you saw earlier with 
the modelview matrix, this is done with a call to glHatr1xHode() : 

g 1 Hatr1xHode( GL..PROJECTION1 : 

In most cases, you will want to follow this up with a call to glloadldentl ty() to clear out 
anything that may be stored in the projection matrix, so that previ ous transfo rmations 
don't get accumulated. Unlike with the modelview matrix, it is rare to make a lot of 
cha nges to the projection matrix. 

Once the projection matrix stack is selected , you're ready to specify your projection. We'll 
look at orthographic projections first and then at the more commonly used perspective 
transformat ions. 

Orthographic 
As we mentioned before, orthographic. or parallel, projectio ns are those that involve 
no perspective co rrectio n. [n other words, no adjust ment for distance (rom the camera 
is made; objects appear the same size onscreen whether they are close o r far away. 
Although this may not look as realistic as perspective projectio ns. it has a number of 
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uses. Traditio nally, o rthographic projections arc included in OpenGL fo r applications 
such as CAD, but they ca n also be used for 2D games or iso metric games. 

OpenGL provid es the gl Ortho!} function to set up o rthographic project ions: 

gl Ortho! Gldoub 1 e 1 eft, Gldoub Ie ri ght , Gldoub I e bottom, Gldoub 1 e top, Gldoub 1 e near , 
Gldouble far); 

left and right specify the x-coordinate d ipping planes, bottom and top specify the y-coor­
d inah~ clipping pla nes. and near and fa r specify the distance to the z-coordinate clipping 
planes, Together, these coordinates specify a box-shaped viewing volume. More precisely, 
opposite planes are parallel to each other, and adjacent planes arc perpendicular. 

Because orthographic projections arc commonly used to create 2D scenes. the OpenGL 
Utilit y Library prov ides an addit ional routine to set up orthographic projections for 
scenes in which you won't really be using the z coordinate: 

gl uOr th o20(Gldoub le left , Gldou bl e right, Gldoub le bottom. Gldouble top) : 

left, r1gh t , bo t tom, and top arc as with glOrtho( ) above. Using gluOrtho2D() is equivalent to 
callingglOrtho() with near set to - 1.0 and far set to 1.0. When using gluOrtho2D(), )'o u'll nor­
mally want to usc a version of glVertex() that takes only two parameters (the x and y coor­
di nates) because the z coordinate isn't usuaUy used . It 's common in this case to use integer 
coordinates and to set the view volume to match the x and y coordinates of the viewport. 

Perspective 
Although orthographic projections can be interesting, perspective projections create more 
realistic- looking scenes, so that's what you'll likely be using more often. In perspective 
projections. as an object gets far ther from the viewer, it appears smaller on the screen ­
an effect commonly referred to as [oreslwrteni,lg. The viewing volume for a perspective 
projection is a [wswm, which looks like a pyram id with the top cut off. wi th the narrow 
end toward the viewer. That the far end of the frust um is la rger than the nca r end is what 
creates the foreshortening effect. The way this works is that OpenGL t ransforms the frus­
tum so that it becomes a cube. This transformation affects the objects inside the frustum 
as well, so objects at th e wide end of the frustum get compressed more than objects at the 
narrow end. The greater the ratio between the wide and narrow ends, the more an object 
is shrunk. If the ends of the frustum arc close in size, there won't be much perspective cor­
rec("ion (if they arc the same, there will be no correction at all, which is what happens with 
or thographic projections). 

There arc a couple of ways YOLl can set up the view frus tum, and thus the perspective pro­
jection. The firs t we' ll look al is the following: 

vol d glF rustum( Gldoub I e I eft, Gldoub 1 e ri ght , Gldoub 1 e bottom, Gldoub I e top, Gldoubl e 
near . GLdouble far); 
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left, right, top, and bottom together specify the x and y coo rdinates on the nea r clipping 
plane, and near and far specify the distance to the ncar and far dipping planes. Thus, the 
to p-left corner of the ncar clipping plane is at (1 eft, top, -near) , and the bottom-right cor­
ner is at (ri ght, bot tOlll, -nea r). The corners of the far clipping plane are determined by cast­
ing a ray frolll the viewer through the corners of the ncar dipping plane and intersecting 
them with the far clipping plane. So, the closer the viewer is to the near d ipping plane, the 
larger the far cl ipping plane is, and the more foreshortening is apparent. 

Using gl Frustum() enables you to specify an asymmetrical frustum , which may be useful in 
some insta nces, but it's not typically what you'll want to do. In addition, thinking about 
what the vie\ver can sec in termsof a frustum is not particularly intu itive. Instead, it 's eas­
ier to think about the fi eld of view- that is, how wid e of an angle he ca n sec. The OpenGL 
Utility Library provides a function that allows you to directly specify th e field of view, and 
then calc ulates the frustum for you. This function is 

void gluPer specti ve(G Ldouble foy , Gldouble aspect. GLdouble near . GLdouble far): 

fo y specifies, in deg rees, the angle around the y ilxis th at is visible to the user. aspect is the 
aspect ra tio of the screen, which is the width d ivided by the height. This determines the 
field of view aro und the x axis. nea r and far have the same meanings they've had in the 
other projection functions in this section. 

One thing we haven't mentioned in our discussion of setting up a frustum is how to deter­
mine an appropria te ratio between the width of the far and ncar end (that is, how \vide 
the field o f view is). The appropriate field o f view is highly application dependent. If you 
want to create a fish-eye effect, a very wide field of view may be appropria tc. Fo r a realis­
tic perspective, something around 45-90 degrees usually works well. In general, you'll 
want to experiment to see what looks right for your particular application . 

Setting the Viewport 
Some of the p rojection functions we've just discussed are closely related to the size o f the 
viewport (for example, the aspect ratio in gluPerspective). You know that th e viewport 
transformation happens after the projection transformation, so now is as good a time as 
any to disc uss it. 

In essence, the vic\vport specifics the dimensions and orientation of the 2D window in to 
which you' ll be rendering. It is set using glV iewpor t(): 

void glViewport(GL1n t x, Glint y, Glsizei width, Gls izei height) : 

x and y specify the coordinates of the lower-left corncr of the viewpo rt , and IIldth and 
heigh t spec ify the size of the window in pixels. 

When a rendering context is first created and attached to your window, thc viewport is 
automat ically sct to match the dimensions o f the window. That may bc good enough for 
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some applications, but in most cases, you'll want to update you r viewport any time the 
window is resized. Although the viewport generally matches your window size, there is 
noth ing requiring it to be the sa me size. There may be times when you want to limit ren­
dering to a sub-region of your window, and setting a smaller viewport is one way to do 
this. The Fog demo covered in Chapter 5, "Colors, Lighting, Blending, and Fog," shows an 
example of using multiple viewports in a single window. 

Projection Example 
To get a better idea of the d ifferences between the two major projection types, we've 
included a sim ple demo that allows you to view the sa me scene in each mode. The demo 
starts off with a perspective projection; pressing the spaceba r enables you to toggle 
between orthographic (shown in Figure 4.15) and perspective (shown in Figure 4.16 ) 

p rojections . 

..... . ~... ... ~"' 

~------

Figure 4.15 Orthographic projection. Figure 4 .16 Perspective projection. 

The relevant portion of this demo is in the Res; ze$cene{) and Update Projection() methods 
of the CGfxOpenGl class, which are listed here for conveni ence: 

voi d CGfxOpenG l : :ResizeScene(int width. i nt height) 

I 
/I avoid divide by zero 
if (height-OJ 

I 
he1ght-l: 
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II reset the viewport to the new dimensions 
gIViewport(O. O. width. height): 
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/I set up the projection. without toggling the projection mode 
UpdateProjectlon(false): 

void CGhOpenGl: :UpdateProjection{bool toggle) 
I 

static bool usePerspective .. true : 

1/ toggle the control ~ariab l e if appropria t e 
if (toggle) 

usePerspec t ive .. luse Perspective : 

1/ se lect the projec t ion matrix and clea r i t out 
g l HatrixHode(G~P ROJECT ION) ; 

glLoadlden t lty{) ; 

1/ choose the appropriate projection based on the currently toggled mode 
if (usePerspecthel 
I 

el se 
I 

1/ set the perspective with the appropriate aspect raUo 
gIFrustulII(-1.0. 1.0. -LO. 1.0. 1.0. 1000.0); 

/I set up an orthographic projection with the same near clip plane 
glOrtho(-1.0 . 1.0, -1.0 . 1.0, 1.0. lOOO _O) ; 

/I select modehiew matrix and clear it out 
gIHatrlxHode(GlJMOOElV IEW ); 
gl Load I dent 1 ty{ ) ; 

Manipulating the Viewpoint 
In this section we arc going to introduce you to several optio ns for manipulating the view­
point, or the "camera." Your first option is to usc the gluLookAt() fu nctio n. which allows 
yO lL to speci fy the position of the viewpoint, a directional vector from the viewpoint, and 
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an up vector from the viewpoint to orient and position the viewpoint. The seco nd option 
is to usc a combi nation of the glTranslate() and g1Rotate() functions to orie nt and posi­
tion the vie'''point. Finally. yOll can usc your own custom routines to define the viewpoint 
behavior. Fo r instance. you might want the viewpoint to be oriented through the polar 

coordinate system. 

Let's take a look at these options. 

Using gluLookAtO 
Now let's take a look al the g1ulookM() function, which is defined as 

vold g1uLookAUGLdouble eyex. GLdouble eyey , GLdouble eyez, 
GLdouble centerx , GLdoub1e centery, GLdouble cent er!, 
GLdoub l e upx , GLdoub1e upy, GLdoub1e upz); 

You ' ;1Il use this function to define the camera's location and orientation instead of the 
modeling t ransformat'ions glT ra ns 1 a te() and g1 Ro tate{) . The first set of three parameters 
(eyex, eyey, eyez) specifics the location of the camera. The value (0,0,0) would naturally 
specify the origin. The next set of parameters (centerx, centery, cen ter z) specifics where the 
camera is pointing. also called the line of sight, which is i l vector pointing in the fonvard 
directio n orthe came ra. The last set of parameters (upx, upy, upz) is a vecto r that tells which 
direc tio n is the up direction. Figure 4.1 7 shows how all of these parameters ,"ork on the 
camera with the g1 uLookAt () function. 

ton . •• ~ .. ~ 

""~ 
I" .. ,I .. ~ ... 'I J" I"""~ "" ," ''''ml 
, I,. ,,, ~,,,,,,,j,,~ .... ~ O'"""'"~ "", GI. .. . ~~ ' '''. Glh.ol, ,,,tm. Glk,~~ "'"'''', 

"'"""~ ~ , .... ,,', ....... . ~ .,~ oLfout" ' 11, .... .. . ~ ",,'J. 

Figure 4.17 The glllLookAt() parameters specify the 
location and orientation of the camera. 
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Here is a sho rt code snippet that uses the glulookAt{) function. Do n't worry about any 
code you do n't understand yc t. Yo u will get to it at somc point. 

void DisplayScene() 

I 
gl CI ear( GLCOlOILRUFfEILRIT): 
gIColor3f(1.0f. O.Of , 0.0f): 
glloadldent i ty() : 

II clear the color buffer 
" set color to red 
II clear the current matrix 

1/ Now we set the viewing trans formation with the glulookAt() function. 
/I This sets the camera at the position (0 .0.10) and looking down the 
/I negative z axis {O.O . 0.0. -100.0J. 
/I (eyex. eyey. eyez) '" (0 .0, 0.0 . 10.0J 
/I (centerx . cent ery. cente rz) .. (0 .0. 0.0. -100 .0) 
1/ (upx , upy , upz) .. (0.0. 1. 0, O.OJ 
gluLoo kAt{O .Of. O.Of , 10 .Of, O.Of , O.Of, -lOO .Of, O. Of . 1.0f . 0.0f); 

II draw a triang le at the origin 
gIRegin{Gl_TR IANGlEl ; 

gIVerted(lO.Of , O.Of , O.Of} ; 
gIVerted(O.Of. 10.0f , 0.0f) ; 
gIVerted{·IO.Of, O.Of, O.Of ): 

glEnd() ; 

As you can see, the gl ulookAt() function is rather easy to usc, By manipulating the para­
meters, you can move the camera to any position and orientation that you want. 

Using glRotateO and glTranslateO 
A drawback to glulookAt() is that you must link the GLU library with your application. 
What if you don't want to use the GLU library, but you want to get the same functionality? 
One solution is to simply use the gIRot ate() and glT ranslate() modeling-transformation 
functions as discussed earlier in this chapter. The code below uses the modeling funct ions 
to produce the same effect on the camera as the previous glulookAt {) code. 

void DlsplayScene() 

I 
9 1 C 1 ea r{ Gl_COlOILRUFFEILB IT ) ; 
gIColor3f(1.0f , O.Of , 0.0f) ; 
9 I Load Ident ity ( ) ; 

II clear t he colo r buffer 
/I set color to red 
II clear the current matrix 
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II Now we set the viewing trans formation wi th the gITranslatef() function. 
1/ lie move the IiOdeling transformation to (0.0 , 0.0 . '10 . 0) . IIIOvlng tile 
1/ world 10 units along the negative l · ax is . which effectively moves the 
1/ camera to the position (O.O , 0.0, 10.0J. 
glTranslatef{O.Of. O.Of . '10.0f): 

II draw a triangle at the origin 
gl Beg! n( GL_TR1ANGLE) ; 

gIYer texf(lO.Of. O.Of. 0.0f) ; 
gIYer texf(O.Of, 10,Of. O,Of ) : 
gIYer texf('lO.Of . O,O f . 0,0f) ; 

glEnd() ; 

In this case, there isn't a serious difference in code from the gl ulookAt () function because 

all you arc doing is moving the camera along the z axis. But if you were orient ing the cam­

era at an odd angle, you would need to use the gl Ro ta t e() function as well (YOll will see 

more of glTrans la te() and gIRotate{) soon), which leads to th e next way of m.mipulating 

the camera: yo ur own custom rou tines. 

Creating Your Own Custom Routines 
suppose you \"ant to create your own flight simulator. In a typical night simulator, the 

camera is positioned in the pilot's seat, so it moves and is o riented in the 5.'1me manner as 

the plane. Plane orientatio n is defined by pitch, yaw. and roll, which are ro tation angles 

relative to the center of gravity of the plane ( in your case, the p ilot/camera posilio n). 

Using the modeling-transforma tion functions. you cou ld creale the follO\" ing function to 

creale the viewing t ransformation: 

void PlaneYiew(Glfloat planeX. Glfloat planeY . Glfloa t planeZ . 
Glfloat roll. Glf loat pitch , Glf loa t yaw ) 

1/ roll Is rotati on about t he z axis 
gIRota t ef(rol1. O.Of. O.Of . l.Ofl: 

/I ya w. or head i ng. is rot at ion abo ut the y axis 
gI Rota t ef(yaw . O.Of. 1. 0f. O.Ofl ; 

1/ pitch is rot at ion about the x axis 
gIRotatef(pltch. 1.0f. O.Of , 0.0f>: 
1/ mo ve the plane to the plane ' s world coordinates 
glTranslatef('planeX, ·planeY . ' planeZl: 

If the plane's position 
/I or ientation 
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Using this funClion places the came ra in the pilot's scat of you r airplane regardless of the 
orientation or location of the plane. This is just one of the uses o f your ow n custom ized 
routines. Other uses include applications of polar coordi nates, such as rotation about 
a fixed point, and use of the modeling-transformation functions to create \",hat is 
called" Quake-like movement," where the mouse and keyboard can be used to control the 
camera. 

The greatest degree of camera control can be obtained by manually constructing and 
loading you r own matrices, which will be covered in the next sectio n. 

Using Your Own Matrices 
Up until now, we've talked about functions that allow you to modify the matrix stacks 
without really having to worry about the matrices themselves. Th is is great because it 
allows you to do a lot without having to understand matrix math, rmd the functions 
OpenGL provides for you are actually quite powerful and flexible. Eventually, though, you 
may want to create so me advanced effccts that are possible only by directly affecting the 
matrices. This will require that you know your way around matrix math, which wc're 
assuming as a prerequisite to reading this book. However, we'll at least show yo u how 10 

load your own matrix, how to multiply the top of the matrix stack by a cuslOm matrix, 
and one example of using a cus tom matrix. 

loading Your Matrix 
Before you can load a matrix, you need to specify it. OpenGL 
matrices arc column-major 4 x 4 matrices of floating point 
numbers, laid out as in Figure 4.18. 

Because the matrices are 4 x 4 , you may be tempted to 
declare them as two-dimensional arrays, but there is one 
major problem with this. In C and C++, two-dimensional 
arrays :Ire row major. For example, to access the bottom-left 
clement of the matrix in Figure 4.18, you might think you'd 
use matr1x(J](O), \vhich is how you'd access the bottom-left 

ma m12 
m9 mu 
m i Om 14 
mu m15 

Figure 4.18 OpenGL's 
column·major matrix format. 

corner of a 4 x 4 C/C++ two-dimensional array. Because OpenGL matrices arc column 
major, however, you'd really be accessing the top-right element of the matrix. 1"0 get the 
bottom-left cleme nt , you'd need to use matrix[ O][3]. This is the opposite of what you're 
used to in C/C++, making it co unterintuitive and error prone. Rather than using two­
dimensional arrays, it's recommended that you usc a one-dimensional array of 16 ele­
ments. The nIh clement in the array corresponds to element mil in Figure 4.1 8. 
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As an example. if yo u want to specify the identity mat rix (something you'd never need to 
do in pract ice due to the ql loadldenti ty ( J fu nction), you could usc 

GLfloat Ident ity[I6 ] .. I 1. 0, 0.0, 0.0, 0.0, 0.0, 1. 0. 0.0. 0.0. 0.0, 0.0, 1. 0. 0.0, 
0.0 , 0.0, 0.0, 1. 0 ); 

That 's easy enough. So, now that you've specified a matrix, the next step is to load it. This 
is done by calling ql LoadHatr ix( I. which has two flavors: 

voi d qlLoadHatrhlfdl(const TYPE matrix[l6 11 : 

When glloadMatr ix() is called , whateve r is at the top of the currently selected matrix stack 
is replaced ,v ith the values in the matrix array, which is a J6-elemellt array as specified 
prev iously. 

Multiplying Matrices 
In addition to loading new matrices onto the matrix stack (and thus losing whatever infor­
mation was previously in it), you can multiply the contents of the active matrix by a new 
ma trix. Again, you'd specify yo ur custom matrix as above and then call the following: 

void glMultHatrh\fd Hconst TYPE matrix[16] J: 

Again, matrh is an array of 16 clements. glHultMatrix (j uses post-mult iplicatio n; in o ther 
words, if the aClive matrix befo re the call to gIHu l tHatrix() is Mold , and the new matrix is 
Mnew, then the ne," matrix. will be Mold x Mnew. Note that the ordering is important; 
because matrix multiplication is not commutative, Mold x Mllew in most cases will not 
have the same result as Mllew x Mold. 

Transpose Matrices 

Extens i on 

Extension name: ARB_transpose_matrix 

Name string: Gl_ARB_transpose_matrix 

Promoted to (ore: OpenGL 1.3 

Function names: 91 LoadTransposeHatri xfARB () , gl loadTran sposeHa t rixdARB ( I, 91 Mu 1 tTra ns' 
poseMat rhf ARB( I, 91 Hu 1 tT ransposeHa t ri xdARB ( ) 

Tokens: GljIOOELV I E!CHATR I X..J.RB, GL_PROJ ECTION_MATRI X_ARB, Gl_TE XTU RUlATR I X..J.R B, 
Gl_COlORjMATR IX..J.RB 
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We mentioned earlier that OpenGL uses column-major matrices, which co nnicts with the 
row-major two-dimensional arrays used by C and C++. In OpenGL 1.3, t'vo new func­
tions were introduced that allow YOll to usc row-majo r mat rices instead: 

9 1 LoadTransposeHatrh I fd I (cons t TYPE matrix[l6]): 
gl Hu 1 tTransposeHatrh I fd I (const TYPE matrix[l6]): 

These functions work exactly the same way as glloadHatrtx() and glHultHatrix(), except 
that the matrices aTe the transposi tion of what OpenGL uses internally. By using them, 
you can specify your matrices as two-dimensional arrays in C or C++ and address the 
mat ri x clements in an intuitive way. 

Summary 
In this chapler, you learned how to manipulate objects in your scene by using transfor­
mations. You've also exa mined how to change the way in which th e scene itself is viewed, 
through setting up projections. In the process, you've learned about the projection and 
modclview matrices and how to manipulate them using both built-in functions and 
matrices you define yo urself. You now have the means to place objects in a 3D world, to 
move and animate them, and to move around the world. 

What You Have Learned 
• Transformations allow yo u to move, rotate, and manipulate objects in a 3D ,,,,orld, 

while also allowing you to project 3D coordinates onto a 2D sc reen. 

• The viewing transformation specifies the location of the camera. 

• The modeling transformation moves objects around the 3D world . 

• The projectio n transformation defines the viewing volume and clipping pla nes. 

• The viewpo rt transformation maps the projection of the scene into the viewpo rt, 
o r window, on yo ur screen. 

• The OpenGL model view transformation is a combination of the modeling and 
viewing transformations. 

• The viewpoint is also called the "camera" or "eye coordi nates." 

• Tr.msla tion is the act of moving an object along a vector. 

• Rotation is the act of rotating an object abou t a vector-defined axis. 

• Scaling is the ;lct of increasing or decreasing the size of;lI1 object. 

• Perspective projection shows 3D worlds exactly as you sec things in real life. 
Objects that arc farther away appear smaller tha n objects that are closer to the 
camera. 
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• Orthographic projection shows objects on the screen in thei r true size. regardless 
of thei r distance from the camera. 

• The modelview matrix defines the coordinate system that is used to place and 
orient objects. You set the modelview matrix to the current matrix by using the 
gl Hatr i xHode () function with Gl~OO[lYI [It as the parameter. Using Gl.PROJ[CTION as 
the parameter sets the current matrix to the projection matrix. 

• gl loadldent i ty() restores the current matrix to the identity matrix. 

• Translation is performed in OpcnGL with the gITrans late () function. 

• Rotation is performed in OpenGL with the gIRotate () function. 

• Scaling is performed in OpenGL with the gISca le() function. 

• Saving and restoring the current matrix is accomplished via the gIPushHatr lx() 
and gl PopHatri x() functions. 

• The gl Or tho() ;\ nd gl uO rtho20() functions arc used to set up orthographic 
projections. 

• The gl Frustum() and gl uPerspective(} functions ilre used to set up perspec tive 
projections. 

• gluLoo kAt () can be used to position and orient the OpenGL viewpoint. 

• Use the glloadHatrix () function to load a user-defined matrix as the current 
OpenGL matr ix. 

• Usc the glHultHatrix () function to multiply the current OpcnGL mat rix by a 
user-defined matrix. 

Review Questions 

I. \\lrite the line of code to position an object at the point (29, 3, IS). 

2. Write the line of code to rotate an object 45 degrees about the x axis. 

3. Write the lines o f code to a) t riple the size of an object and b) halve the size of an 
object. 

4. What are the four types of matrix stacks? 

5. What function restores th e current matrix to the identity matrix? 

6. What do th e glPushMat rix() and gl PopMatr i x{ ) func tions accomplish? 

On Your Own 

1. Wri te a function that positions and rotates a cube, given as parameters the (x, y. z) 
positio n of the cube and the rotation angles about each axis. You can assume tha t 
the function to draw the cube is OrawCube () , and the protot ype o f your function is 

yol d Pos it 1 onAndRota te( f1 oat xPos. f1 oat yPos. f1 oat tPos . f1 oat xAngl e. f1 oat 
yAng le. fl oat tAng le) ; 
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CHAPTER 5 

COLORS, LIGHTING, 

BLENOING, AND FOG 

. 

A WOrid wi thout color would be pretty boring, not to mentio n confusing and 
depressing. Likewise, moving around in a 3D world drawn in shades of black and 
white on a computer screen would get to be rather mo notonous fo r most people. 

It wo uldn' t be part icularly realistic. Fortunately, OpenG L offers plenty of magk to fi ll 
your world with color. 

Th is chapter begins by taking a look at how basic colors work in O penG L. Then we'll 
move on to morc realistic colors using lighting and materials. Then we'll loo k at how 
transpa rency and other effects can be achieved through blending. Finally, we'll take a look 
at OpcnGL's buill · jn fog support , which can be used to both create realism and improve 
performance. As you can sec, the fun is just beginning! 

In this cha pter, you'll learn about: 

• Colo rs in OpenGL 

• Shad ing 

• OpenGL lighting 

• Ligh t sources 

• M.llerials 

• Blending and transparency 

• Fog 

Using Colors in OpenGl 
When you pass primitives to OpcnGL, it assigns colors to them by one o f two methods: 
using Lighting or using the current color. When lighting is used, the color for each vertex 

99 
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is computed based o n a number of factors, including the positio n and color of one or 
more lights. the cu rrent material, the vertex normal, and so on. If lighting is disabled, then 
the cu rrent color is used instead. In RGBA mode. which is what you'll almost always be 
using, OpenGL keeps track of a primary and a secondary color consisting of red , green. 
bl ue, and alpha com ponents. 

Not e 

The alternative to RGBA mode is color-index mode. In color-index mode, rather than specifying 
color values directly, you specify indices into a palette of colors maintained by the windowing sys­
tem. Unless you intend to target very old computers. you can ignore color-index mode entirely. 
Because it is no longer relevant, we won't be covering it here. 

In thi s chapter you'll first learn about how to use th e current color, and later on about 
lighting. 

Setting the Color 
In RGBA mode, you specify colors by indicating the intensity of the red, green, and blue 
components. There is also an optional fourth componen t. GlUed alpha, which is usually 
used fo r transparency. We' ll discuss using the alpha value later in th is chapter. 

The colo r components are usually expressed using floating point values, \"ith 0.0 being the 
minimum intensity and 1.0 being the maximum. So black would be represented by set­
ting the red, green, and blue components to 0.0, whereas white would be represented by 
setting all three components to 1.0. 

lc. specify the primary color in OpcnGL, you will use one of the nlany variations of 
glCo1or*(): 

void glCo10r(34)Ibsifd ubusui lIT components) : 
void glCo10r(34) (bsHd ubusul)v(T components); 

The first set of functions takes each color component individually, whereas th e second set 
of functions takes them in an array of the appropriate size. 111C byte, short, and intcger 
versions of glCo10r() internally remap the values to a floating point value, so that thc max­
imum possible integer val ue is mapped to 1.0 and the minimum value is mapped to 0.0. 

When using the versions of glColor() that take only three com poncnts, the alpha value is 
automatically sct to 1.0. 

Let's look at a fcw samples of how glColor() is used. The fo llowing calls all sct thc current 
primary colo r to yellow. 

II lIsing floats 
glCo1or3f(LO, LO, 0.0); 
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II using unsigned bytes 
glColor3u1(255. 255. OJ; 

II using signed bytes in an array 
Glbyte yellow[] - \127. 127. 01; 
glColor3tv(yellowl: 

The primary color is used to determine vertex colors when lighting is not enabled. Every 
time you speci fy a vertex using glVertex () . the current primary color is checked and 
applied to that vertex. You ca n change the color as often as you like, although if you 
change it more than once between vertices, only th e last chan ge will have an effect. 

Tip 

At fir st glance, using the primary color might not seem terribly useful. Directly specifying a color for 
each vertex might work well for simple demos, but most things in the real world can't be described 
accurately using such a simple model. However, it does have practical applications. For example, in 
most games, many of the lights and most of the geometry are static, i.e. they don't change from 
frame to frame. Rather than redundantly recomputing lighting every frame, one common solution 
is to compute it before the program is run - possibly using a more realistic lighting model than 
that used by most graphics APts, such as radiosity-and then store-or -bake- - the computed 
value into the vertex data as the vertex color. Then. when the geometry is displayed, this value is 
combined with textures and possibly dynamic lighting to produce the final color. 

Secondary Color 

Ex t e n si on 

Extension name: EXCseconda rLCO 1 or 

Name string: GLEXT_seconda ry_color 

Promoted to core: OpenGl 1.4 

Function names: gl Second a ryCo lor {ms i fd ubusui I EXT, gl Second a ryCo 1 or (msl fd ubusutl vEXT 

Tokens: Gl COlOlLSUM.JXT 

In addition to a primary color, OpenGL keeps track of a seconda ry color, which was added 
in OpenGL 1.4. The secondar y color came about as the result of adding separate specular 
color, which we'll cover later in this chapter. Because vertices had to carry around a sec­
ond piece of color information anyway, the OpenGL designers decided to allow develop· 
ers to make use of it even when they aren't using lighting. The secondary color is 
interpolated across the primitive and added to the fragment color after the texture envi· 
ronment has been applied- which simply means that the secondary color is added after 
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everything else. The one main difference between the primary and secondary colors is that 
the secondary color docs not include an alpha component. 

The secondary color can be set using one of the following: 

giSecondaryColor31bsHd ubusui){TYPE red. TYPE green, TYPE blue); 
giSecondaryColor31bsifd ubusuilv(TYPE color ): 

By default , the seco ndary color is not used during rasterization when lighting is dis..1bled. 
To make usc o f the secondary color, you need to enable it as follows: 

gIEnable(GL_COLOR-SUH); 

Among other things, you ca n usc this to specify the specular component if you're doing 
lighting you rself. 

Shading 
So far, we have talked about using glColor() to set the color at each vertex. But how does 
OpenCL decide \ ... hat color to usc for pixels in the middle of a triangle? If all three vertices 
are the saUle color, then it should be obvious that every pixel in the triangle should use 
tha t color as well. But what happens if you usc a different color fo r each vertex of a prim­
itive? 

To find out , let's cons ider a line with two vertices of d iffe rent colors. We'll keep things sim­
ple and say that the first vertex is black and the second vertex is wh ite. So \ ... hat is the color 
of the line itsel f? This answer comes from what is known as the s/wciitlg model. 

Shading can either be flat or 511100111. When flat shading is used, the entire primitive is 
drawn with a si ngle color. With the exception of points, primitives are drawn using more 
than one vertex. Because each vertex may have a diffe rent color, OpenGL has to choose 
o ne of them to use for the primitive's color. For lines, triangles, and quads, the color of the 
last vertex is used. Fo r line strips and line loops, the color of the seco nd vertex in each 
individual segment is used. For triangle strips and fans and quad strips, the color of the 
last vertex in each sub-triangle or quad is used. For polygons, the color of th e first vertex 
is used. 

Smooth shading, bHsed on the GOImwd shading model, is the more realistic of the two and 
uses interpolation to determine the colors between the vert ices of a prim itive. This process 
will be made clearer as we continue with the line example. 

If we use flat shading on our sample line, the line will be white because the last vertex 
specified is white. Howeve r, if we use smooth shading, then ollr line \" ill progress from the 
color black at the firsl vertex to gray at the middle of the line to white at the second ver­
tex. This effect is illustrated in Figure 5.1. 
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Figure 5.1 Smooth shading of a line with black at the first 
vertex and white at the second vertex. 

Shading 103 

As you can see, interspersed between the ftrst vertex and the middle of the line arc pro­
gressively lighter shades of gray. The progression continu es on the other half of the line as 
the colors sh ift through lighter shades of gray until you reach white. 

The idea of smooth shading with polygonal primitives is essentially the same as smooth 
shading with a line. For example, drawing the triangle using smooth shading \vith a dif­
ferent color for each vertex yields a triangle where each vertex color progressively changes 
to the other two vertices' colors as it moves across the polygon's surface. Smooth shading 
is useful for simulating the effect of a curved surface when ligh ting is enabled. 

Now that you know what these shading modes are all about, how do you usc them? The 
gl ShadeHode 1 ( ) function lets you specify the current shading model before you begin draw­
ing. It is defined as: 

gl ShadeHode 1 (GLenlJlll mode); 

You can specify either GLSHOOTH for smooth shad ing or GL_FLAT for nat shading as the mode 
parameter. The default setting is GL_SHOOTH. 

So with this information, you can now create some code that will dra\v a smooth-shaded 
triangle. 

/I use smooth shading 
glShadeHodel(GLSHOOTH) ; 

/I draw our smooth'shaded triangle 
glBegin (GL_T RIAN GLES) ; 

glColor3f{ 1.0f. 0.0f. O.Of) ; II red ~ertex 

gl Ver tex3f{-10. Of, -IO. Of, -5.0f): 
glColor3 f{ O.0f. 1.0f, O.Of) ; II green ~ertex 

gl ver tex3f(20.0f , -IO.Of , -S .Of ) ; 
glColor3f (0.0 f. O.Of , l.0f); II blue ~ertex 

glVertex3f(-10.0. 20.0f. ·S .Of}: 
glEnd(} : 
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The o utput is shmy n in Figure 5.2 (refer to the CD fo r 
a full-color version). The red, green, and blue colors 
fro m each of the vertices progressively change as they 
move across the triangle's surface. In the middle. the 
three colors converge to create the color gray. which 
means that the three colors (RGB) arc each at the same 
in tensity. 

A Colorful Example 
The sample program from this sect ion , which you'll 
find in the Colors directory in the Chapter 5 folder. 
illu strates th e usc of colors and shading. Figure 5.3 
shows th e sa me quad drawn four times. The top row 
uses flat shading, the bottom uses smooth, the right 
colu mn uses seco ndary color, and the left column docs 
not. 

Lighting in OpenGl 
You have now arrived at one of the most important 
aspects of 3D graph ics: lighting. It is one of the few 
elements that can make or break the realism o f your 
3D game. So far, you've looked at how to build objects, 
move objects, put color on objects, and shade them. 
Now let's look at how to make these objects come to 
life with materials. lights, and lamps. 

OpenGL Lighting and the Real World 

Figure 5.2 A smooth·shaded 
triangle with red, green, and blue 
vertices. 

Figure 5.3 A quad drawn with 
four different shading and color 
settings. 

Let 's take a qu ick step back and look at a simple explanation of how light works in the real 
world. Light sources, such as the sun or a light bulb, produce photons of many different 
wavelengths. covering the full spectrum of colors. Many of these photons strike objects, 
which absorb some of them and reflect others, depend ing on what th e object is made of. 
The reflected photons may be refl ected fairl y uniformly if the object has <l smooth surface, 
or they may be scattered if the surface is rough. The reflected photons may then strike 
other objects, and the process cont inues. We are able to sec the world around liS because 
some of these photons eventually enter our eyes . 

Modeling the complex interaction of light photons and even a fairly smail number of 
objects is computationally expensive. Although it is certainly possible to create a computer­
based model of real-\yorld light ing that very accurately models nature, the methods for 
doing so are too expensive to be used in games and other real -time appl ications. Fo r this 
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reason, OpenCL and other graph ics libraries use simplified lighting models that trade 
accuracy for speed. Alt hough the results do not match the real world exactly, they arc dose 
enough to be believable. If ),ou would rather have more acc urate lighting than that which 
OpenC L provides, you can do your own calculations either by passing pre-lit vertices to 
OpenC L or by using your own custom calculations through the use of a vertex program. 

OpenCL calculates lighting by approximating the light into red, green, and blue compo­
nents. This means that the color a light emits is determined by the amount of red , green, 
and blue light it emits. Light is further broken down into fou r d ifferent terms. which 
together attempt to simulate the major effects of real-world lighting: 

• Ambient light simulates light bouncing between surfaces so m;IIlY times that the 
source of the light is no longer apparent. This component is not affected by the 
position of either the light or the viewer. 

• Diffuse light comes from a certain direction, but once it strikes a surface, it is 
refl ec ted equally ill all directions. The diffuse light ing component is affected by th e 
posi tion or direction of the light, but not the posit ion of the viewer. 

• Specular light is d irectional and reflected off a surface in a part icular direction. 
Specular ity is often referred to as shininess. The specular term is affected by the 
position of both the light and the eye. 

• Emissive light is a cheap way to simulate objects that emit light. OpenGL does not 
actually usc the emissive term to illuminate surrounding objects; it simply causes 
the emissive obje<: t to be more intensely lit. 

The fi nal resuhs of lighting depend on several major factors, each of which is discussed in 
detail in this section. The factors arc 

1. One or more light sources. Each light source will have the ambient, d iffuse, specu­
lar, and emissive terms listed above, each specified as RGBA values. In addition, 
they will either have a position or direction or have terms that affect attenuation 
and may have a limited area of effect (for example, a spotlight ). 

2. The orientation of surfaces in the scene. This is determined through the usc of 
normals, which arc associated with each vertex. 

3. The material eHch object is made of. Material properties define what percen tages of 
the RGBA values of each lighting term should be reflected . They also define how 
shiny the surface is. 

4. The lighting model, wh ich includes a global ambient term (independen t o f any 
ligh t so urce), whether or not the position of th e viewer has an effect on light ing 
calculations. and other parameters. 

\¥hen the light strikes a su rface, Ope nGL uses the material of the surface to determi ne the 
percentage of red, green, and blue light that should be reflected by the surface. Even 
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though they arc approximations, the equations used by OpenGL can be co mputed rather 
quickly and produce reasonably good results. 

Light Sources 
It 's time to turn on the lights and get on with the show! The first thing you need to do to 
take advantage of OpenGL's lighting is to enable it, which is done as follows: 

gl Enab 1 e( Gl_LIGHTI HG) ; 

Thi s call causes the lighting equation to be applied to every vertex, but it docs not actu­
ally turn 0 11 any light s. You need to explicitly turn on any lights you'll be using by calling 
glEnab1e() : 

g l Ena b1e(G~l I G HTx ) ; 

x takes on a numeric value ranging from 0 to a maximum value that can vary Hcross dif­
ferent OpcnGL implementations. You're guaranteed to always have at least eight lights, 
though, so GLLIGHTO through Gl_LI GHTl are always valid. If you want to find out whether 
or not more than eight ligh ts arc available, you can pass GL_M AX_LlGHTS to glGet() : 

GUnt max lights : 
glGetlntegerv(G~AX_lIGHTS. &ma xlights) ; 

Tip 

Eight lights may not seem like a lot you (ertainly have more than eight in your home. There are 
good reasons for keeping the maximum number of lights relatively small, though. First of all, light­
ing is fairly expensive. Even enabling three or four lights can have a noticeable impact on your 
frame rate. Second, OpenGl's lights are really needed only for dynamic lighting. Dynamic lighting 
is used when either the light source is moving or one or more of the objects being lit are moving. 
Only a small percentage of game objects fit into this category; everything else (an use static light­
ing. Be(ause static lighting doesn't (hange, it can be calculated in advance, usually by a 3D mod­
eling program or other external tool, and encoded within the model vertex data. Finally, if you really 
need more than eight lights (or the implementation-defined maximum, if more than eight), it's 
un likely that anyone object needs to be lit by more than eight lights, so you can update each light 
as needed on a per-model basis. 

Assigning Light Properties 
Each light has several properties associated wi th it that defi ne its position or d irect ion in 
the world, the colo rs of its ambient. d iffuse, specular, and emissive terms, and whether the 
light radiates in all directions or is limited to a spotlight-like cone. These propert ies are. 
controlled through glli ght() : 

gll i ght (fi ) (Glenum 11 ght. GlenulII pname . type paramJ : 
glllght(fi) v(Glenum light , Glenum pnarne , const type *params) : 



TeamLRN

lighting in OpenGl 107 

l i gh t identifies which light's properties you are modifying and uses GL tlGHh, as in the 
previous section. The next several sections cover each of the possible values of pname and 
the paradis associated \ .... ith them, which are summarized in Table 5. 1. 

Table 5.1 gl light'O Parameters 

Parameter Meaning 

Gl..).MBIENT 

GLDlfFIISE 

GUPECULAR 
GUOSITION 
Gl-SPOT_DI RECTIDN 

GU POUXPONENT 
GUPOT_CUTOFF 

G UONSTANU.TTE~UA T I O N 

GU INEAUTT EN UATION 

GLQUADRATICATTENUAT ION 

Position and Direction 

Ambient intensity of light 

Diffuse intensity of light 

Specular intensity of light 
Position of light as vector (x, y, z, w) 

Direction of spotlight as vector (x, y, z) 

Spotlight exponent 

Spotlight cutoff angle 

Constant attenuation value 

linear attenuation value 

Quadratic attenuation value 

Each light can have eit her a position o r a d irection. Lights with a position are o ften called 
posit ioual or point figills. D irectionaf fig/Its represent lights that arc infinitely far away. 
There are no true di rectional lights in nature, since nothing is infinitely fa r away. but 
some light sources arc far enough away that they can be treated as directional lights. The 
sun is an excellen t example of this. The main advantage to lIsing directional lights is that 
they simplify the li ghting calculation. With positional lights, you have to calculate the 
djrection vector between the light source and the surface. With directional lights, the 
di recti on is the sa me for every surface. Even so, the extra cost associated \ .... ith positional 
lights is necessary ;\nd \vorth it for lights that truly are positional, which includes almost 
every light source you can actually see in your game. Use whichever forlll is appropriate 
for the light in questi on. 

You set a light's position lIsing GLPOSITIO N, passing a four-clement vector of the form (x, 
y, z, w). x, y, and z represent ei th er the position or direction. The IV term is used to indi ­
cate whether this is a directional or positional light. If it is 0.0, it is directional. Otherwise, 
it is positional. The following code shows you how to set up a directional tight poin ting 
down the negative y axis. 

GLfloat ll ght Dl r (] - ( 0.0, 1. 0, 0.0, 0.0 f : 
glLighth (GLLl GHTD , GLPDS ITI DH, li ghtDi r l; 
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To sc t up a positio nal light located at (2,4, -3), you'd use the following: 

Glfloat 11 ght Pos[] .. ( 2.0 , 4. 0, -3.0 , 1. 0 I : 
glLlghtfv{GL_lI GHTO . GLPOS ITI ON. li ghtOl r ) : 

The default position for all lights is (0,0, 1,0), which is directional, pointing down the 
negative z axis. 

Whe never you make a call to qlli qht () wi th GljOSITI ON, the position vector you specify is 
modified by the current modclview matrix, just as ve rtices are, and sto red in eye coordi­
nates. We'll discuss this in greater detail in "Moving and Rotating Lights" later on in Ihis 
chapter. 

Light Cofor 

Light so urces arc composed of three of the lighting terms we discussed earlier: ambient , 
diffuse, and spec ulM. To set each of th ese terms, you call gl Ll ghtl) with a pna me of Gl_AHB I­
ENT, GLOIFFUSE, o r GL SPECU l AR, respectively, and an array of four values representing the 
RGBA color of the term. The following code sample shows an example of setting up a blue 
light with white specular. 

GLf loa t whlte[)" 11. 0. 1.0 . 1.0 , 1. 0) : 
GLfloa t bl ue[] .. [D .O. 0.0, 1.0, 1. 0) : 

glLlghtfv lGLlI GHTO , GLAMB JENT. bl ue) ; 
glLl ghtfv(GL lIGHTO . GLOI FF US E, bl ue) : 
glL 1 ght tv (GLll GHTO. GLSPE CU LAR , white) : 

The default color for all terms for all lights is black (0.0, 0.0, 0.0, 1.0), with two exceptions: 
Light zero has a default diffuse and specular term of white (1.0, 1.0, 1.0, 1.0). 

Attenuation 

In the rcal world, the farther an object is away from a light, th e less effect that light has on 
the objcct. Fo r example, if you look at a street lamp at ni ght (especially in the fog), you'll 
be able to see th e intensity of the light dropping off away from the lamp. This phenome­
non is kno\vn as attclllltltioll. This effect is modeled in graphics by using 31l attenuation 
factor, which c;l n reduce th e effect of a light 's con trib ution to the color of 311 objec t based 
on the distance to th e object. The attenuation factor is calcula ted as follows: 

1 

kc + k id + kqd 2 

d is the distance frol11 lhe lighlto the vertex. kc' "', and k are the co nsta nt, linear, and qua­
dratic attenuation facto rs, respectivel y. These default to ~ I . 0, 0), which resu lts in no atten­
uation. You ca n change lhem by passing Gl_CONSTANCATTENUATlON, Gl_L1 NEAUTTENUATlO N, or 
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GL_OUAORA TI CATTENUAT 1 ON 10 gl L1 ght() . The following sample code sets the allenuation fac ­
to rs to (4, 1, 0.25). 

gl L ightf (Gl.LlGHTO . Gl.CONSTANT~TTENUATION. 4. Of ) ; 
glL1ghtf(GLLIGHTO. Gl.LINEAIUTTENUATJON. I .Ofl; 
9 1 Ughtf( Gl.LlGHTO. GLOUAORAT lCATTENUAT ION . 0.25); 

The attenuation factor affects only posi tional light sources. Allenuation doesn't make 
sense for directional lights because these light sources arc at an infin ite distance. It also 
does not affect the emission or global light values; it affects on ly d iffuse, specular, and 
light-specific ambient light. 

There is one drawback to using attenuation. Because the equation for calculating the 
allenuation at a certain distance requires a division and maybe some additions and mul ­
tiplications, allel1uation incurs an additional cost. 

Spotlights 
Normally, positional lights rad iate light in all directions. However, you can limit the effect 
of the ligh t to a specific conc. This is cailed a spotlight. To crea te a spotlight, you set up a 
positional light as you normally would and then set a few spotlight-specific parameters: 
the spotlight cutofr, the spotlight's direction, and the spotlight's focll s. 

Let's think about what a spotlight looks like for a moment. If you were looking at a spot­
light in pu re darkness, YOll would sec that the light creates a cone of light in the direction 
that the spotlight is pointing. With OpenGL, you can define how wide this cone o f light 
should be by specifying the angle between the edge of the cone and its axis with the 
Gl_SPOT_CUTOFF parameter, as illustrated in Figure 5.4. 

-
Q....WUllfCl'f 

Figu re 5.4 The Gl.SPOT_CUTOFF parameter defines the angle 
between the edge of the light (one and the cone's axis. 
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A Gl_SPOCCUTOFF value of 10 degrees. fo r example. results in a spotlight with a cone of light 
that spreads o ut a to tal of 20 degrees in the spotlight's direct ion. OpenGL accepts only val­
ues between 0.0 and 90.0 for the Gl_SPOT_CUTOFF parameter. except for the special value of 
180.0 degrees. which is the default value. and which is used when you \>1<\ 111 to conver t a 
spotlight back in to a regular light. 

If you wan t to specify a cone of light tha t spreads a to tal of 30.0 degrees. you use the 
glLightO function like this: 

glLightf(Gl_LIGHTO, GLSPOT_CUTOFF. 15 .00 : 1/ 30 degree 11ght cone 

The next thing YOll need to do is specify the direction that the spotlight is facing. This is 
done with GLSPOT_D IRECTlON , wh ich takes a vector of the format (x, y, zJ. Th e default direc­
tion is (0.0, 0.0,-1.0), which points the spotlight down the negative z 'Ixis. You can spec­
ify your O\vn direction for the spotlight by using gl Light(), like so: 

f l oat spot l1ghtD1rec tlon[ ] .. I 0.0 . -1.0. 0.0 f : 
gl L 1 ght fv (Gl...LI GHTO, Gl...S POT_OI RECTI ON , spot 1 i ghtOi reet 1 on) : 

These two lines witl point the spotlight down the negative yaxis. 

And finally. you ca n specify the focus of the spotlight, which can be defined as the con­
cent ration of the spotligh t in the ce nter of the light cone. As you move away from the cen­
ter o f the cone. the light is attenuated until there is no more light at the edge of the cone. 
YOLI can use GLSPOT_EXPONENT to control this. A higher spot exponent results in a more 
focused light source that drops off quickly. The following line sets the Gl.SPOT_EXPONENT 
parameter to a value of 10.0: 

glL1ghtf(GLLIGHTO, GLSPOT_[XPO NENT, 10.Ofl : 

The spot exponent can range from 0 to 128. A value ofO. which is the default, results in 
no attenuatio n, so the spotlight is evenly distributed . 

Moving and Rotating Lights 

What do you need to do to make a light move around? Think abou t how you would make 
any other object in the world move around . One way is to set the posit ion of the object 
after you translate or rotate it. You can do the same thing with lights. When you call 
gl Li ght · (} to define the position or direction of a light, the information you specify is 
modified by the current moddview matrix. 

For static lights (ones that don't move), you'd merely position the light after you set lip the 
camera (by ca lling 9 1 ulookAt( ), for example) but without applying any other transforma­
tions to the modelview matrix. 

A common item in 3D ga mes is a nashlighl. Flashlights, o r headlights, arc si mply another 
way to position and move a light around the world. Th is more general problem is having 
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a light posi tion stay fixed relative to the eye, or camera, posit ion. To achieve this effect, you 
need to specify the light position before setting up the camera transformat io n. First you 
set the modelview mat rix to the identity matrix, then you define your light position at the 
origin, and then you set up the camera transformation as you normally would: 

gl Katri xHode( Gl.HOOElVl Ell): 
g Iload Ident Ity( ): 

/I position the light at the ong,n 
Glfloat l1ghtpos(O.O . 0.0 . 0.0 . 1.0): 
gllightfv(Gl_lIGHTO. GLPOSITION. lightpos) : 

II set up the camera 
gl ulookAt teye.x . eye.y. eye.z. aL x. at-yo at.z. up.x. up.Y . up.z): 

If you do not specify a direction, you get the effect of a lantern or lamp located al the posi­
tion of the C:l Jl1 er:l. If you want a headlight or flashlight effect. you need 10 set the ligh t 
direction to poin t down the negative z axis. Because your light posi tion is fixed, you only 
need to specify it once when you initi:llize your :lppliGl tion, which will elimin:lte the need 
to redefine the light position every time you render a frame. 

Materials 
OpenGL approximates material properties based on the way the materi:ll reflects red, 
green, and blue light. For example, if you have a surface that is pure green, it reflects all 
the incoming green light wh ile absorbing all the incoming red and blue light. If you were 
to place this surface under a pure red light, it would appear to be black. This is because 
the surface reflects only green light; when it is placed under red light. the surface absorbs 
the light and reflects nothing-so you sec black. If you were to place the green surface 
under a white light, you would see a green surface because the green component of the 
white light is being reflected while the red and blue components arc being abso rbed. 
Lastly, if the surface were placed in green light, you would sec a green surface, because the 
green light is being reflected back to you-the visual effect would be the same as placing 
it under a white light. 

Materials h:lve the sa me th ree color terms as light: ambient, diffuse, and specular. These 
properties determine how much light the material reflects. A material with high ambient, 
low diffuse, and low specular reflectance will reflect only ambient light so urces well while 
absorbi ng the diffuse ;lnd specular tight sources. A material wi th a high specular 
reflectance wi ll appear shiny while absorbing the ambient and diffuse light sources. The 
values specified by the ambient and diffuse reflectances typically determine the color of 
the material and aTe usually identical in value. In orde r to make su re that specular high­
lights end up being the color of the light source's specular intensity. specular reflcctancc 
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is no rmally set to be gray or wh ite. A good way to think about this is to think of a bright 
white ligh t pointing at a shiny blue surface. Allhough the surface would mostly show up 
as blue. the specular highlight o n the surface would appear as white. 

Defining Materials 

Now that you have a general understanding of what materials arc. let's look at how to usc 
them. Actually, setting a material is fair ly similar to creating a light source. The difference 
is the function that is used: 

void glHaterial(ifHGLenum face , GLenum pname , TYPE paramJ: 
void glHaterlal(lflv{GLenum face , GLenum pname , canst TYPE · params): 

The face parameter in these functions specifics how the material will be applied to the 
object's polygons, implying that materials can affect front and back faces differently. It ca n 
be one of three values: GLJ RONT, GL_BAC K, or GL_FRONT_AND_BACK. Only the face you specify will 
be modified by the call to glMa teria l () . Most often, you'll use the same va lues for both 
faces. The next parameter, pname, tells OpenGL which material properties arc being set. 
This paramete r can be any of the values listed in l~lble 5.2. The last paramete r is ei ther a 
scalar or array value as appropriate for the properly being set. The meaning o f each of 
these paramete rs will be explained in the following sections. 

Table 5.2 glMateria l*Q Parameters 

Parameter Meaning 

GUJtBI[NT 

GLDiFFUSE 
Gl-AHBiENT~ND_D[rFUSE 

GLSPECULAR 

GLSHiNIHESS 
GUJ4[SS[ON 

Material Colors 

Ambient color of material 
DiffuSi' (olor of material 

Ambient aod diffuse wlor of material 
Specular color of material 
SpE"Cular exponent 
Emissive wlor of material 

The ambient, diffuse, and specular components specify how a material interacts with a 
light source <lnd, thus, determine the color of lhe material. These values are set by passing 
G~AMBI ENT, G~OI FFUSE, or GL_SPECULAR to gl Ma teri a I (). Frequently. the $.;lme values arc used 
for both the ambient and diffuse term, so OpenGL allows you to usc GLJMBIENCANO_OI FFUSE 

to specify them both together, saving you a function calt. 
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If you want to set the ambient material colo r to red for the front and back of polygons, 
then you \"ould do this: 

fl oat red[] - I L Ot, O.Of, O.Of. l. Of I: 
9 I Kater i a lfy I Gl.FRONT~NO_BACK. Gl_AH81 ENT. red}: 

Similarly, to set both the ambient and diffuse materials to white for the front of polygons, 
you do this: 

f loat whlte [) - I l.Of , l.Of, L Of , l.Of I : 
g l Mat e r i a l fy I G~FRONT. G~8I ENT_AND_DIFFUS£ . whi te ): 

Keep in mind that any polygons you draw after calling glMate rl a 1 () will be affected by the 
material settings until there is another call to glMat eria l() . 

Shininess 
Try looking at something metallic and something cloth under a direct light. You'll notice 
th.1I the metallic object appears to be shiny, while the cloth object isn't. This is because 
light striking the cloth object is mostly scattered by the rough cloth surface, whereas light 
is directly reflecting off of the metal surface. Figure 5.5 illustrates this. The sphere on the 
left uses a material such as metal. The illusion of shininess is caused by the bright spot, 
known as a specular higllliglit. The sphere on the right uses a cloth· like material and thus 
appears dull. 

The shininess o f a material is simulated by the size of the specular highlight. This is 
cont rolled via a single scalar value, which you can set using Gl_SHI NIN ESS. This value can 
range from 0 to 128, with values of 128 representing an extremely shiny material with a 

Figure 5.5 The effects of Gl_SHI NINESS. The sphere on the left has a 
shininess of 128; the sphere on the right has a shininess of O. 
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small specu lar highlight. and 0 representing a material that is not shiny at all with a very 
large specular highlight. 

The following code was used to sct up the shininess for the metaUic sphere in Figure 5.5 . 

gl Hateri a If (GLFRONTJNO_8ACK, GLSHI NINESS. 126) : 

Emissive Materials 

The emissive property of materials allows you to cheaply sim ulate objects that emi l light, 
such as all area light or anything that glows. It 's important 10 nOle Ihal Ihe object won't 
really emit lighl, so it won't illuminate nearby objects. The emissive term is simply added 
to the olher lighting components to ca use the object to appear brighter than it normally 
would. The emissive term is set using Gl_EHMISION, as follows: 

II use a darK gray color 
Glfloat emiss iveColo r[] - 10.3, 0.3, 0.3. L a ) : 

1/ set the emissive term for both the fron t and back face 
gll1ate r i a I fv (G L_F RONT_A NO_BACK. Gl_EHI SSION, el11ll1 51 veCo lor) : 

This causes the object to appear slightly brighter than it otherwise would. By default, the 
emiss ive term is (0.0,0.0,0.0, 1.0); 

Color Tracking 

Another way to set material properties is by what is called color tracking. Color tracking 
allows you to SCt material properties with calls to the glColorO function instead of 
using gl Hater ial(l, which often allows for more efficient code. You can usc co lor 
tracking by passing the GLCOlOR.JIAHRI Al parameter to the glEnable( ) functio n. Then you 
use 9 I Co I orl1a teri a 1 () function to specify which mater ial parameters will be affected by 
calls to g I Co I or( ). The prototype for gl Co I orl1ate ri a 1 () is 

void glColorl1aterlal{Glenum face, Glenum mode) ; 

The face parameter ca n be GL_F RONT, GLBACK, or GlJRONT_A NO_8ACK. The mode parameter can 
be Gl_AI1BIENT, Gl_OIFFUSE. Gl_SPEC ULAR, Gl_AI1BIENT_ANO_DIFFUSE, or GL_EH ISSIO N. Most often, 
you will usc the default values of GLFRONT_A ND_BACK and GL_AMB IENTJNO_DIFFUSE. 

Here is some sa mple code to set the diffuse property of the fronts of polygons to track the 
current color: 

gl Enab 1 e( Gl.COLOR..MATE RIAl) ; 
9 1 Co I orl1ateri a 1 (Gl_FRONT, GLOI FFUSU; 
glColor3f(l.OL O.OL O.Of} : 
gI8egin(GLTRIANGlES) : 

1/ draw triangles 
gIEnd () : 

/I enable color tr acking 
/I f ront of polygons . diffuse material 
/I set co I Qr to red 
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As you can see, colo r tracking is very simple to set 
up and use. 

Normals 
Normals arc vectors that arc perpendicular to a 
surface. They arc important in lighting because 
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SlI'1ace normal 

they call be used to describe the orientation of l..., 
that surface. \Vhen a light source is specified, it is I I 

either at some specific point in space or shines in 
a particui<lr di rection. When you draw an object, 
the light rays from th is light source approach and 
stri ke thc surfaces of the object at some angle. 
Using the angle between the incoming light ray 
and the norm"l, combined with lighting and 
material p roperties, YOll can calc ulate the color of Figure 5.6 The surface normal. 
the surface. This is illustra ted in Figure 5.6. 

In OpcnGL, normals arc specified on a per-vertex basis, rather than per-polygo n. The 
advan tage of this is thaI when you have only one normal per polygon, it assumes that all 
points on the polygon have the same orientation. Th is wou ld be fi ne for fl at surfaces, but 
often, a group of small triangles is used to represent curved surfaces. With vertex norm als, 
each normal can have a slightly different orientation, allowing you to simulate curved sur­
faces. In add ition, if yOll really wan t a fla t surface, you can usc the same normal val ues for 
each vertex, so th is app roach is much more flexible. 

OpenGL maintains a current normal in its internal state. Any time you specify a vertex 
when lighting is enabled , the current normal is associated with it. You will typically mod ­
ify the current normal once per vertex or once per polygon. To change the curren! no r­
mal, you usc the following: 

~oid glNorma13lbslfdHTYPE nx, TYPE ny . TYPE nz ) ; 
~oid glNorma13lbsifd)v(const TYP E *v) ; 

The values passed to gl Norma 1 () represent a three-dimensional vector specifying the 
normal. The following code specifics a triangle with a normal po int ing in the positive y 
direction. 

gl Begin(GL_TRIANGLES); 
glNorma13f{0 .0. 1.0. 0.0 1; 
glYertex3f (-3 .0 , 0.0. 2.0); 
glYertex3f(2.0, 0.0. 0.0): 
glYertex3f(-1.0 , 0.0. -3.0); 

glEnd() : 
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As yo u can sec, all three vertices usc the same normal. If you wa nted to specify a different 
normal for each vertex, it would look something like the following: 

gIBegin(G~TRIANGLES); 

gINorlllaI3f(-0.707f. 0.70H. 0.0) : 

gIVertex3f(-3.0, 0.0, 2.0); 

gINorlla13f(0.707f. 0.707f . 0.0) ; 

giYertex3f(2.0, 0.0, 0.0) : 

gINorma13f(0.0, 0.707f, -0.70H); 

giYertex3f(-1.0. 0.0 , -3.0) ; 
gIEnd(); 

Calculat ing Normals 

Finding the normal for a flat surface is easy. ¥ou just need to apply <I little vector math­
in particular, th e cross product. As <I reminder, given two 3D vectors A nnd B, the cross 
product will produce n vector th<lt is perpendicular to both A and B. The equation for cal­
cula ti ng the cross product is 

A x B = (AyBz- AzBY' AzBx- AxBz, AxBy- AyBx) 

This means that YO ll need two vectors, A and B, to calculate your surf<lce's no nn<l l. Where 
ca n you find two vectors? For any triangle, you have three points, PI , P2, and P3. You C<ln 
then define two vectors VI and V2 that go from PI 
to 1'2 and PI to 1'3. respectively. Figure 5.7 illustrates 
this. 

Now all you h<lve to do is take the cross product of 
V I and V2, and you get your normal Remember 
that when t<lking the cross product, the order of the 
vectors matters. V I x V2 points in the opposite 
direction <IS V2 x VI. When computing the surface 
no rmal this \ ... ay, you have to be sure that you arc 
consistent with th e vert ex winding. So, if you are 
using co untercJock\v ise winding, with the vertices 
ordered PI, 1'2, nnd 1'3, the vecto rs should be con­
structed as follo\vs; 

V1 = P2- P1 

V2 = P3- P1 

The normal wou ld then be VI x V2. 

P3 

P2 .. 
V2 

V1 

;e P1 

Figure 5.7 You can define two 
vectors, VI and V2, out of three points. 

This method is very straightforward, but it works only for a flat shadi ng model where all 
of the vertices in a polygon have the same normals. If you are using mult iple polygons to 
simulate a complex rou nded surface, then each normal will be slightly different to vary the 
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lighting across the surface. One way to achieve this is to compute the surface normal for 
every triangle touching a vertex and then take the average of them, possibly weighting 
them based on th e area of each triangle. Th is breaks down when the mesh contains hard 
edges. For instance, imagine applying this algorithm to a cube. You'd end up with the cor­
ners looking rOllnded, which isn't correct. There are solutions to lhis, such as using 
smoolilillg groups, which iden tify groups of triangles to be used together when averaging 
normals. Alternatively, you could set a threshold, such that any triangle wi th a surface nor­
mal more than x degrees diffe rent from the current normal is not used in the average. 

The Unit Normal and Normalization 

Many operations involving vectors can be simplified if you know the vectors have a length 
of I. These arc known as 1m it vectors. If you remember your vector math, givell a vector 
A, you can find the length lIsing the equation 

IAI - sqrt(A/ + A/ + A}l 

Vllil lIorma/s lire simply unit vectors that arc used as normals. OpenGL lIssumes that any 
normals you pass to it arc already of unit length. If you use normals that lire not of unit 
length, you'll get strange lighting results. Usually, the normals stored in standard 3D 
model formats will already be of unit length. If you're calculating the normals 011 the ny, 
you'll have to convert them to unit length you rself. Th is process is known as /lorma/iUl ­

lioll . Doi ng so is simply a mailer of dividing each component of the no rmal by the length 
of the normal. 

An alternative to manually normalizing you r normals is to tell OpenGL to do it for you 
by enabl ing Gl-NORHAlIZE, as follows: 

9 1 Enab 1 e( G~NORHAllZE): 

This approach isn't terribly efficient. Most of the time, you' ll calculate your normals only 
once, so it makes more sense to no rmalize them at the same time, rather th an having 
OpenGL repeatedly normalize them every frame. 

The main reason OpenG L includes the ability to normalize norm als is that the inverse 
transposit ion of the modclview matrix is applied to normals prior to lighting. If the mod ­
clview 1ll3trix includes scaling, the normals may not be of unit length after this operation . 
Ifyoll arc using sca ling, YOll should definitely enable GL_NORMA LIZE to ensure that unit nor­
mals arc being llsed in lighting. 

If you are using only uniform scaling- in other words, if you arc scaling equally in all 
three directions- then you can usc a potentially cheaper 'liternative to Gl-NORMAL!ZE. 
GL_RESCALUiORMAL extracts the scale factor from the modclview matrix and uses it 10 rescale 
the normal after the matrix is applied. You enable Gl_RESCAlCNORMAl as fo IlO\ ... s: 

9 1 Enabl e( Gl-RESCALCNORHAL): 
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E)(tension 

E)(tension name: EXTJescale_normal 

Name siring : GLEXT_rescale_normal 

Promoted to core: OpenGl1.2 

Tokens: GLRESCAlCNORHAl_EXT 

Unlike GLNORHALIZE, which works with normals of any length, GLRESCAlCNORHAl assu mes 
that the original normals were of unit length. 

The Lighting Model 
In addition to individual lights and materials, there are additional global components of 
the lighting model that the final color values compute by lighting. These are 

• A global ambient term. 

• Whether the location of the viewer is local or infini te (affects spec ular calculation ). 

• Whether lighting is one sided or two sided. 

• Whether the calculated specular color is stored sepa rately from the other color val ­
ues and passed o n to the raster ization stage. 

You control these clements of the lighting model with the gl L ightHodel () func tio n, which 

is defined as 

void glUghtHodellH](Glenum pname, TYPE paralR} ; 
void gIUghtHodeIlH]V(Glenull pname , cons t TYPE ·param): 

The first parameter of each of these func tions, pname, specifies which lighting model prop­
e rty you are modifying. The second parameter is the value that you are setting for the 
lighting model property. It will be either a single value or an array of val ues, depending 
011 the version o f the funct ion used. The pname parameter can be set to any of the values 

listed in Table 5.3. 

Table 5.3 gllightModel'O Parameters 

Parameter Name Meaning 

GUIGHTj400EUJlB I ENT Ambient intensity of the scene (RGBA); default value is (0.2, 0.2, 0.2, 1.0). 

GU IGHTj400EUOCAU IEW ER Viewpoint is local or infinite; default value is GUALSE (infinite). 
GUIGIHj400El)'II!UIDE One·sided or two-sided lighting; default value is GUAlSE (one-sided). 
GLlIGHTj400ELCOtO!lCONTROL Spe<:ular color is stored separate from ambient and diffuse color; default 

value is GL_SI NGlCCOLOR (not separate). 



TeamLRN

lighting in OpenGl 11 9 

Global Ambient Light 

In add ition to the ambient light contributed by individual light sources, there is a global 
ambiellt light that is p resent whether or not any ligh t sources arc e nabled. This is used to 
model light fo r which the source can't be determined. This val ue is controlled with 
G~lIGHCHODEl.AH8IENT. The follow ing code sets the global ambient light to a blue-grct'n 
color, perhaps for an underwater scene. 

float globalAmbient [] '" I 0.0 . O.l, 0.3, 1.0 I : /I dill blue-green light 
gILlghtHodelfy{G~L!GHT~OOEl_AH8IENT, globalAmblent l : 

Local or Infinite Viewer 

When calculat ing the specular term, the direction from the vertex being calculated and the 
viewpoint affect the intensity of the specular highlight. The GL_llG HT_HOOEL_LOCAL_VIHIER 
parameter leIS you specify whether the viewpoin t is local (i.e. based on th e viewer's act ual 
pos it ion in the world) or an infin ite distance away. Having a loca l viewpoint will increase 
the realism of your scene but will be more expensive because the direction has to be cal­
cul:lted for each vertex. An infinite viewpoint (set with GlJAlSE) is used by default, but 
you can change it to 1I loclil viewpoint with this line: 

gILightHodell(G~LIGHT~ODE~lOCAl_VIEWER . Gl_TRUEl : 

The d iffe re nce between a local and an infinite viewer is most evident at dose range. Using 
a local viewer is more accurate but more expensive, so enable it only if you really need it. 

Two-Sided Versus One-Sided Lighting 

The next parameter you can specify is Gl_LIGHT~OOEL_TWO_SIOE. This parameter dea ls with 
whether )'ou wan t to ca lculate the lighting for the back of polygons correctly. For exam ­
ple, if you were 10 take an enclosed object such as a cube and cut it in half, you would sec 
Ihal the back, o r inside, of the polygons is not correctly ill umi nated . If you want the inside 
o f these polygons to be illuminated correctly, you set the GL_LIGHT_H DOEl_TWO_S IOE parame­

ter to GL.JRUE like so: 

g lLlghtHodelj(GL_LIGHT~ODEl_TWO_SI OE. GL_TRUE1: 

When you set this parameter to Gl_TRUE, yo u are telling OpenG L to reverse th e surface nor­
mals for the back-face of polygons, which results in all of the polygons bei ng illuminated 
correct ly. Wi th this extra calculation, two-sided lighting naturally perfo rms a bit more 
slowly than one-sided lighting. Again, to switch back to one-sided lighting, set the value 

to GL_FALSE. 
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Separate Specular Color 

The fi nal light model property you can set is the Gl_LIGHT .JIODEl_COlOR_CONTROl property. This 
control was added because when }'Ou use lighting with texturing. the specular highlight 
tends to get washed out when the texture is applied. In o ther words. due to modulation 
(which you'll undersland after reading Chapter 7, "Texture Mapping"), specular highlights 
that are very b right are reduced, causing the object to look less shiny than it should. \.vhen 
you enable separate specular color, rather than addi.ng together the ambient, diffuse, specu­
lar, and emissive lighting values as it normally docs, OpenGL creates two colors for each ver­
tex o f the object being lit: the primary color, consistin g of the non-specular components, 
and a seconda ry color that co ntaining the specular component. When texture mapping 
occu rs, only the primary color is used. Then aftenvards, the seconda ry specular color is 
added to the result. This leads to mo re visible specular highlight s. You tell OpenG L to sepa­
rate the specular components from the others with this line of code: 

g lL 1ghtModell{G~L I GHT_HODE~CO LOR_CONTROL. GL_SE PARATE_S PECU LA~CO LOR}; 

If you want to combine the specular component with the other components, you call this 
function wi th the value GL_SI NGlCCO LOR instead of GL_SEPARATE_SPECULA~COLOR. 

Extension 

Extension name: EXCseparate_speclllar_color 

Name string : GLEXT_separate_speclila r _colo r 

Promoted to core: OpenGl 1.1 

Tokens: GLlIGHT.JIOOELCOlO~CONTROLEXT. GL_SI NGLCCOLOIUXT, 
GLSEP~RATE_SPECUl~~COlO~EXT 

Lighting in Action 
The CD that accompa nies this book contains a demo fo r this sect ion in the lights folde r. 
Thi s demo, shown in Figu re 5.8, uses three lights to illuminate a cube. The first ligh t is 
white and is used as a fl ashlight, positioned on the viewer with a spotlight fac ing into the 
scene. Th e flashlight can be toggled on and off with the spa cebar. The second light is a red 
light positioned statically to the right of the cube. Th e third light is green and rotates 
around th e cube. The cube itself is composed of a blu ish material. Each side of the cube 
uses normals that are exactly perpendicular to the surface. 
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Figure 5.8 Three lights in action. 

Blending 
OpenGL allows you to blcnd incoming fragments with pixels alrcady onscrcen, which 
enablcs you to introduce effects such as transparency into your scenes. With transparency 
you can simulate water, windows, glass, and other objects in the world that you can see 
through. 

Remcmber the alpha value wc've been ignoring all this timc? \A/ell. now that wc'rc talking 
about blending. you need to learn how to usc it. When you enable blending. you arc telling 
OpenGL to combine the color of the incoming primitive with the color that is already in the 

Fragments 

The term fragment may be new to you, but it will come up several times throughout this book, so 
now's a good time to discuss what fragments are. 

As OpenGL processes the primitives you pass to it. during the rasterization stage, it breaks them 
into pixel-sized chunks called fragments. Sometimes the terms pixel and fragment are used inter­
changeably, but there is a subtle difference. Pixel usually refers to values that actually get written 
to the color buffer. A fragment is a piece of a primitive that may eventually become a pixel after it 
is depth tested, alpha tested, blended, combined with a texture, combined with other fragments, 
and so on. 
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frame buffer and slore Ihe resull back in the frame buffer. Blending openllions are typically 
specified with the RCB values representing the color and the alpha value representing the 
opacity, although other combinatio ns are possible. as you'U sec shortly. From now on, we will 
refer to the incom ing fragment as the sollrce and the currently stored pixel as the tiestillatioll. 

To enable blending in OpenCL. you call the glEnable() function wi th the G1.8lEND para­
meter. You then call q181endFunc() to define the source and destination blend factors. Blend 
factors arc values in the range 0.0 to 1.0 thai are multiplied by the RGBA components of 
both the source and destinat ion colors. The resulting colors arc then combined (usually 
by addi ng them) and clamped to the range 0.0 to 1.0. qlBlendFunc( 1 looks like this: 

void qlBlendFunc{Glenum sfactor, Glenum dfa ctorl : 

sfaetor is the source blend factor, and dfact or is the destination blend fa ctor. Table 5.4 
shows all of the blend factors that you can use. The default blend factors arc Gl.DNE for the 

Table 5.4 Blending Factors 

Factor Description 

GUE RO Each component is multipl ied by 0, effectively setting the colaf to black.. 

GLO~ E 

GURCCOlOR 
Gl-OM(jHI NUS_SRC_COlOR" 

GUSUOlOR"" 

Gl-ONljMINUS_DS'_COLOR"" 

GURC-"LPHA 

GLONljMl NUURC-"lPHA 

GLOSUlPHA 

GLONljMINUUSUlPHA 
GUDNSTANT_CDLOR""" 

GLONljM I NUS_COm ANUOLDR""" 

GUONSTANT-" l PHA ."" 

GLONljM I NUS_CONST ANULPHA """ 

GURULPHUATURATE 

Each component is mult iplied by 1.0, leaving thE! color unchanged. 
Each component is multiplied by the corresponding component 

Each component is multiplied by (1.0 - source color). 
Each component is multiplied by the corresponding component in 
the destination color. 
Each component is multiplied by (1.0 - destination color). 
Each component is multiplied by the source alpha value. 
Each component is multiplied by (1.0 - source alpha value). 
Each component is multiplied by the destination alpha value. 
Each component is multiplied by (1.0 - destination alpha value). 
Each component is multiplied by the constant color set via 
glBlendColor(). 
Each component is multiplied by (I-the constant color). 
Each component is multiplied by the alpha value of the constant 
color set via glBlendColor(). 
Each component is multiplied by (I- the alpha value of the 
constant color). 
Multiplies the SOIJ rce color by the minimum of the source and 
(I -destination). The alpha value is not modified. Only valid as 
the source blend factor . 

• Only available as a source blend factor in OpenGll.4 or later . 

•• Only available as ~ destin~tion blend factor in OpenGL 1.4 01" later . 

• •• Only available via the EXT_b! encCco! or e~tension under Windows. 
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sou rce and GL_ZERO ror the destination, which produces the sa me results as not using 

blending at all . 

Many different errects can be created with these blending factors, some o r which are more 
useful in imaging than they arc in games. To better understand how they work, let's look 
at a common application that is useful in games: transparency. Typically. transpa rency is 
implemented using GLSRCJ.LPHA for the source and Gl_ONCH [NUS_SRCJ.lPHA for the destina­
tion. You would set this up as fo llows: 

qlEnable(GLBlENO) ; 
ql 91 endFunc( GLSRCJlLPHA. Gl_ONEjH NUS_SRCALPHA ); 

'10 get an id ea of how this wo rks, let's say you first d raw a red ( 1.0,0.0,0.0, 1.0) triangle, 
and then draw a blue (0.0, 0.0, 1.0,0.5) t riangle on top of it. With an alpha value or 0.5, 
the blue triangle is 50% transparent. So with the blend fa ctors we've chosen, the source 
color will be multiplied by the source alpha (0.5), and the destination color will be 
multiplied by one minus the source alpha ( 1.0-0.5, or 0.5). T he so urce <lnd destin<l tion 
colors are thus calculated as follows: 

source color - SR*S~, SG*S"" Si*S"" S/S ... . 0*0.5. 0*0.5 . 1*0.5 . 0.5*0.5 - 0, 0, 0.5. 0.25 
destination color - 0l*ll-S ... ) . S6*Il -S.1. Ss*Il -S.l. S.*Il-S/,l • 1*0.5, 0*0.5, 0*0.5. 
1*0.5 - 0.5 . O. O. 0.5 

These two values are then added together to obtain the fina l result of (0.5, 0, 0.5, 0.75). 
You can see the results of this in Figure 5.9. 

Figure 5.9 A blue triangle with 50 percent transparency drawn over 
a red triangle. 
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This si mple example ignores one very important thing: You have to pay attention to the 
depth of objects and the order in which they are drawn when using transparency. When 
drawing without transparency, you can use the z-buffer normally to make sure that dis­
tant objects don't get drawn on top of closer objects, even if the closer objects \"ere drawn 
first. You don't really have to care about the order objects get d rawn in , at least as far as 
correct rendering is concerned (it can make a performance difference,though, as you'll sec 
in Chapter 10, "Up Your Performance"). \Nben YOll use transparency, however. the order 
matters. If you dra\". a transparent object that appears in front of an opaque object, you 
should be able to sec the opaque object. But if YOll draw the transparent object first, the 
opaque object will fail the depth test and never be drawn. 

The most co mmon way of handling this problem is to draw all of you r opaque objects 
first. Thi s will fix part of the problem, but a hidden problem remains. What if the distant 
object is also transparent? If it's drawn after the closer transparent object, it 'll still fail the 
depth test ,lIld not be drawn . There arc two common ways of resolving this issue. 

The first Illethod is to disable depth buffer writes (effectively making the z- buffer read­
only) when drawing transparent objects. The objects are still tested against the z- buffer, 
so opaque objects can still occlude them, but the transparent objects themselves don't 
update the z- buffer, so they ca n never occlude imything else. You disable dep th buffer 
writes by passi ng GLFAlSE to glDepthMask.(), as fo llows: 

glDepthHask (GLFAlS[ ) ; 

You turn depth buffer writes back on with Gl_TRUE. 

Unfortunately, this works only with some blending operations. such as simple additive 
blending (for example, using a source and destination blend facto r of GLSOURCCAlPHA, 
Gl_DNE, respectively), In most blending operations, the order the fragments arc drawn in 
makes a difference, 

The second Illethod of deal ing with transparent object order is to sort them based on dis­
tance from the vicwer and draw the more distant objects first. Thi s can generally be done 
fairly quickly and cheaply, since the number of transparent objccts in your world will USlI ­

ally be fairly small. 

Whi ch method you use depends on the effect yo u are trying to attain. The visual results 
of the two approachcs arc not the s..lme, so they are not in terchangcllble, 
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Extension 

Extens ion name: EXT_blend_funcseparate 

Name string: GL EXT_blemLfuncseparale 

Promoted to core: OpenGl 1.4 

Function names: 9181 endFuneSeparateEXT 

Tokens: Gl_DST]GB_EXT, GLSRC]GB_EXT, GL_DSCALPHA_EXT, GL_SRC~LPHA_EXT 
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When using gI81endFune(), the same factor is used for both the RGB and alpha compo­
nent s. This isn't always desirable. For instance, the alpha channel is sometimes used to 
store information that has nothing to do with blending. In that case, you wouldn't wan t 
blending to modify the alpha channel at all. To address this need, OpenGL includes an 
alternative to 9181 end Fune () ca lled 9 1 Bl endFuncSeparate( ): 

void glBlendFuncSeparate(GLenum sfactorRGB . GLenum dfac torRGB, GLenum sfactorAlpha . 
GLenum dfaetorAlpha); 

sfae torRGB_and dfaetorRGB are used to set the blend factor fo r the source and destination 
RG B blend factors, respectively. s fac torA 1 pha and dfactorA 1 pha arc used for the source and 
destina tion alpha blend fac tors. Any of the values in Table 5.4 can be used fo r these para­
meters. Suppose YOli wanted to sct up blending to use transparency but keep the alpha 
value intact. You'd usc something like the following: 

9 1 81endFuncSeparate(GLSRC~LPHA, GL_ONE_HINUS_SRCALPHA, GL_ONE . GLZERO); 

That's aU there is to it. 

The Blend Equation 

Ex t e nsion 

Extension name: EXT_blend_minmax. 

Name string: GLEXT_blenLminmax 

Promoted to core: Optional in OpenGL 1.2, required in 1.4 

Functio n names: 9181endEquat ion EXT 

Tokens: GL_FUNCADD_EXT. GUtIN_EXT. Gl MAX EXT, GL BLEND_EQUATION_EXT 
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E)(tension 

E)(tension name: EXCblencLs ubtract 

Name siring: GLEXT_hlend_suht ract 

Promoted to core: Optional in OpenGl 1.2, required in 1.4 

Tokens: GLFUNC_SUBTRAC e El T, Gl_FUNCREV ERSCSUBTRACT _E Xl 

By default . after multiplying the source color by th e source blend facto r and the destina­
tion color by the destination blend factor, th e two valu es are th en added together to get 
the final colo r. Wh at if you wanted to subtract one from the other? The operation per­
formed on the 1\"'0 values is called the blend equation, and OpenGL allows you to change 
it. You do this through the usc of glBlendEq ua ti on () : 

voi d gl Blend Equation (GLenum mode); 

The values accepted by the mode parameter and the meanings associated with them are 
listed in Table 5.5. Cs and Co represent the source and destination colors, S lUld 0 repre­
sent tile source and destination blend factors. and C represen ts the final colo r. 

Table 5.5 Blending Equations 

Equation Description 

GUUNC..ADO C = (C~ * s) + (Co' 0). Result is clamped to [0, 11. Th is is the default. 
GUUNUU8TRACI C = (C~ • 5) - (CD * 0). Result is clamped to [0, 11. 
GUUNCREVE RSUUBTRACT C = (c" • 0) - (C~ * 5). Result is clamped to [0, 11. 

GLMIN C = min(C~, CJ . 

GLMAX C = max(c;. CJ. 

Note 

When using the min or max blend equations, you'll notice that the blend factor isn't being used at 
all. The comparison is done using the original values and is done component-wise. So if the source 
color is (0.2, 0.6, 0.1, 1.0) and the destination color is (1.0, 0.3, 0.5, 0.7), min results in a final color 
of (0.2, 0.3, 0.1,0.7) and max resul ts in a final color of (1.0, 0.6, 0.5, 1.0). 

You can determine the cur rent blend equation by calling gl Get () with GLBLENO_EQUA TION. 
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Ex t e n sio n 

Extension name: EXl_b I end30 I or 

Name string: GLEXl_b I end_co lor 

Promoted to core: Optional in OpenGl 1.2, required in 1.4 

Function names: glBlendColor[XT 
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Tokens: Gl_CONST ANT _COlOIUXT, Gl_ON E_H I NUS_CONST ANCCOlOR_EXT. GL CONSTANT ~lPHA_J Xl , 
Gl_ONE_HI NUS_CONSTANT_AlPH~EXT,Gl_BLENO_COLOR_EXT 

Several of the blend factors listed in Table 5.4 make usc of a constant blend color, so it's 
time to explai n what that is. The constant blend color sim ply allows you to set a constan t 
val ue to use as a \veighting fac tor. Yo u might usc this to blend an image that docs not con ­
tain al pha values, rat her than adding an alpha channel yourself with identical v;\lues for 
every pixel. 

You set tile constant colo r using gIBlendColor() : 

void glBlendColor(Glclampf red, Glclampf green , GLclampf blue . GLclampf alpha): 

The red, green , blue, and a I pha parameters should be self-explanato ry by now. The Glc 1 ampf 
type is used to indicate floating point values that OpenGL internally clamps to the range 
0.0 to 1.0. 

The default constan t blending color is (0, 0, 0, 0). You can determine the current constan t 
blend color by passing GLBlENO_COlOR to gl Get(). 

Disk Blender 
1b demonstrate some of the many blending combinations, we've included the Disk 
Blender demo on the CD (found in the folder blender for th is chapter). Disk Blender is 
drawn wi th a black background with an alpha of 1.0. A green disk wi th some transpa rency 
is drawn first, without blending. Then a semi-transparent red disk is dnnvn on top of it 
with blending enabled. By pressing the S, D, and E keys, you ca n cycle through all of the 
availa ble source fac tors, destination fac tors, and blend equat ions. A screenshot of the 
demo is shown in Figure 5.10. 
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Figure 5.10 Disks drawn with GUiIN. 

Fog 
Adding fog to your world has more than one purpose. Besides trying to give the player the 
impression of actual fog , it can be used to obscure objects in the distance and have them 
gradually become clearer as the player gelS closer. This is beneficial both in allowing you 
to reduce the amount of geometry on the scene alone time (and th us improving perfor­
mance) and in preventing objects from suddenly popping into view as they enter the view 
frustum. 

There is more than one way to implement fog, but because OpenGL prov ides nat ive sup­
port for it, that's th e approach we'll cover here. 

OpenGL Fog 
OpenG L's built- in fog support works by blending each pixel with the color of the fog, 
using a blelld !acfordependent on the distance from the viewer, the density of the fog, and 
the cur rently selected fog mode. The blend factor is used in the following equation: 

coloroot = blend Factor x colorin + (1 - blendFactor)colorfo9 

The details of ho,'" the blend fac tor is determined will be covered momentarily. 



TeamLRN

Fog 129 

To use fog , you first have to enable it, wh ich, not surprisingly. is done \vith a call to 
glEnable() : 

glEnable(GL-FOG) : 

Fog has several sta tes associated with it, which yo u can con trol with calls to glFog () : 

glFogjfll(GLenuli pname, type paraml ; 
glFoglfllv(Glenum pname . const type *paramsJ : 

The accepted values of pname and their meanings are listed in Table 5.6. 

Table 5.6 Fog Parameters 

Parameter Description 

GUOU ODE This parameter can be GLLINEAR. GLEXP. or Gl_EXP2, spe<ifying which equation 
is used to calculate the blend factor. The default is GL EXP. 

GL fOILOENSITY This parameter is a single value representing the density of the fog, used in the 
equations below. The value must be positive, and the default is 1.0. 

GLfOILSTART This parameter is a single value defining the stan, or near distance, used in the 
fog equations. 

GLfOILE~D This parameter is a single value defining the end, or far distance, used in the fog 
equations. 

GLfOG.J NDEX Th is parameter spe<ifies the (Olor index to use for fog when using 8·bit color. 
GLfOG.JDLDR This specifies the color to be used for fog. It is an array-and so requires one of the 

array versions of !I J fog( ) - tepte5eflting (Olor values. The default fog color is black. 

GLf~CDORD_SRC This parameter can be either GLJOG_COORD or GL_fRAGME Nt_DEPTH. This controls 
what OpeoGl uses as the depth term in the blend factor equations. 

The mode determines which of three equations is used 10 determ ine the blending factor. 
The three equations are defined as follows: 

GL-LlNEAR: blendFactor .. (end-depth) I (end-start) 
GL-EX P: blendFact or .. eHr"IH) ~~rplnl 
GL-np2 : blendFactor .. ei-dtllltt) xd!ptn)2 

The dens 1 ty, end, and st art terms in these eq uations correspond to the values of 
Gl_FOG_DENSJTY, GL-FOG_STA RT, and GL-FO(LEND, respectively. Note that th e start and end val­
ues matter only if you arc using GL_LINEAR mode, and density matters only when you are 
using GL-EXP or GL-EXP2 mode. 
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Fog Coordinat es 

Ex t e n s ion 

Extension name: EXT_fOLcoord 

Name string: Gl_EXCfOlLcoord 

Promoted to core: OpenGl 1.4 

Function names: gl FogCoo rdl fd I EXT, gl FogCoord (fd I vEXT 

Tokens: Gl,FOG_COORO_SRCEXT, Gl,FOILCOORO_EXT, GlJRAGHE NT_O EPTH_EXT 

The depth term in th e above equat ions by default represents the distance between the 
viewer and the fragment, wh ich OpenGL calculates automati cally. However, yOll may 
want to use something oth er than the depth in the blend factor equ'l1ions. For example, 
yo u might want to have the amount of fog vary based on how fa r above sea level the poly­
gon is, for a ground fog type of effect. This can be accomplished th ro ugh the usc of fog 
coordillates, which allow you to d irectly control the depth term used in the blend factor 
equations. Fog coordinates consist of a single-valued parameter that can be specified per 
vertex. This value is then interpolated across the polygon's surface. You set the fog coordi­
nates via the fo llowing APIs: 

glFogCoord (fdl(type coord) ; 
glFogCoordlfdlv(type *coord ); 

In addition to specifying the fog coordinates, you also have to tell OpenGL to use them 
instead of the computed depth value. You do th is as follows: 

gl Fogi (Gl,FOG_COORD_SRC , Gl,FOG_COORD) : 

To switch back to usin g the computed depth value, use the following: 

glFogiIGl_FOG_COORD_SRC. GLFRAGHENT_DEP TH) ; 

Tip 
PriOl' to OpenGl 1.5, Gl,FOG_COOR D_SRC and Gl,FOG_COORO were named GlJOG....COOROI NATE_SOURCE 
and Gl.FOG_COORD I NATE, respectively. 

And that's it ! As yo u can see, adding OpenGL's native fog 10 your game is really quite si m­
ple. You may have to tweak the parameters to get it to look the way you wan t, but with a 
little experimentation, you should soon be quite comfortable wi th OpenGL's fog support. 

Not e 

You can turn fog on and off at wi ll, so that you can have it affect only some of the objects in your 
scene. 
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Fog in Action 

• • 

The Fog demo included on the CD shows sev­
eral different examples of using fog, as you' ll 
see in Figure 5. 11. The dcmo rcnders a simple 
hcightmap-based terrain, with a large quad 
drawn in bluc at ground level to rcpresent 
wate r. The top len panel shows thc terrain 
without any fog , thc top right panel uses 
Gl_L!NEAR fog, the bottom lcn panel shows 
Gl_EXP fog with a fairly low dc nsity, and the bot­
tom ri ght pa nel shows GLE XP2 fog with fog 
coordinates set so that thc fog is thicker where 
the terr:lin is lowcr (near thc water), thinning 
quickly at highcr clcvations. Figure 5.11 Simple terrain with several 

fog modes. 

Summary 
This chapter covered a lot of ncw information! You've learned about how OpenCL han­
dles colors, how shading works, what the clements of the lighting model are and how to 
control them, how to usc blending, and how to take advantage of OpenCL's built -in fog. 
You now have the knowledge to create fai rly complex OpenGL applications, even includ­
ing simple ga mes. 

What You Have Learned 
• Colo rs arc representcd with red , green, blue, and al pha components. You 

call specify the cur rent primary and secondary colors lIsing 91(010r() and 
91 Seconda ry(o I ore ). 

• You can choose whcther to use flat or smooth (a.k.a. GOllraud ) shading using 
gIShadeModel(). 

• OpenCL's lighting model is composed of ambient , diffuse, specular, and emissive 
terms. 

• You ca ll control lights using gIL i ght() and define materials for yo ur objects using 
91Ma terial (). 

• You ca n move and rotate ligh ts just like any other object in OpenCL. When yo u 
call gIL i ght() to dcfine the position or direction of a light, th e information you 
specify is manipulated by the current modelview matrix. 

• All objects in your world should have normals associated wi th them to ensure that 
lighting \ ... orks as expected. You specify normals using 9INormal(1. 
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• OpenGL's lighting model includes several global components that you can control 
via g1l1ghtHodel(). 

• Through blending, you have a great deal of control over how incoming fragments 
are combined with values already in the color buffe r. In addition to being able to 
define a wide range of blending factors wi th gl BlendFunc( I or gl Bl endFuncSeparate{ I, 
you can specify a constan t blend factor with gIBlendColor() and change the blend 
equation with gI BlendEquation{) . 

• You can use fog to allow objects to fade to a background color as they get farther 
away, allowing yo u to use a smaller view frustum and avoid having objects pop 
into view as th ey enter th e frustum. Fog is controlled th rough gl Fog() . You can take 
greater cont rol over how fog is calculated by using fog coo rdinates. 

Rev;ew Questions 

1. What is the minimum number of lights that an OpenGL implementation must 
provide, and how can you find out how many are available? 

2. How do you set the fog color? 

3. How ca n you change the specular color of a material using gICo lor ( )? 

4. (True o r False) The space reserved for storing separate specular colo r is wasted 
when you're no t using lighting. 

5. Which of the following blend factors can be used only for the source colo r? 

a. G~CONSTANT_COlOR 

b. GUlPH~SATURATE 

c. G~DSTJlPHA 

d . G~SRCCDlDR 

On Your Own 

I. Modify the lights dem o as follows: 

• Add an emi ssive property to the cube's material. 

• Add attenuation to the red light. 

• Make the beam of the flashlight more focused. 

• Add a transparent sphere surro und ing the cube, and sel the material for it using 
color tracking. 
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BITMAPS AND IMAGES 

WITH OPENGL 

. 

N ow it's time to break off from the world of 3D graphics and take a look at the 
world of raster graphics, which arc graphics in which an image is composed of 
an array of pixels arranged in rows and columns. In this chapter you' ll be look­

ing specifically at how YOll can use OpcnGL to pe rform var ious functions on bitmaps and 
images. We'll also be discuss ing how to load and save the Targa (. tga ) image file format. 

In this chapter you will discover: 

• How to usc OpcnCL bitmaps 

• OpenGL pixel fUIlClions 

• How to load and save the Targa image format 

The OpenGl Bitmap 
The term bilm(/p in the context of OpcnGL is defined as a rectangular array of pixels, 
where one bit of information (a 0 or I) is sto red about each pixel. Bitmaps arc co mposed 
of a mask enca psulated in a two-dimensional array representing a rectangular area of the 
window. You can use them for rendering font characters, 2D objects in a game, or as ele­
ments in a CU I. For instance, take a 16 x 16 bitmap and divide it into a 16 x 16 grid as 
shown in Figure 6.1. When you draw this bitmap, every bit in the two-d imension<lJ array 
thill is set 10 1 co rresponds to a pixel in the current raster color on the screen. If lhe bit is 

133 



TeamLRN

134 Chapter 6 • Bitmaps and Images with OpenGL 

not set, then nothing is drawn. Given this behavio r, the 
16 x 16 bitmap shown in Figure 6.1 will be drawn by 
OpenGL as the letter X. You will see an example in th is 
chapter that does something sim ilar. 

Actually specifying the bitmap data is slightly diffe ren t 
than that shown in Figure 6.1. Bitmap data is always 
stored in 8-bit multiple chunks, although the width of 
the actual bitmap does not need to be a multiple of 8. 
OpenG L d raws the bitmap by starti ng at the lower- left 
co rner and ,.,.orking its way up, row by row. Therefore, 
you need to specify you r bitmap's data in this o rd er, so 
that th e b01101ll of the bitmap is the first set of data and 
the top of the bitmap is the last scI of data. 

figure 6.1 A 16 x 16 bitmap 
divided into a grid of zeroes and ones. 

An example of bitmap data for Figure 6.1 in code looks like: 

uns1gned char bitmapX[J - I 
Ox80 , Ox01, II 1000 0000 0000 0001 
Ox40 , Ox02, I! 0100 0000 0000 0010 
Ox20 , Ox04 , II 0010 0000 0000 0100 
Oxl0 , Ox08 , I! 0001 0000 0000 1000 
Ox08 , OxlO , /I 0000 1000 0001 0000 
Ox04 , Ox20 , /I 0000 0100 0010 0000 
Ox02, Ox40, /I 0000 0010 0100 0000 
OxOI , Ox80, If 0000 0001 1000 0000 
OxOl , Ox80 , If 0000 0001 1000 0000 
Ox02 , Ox40, II 0000 0010 0100 0000 
Ox04, Ox20, II 0000 0100 0010 0000 
Ox08 , Oxl0, II 0000 1000 0001 0000 
Oxl 0, Ox08 , If 0001 0000 0000 1000 
Ox20, Ox04, I! 0010 0000 0000 0100 
Ox40, Ox02, II 0100 0000 0000 0010 
Ox80, Ox01, If 10 00 0000 0000 0001 

I , 

Positioning the Bitmap 
The g1 RasterPos{) function specifies the current raster coordinates for drawing bitmaps 
in the OpenGL window. The coordinates sent to the function define the bottom-left 
corncr of the bitmap's rectangle. For example, passing the coordinatcs (30, 10) to the 
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glRasterPos() functio n draws the ncxt bitmap with its botto m-lcft corner at (30, 10). The 
function is defined as: 

void g1RasterPosl234Hslfd)CTYPE x. TYPE y. TYPE 1. TYPE wI: 
void gIRasterPos\2341Isifd)v(lYPE · caords} ; 

To set the cu rrent raster coordinates to (30. 10), YOll would call the function like this: 

glRasterPos21(30. 10); 

When setting the raster coordinates in a 3D viewport and projection matrix, the coordi ­
nates sent to gl RasterPos() arc conve rted to 2D screen coordinates, in much th e same way 
as when you usc thc glVertex() funct ion. Jf you want to specify th e raster coordinates in 
screen coordinates, then YOll need to set up a 2D viewport and project ion matrix with the 
width and height of th e viewport equal to the width and hcight of the OpenCL window. 
You can usc the gl0r t ho() or gluOrtho20() function to define a 2D viewport with ortho­
graphic projection, as described in Chapter 4, "Transformations and Matrices." 

For error checking, you can find ou t if the raster position you passed to the function is a 
valid raster position by passing thc Gl_CURRENT_RAS TE R_POSITION_VAlID parameter to the 
gl Ge t Boo 1 eanv () function. I f the func tion returns GlJAlSE. the posi tion is invalid. 

If you wou ld like to obtain the current raster positio n, you can simply pass 
Gl_CURRENT_RASTE~POSITION as the first parameter to gIGetFloatv(). The second parameter 
sho uld be a pointer to an array of floats to hold the (x. y. z. w) values tha t are rcturned by 

9 1 GetFl oatvO. 

Drawing the Bitmap 
Afte r you set thc current raster position. you can draw your bi tmap wi th the glBltmap{) 
fu nctio n, which is defined as: 

void glBltmap(Glsi1ei width . Glsi zei height. Glf loa t xOrlgln . Glfloat yOrigin. 
Glfloat xlnc rement . Glfloat ylncrement, const Glubyte *bltmap); 

Thi s functi on draws a bitmap with thc specified width and height in pixc\s at the coordi­
nates (xOr1gln, yOrigin) rc\ative to the current raster position. Th e values xlncrement and 
ylncrement spec ify step incremenls that are added to the current raster position nfter the 
bitmap is drawn. Figure 6.2 shows how a bitmap is nffected by these parameters. 

Not e 

One drawback to OpenGl bitmaps is that you can neither rotate nor zoom them, but you can do 
these operations wi th pixel maps, or images, as you will soon see. 
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C .... renj r~ster 

position 

~., 

. ' . . -,' 
.. " .. ' . ' 

J-Ht BITMAP , 

("Origin, yOrigin) 

... .. 
~'" 

, 

Figure 6.2 The effect of g1 Bi t map{) parameters when drawing a bitmap. 

An OpenGL Bitmap Example 
The following example displays 50 16 x 16 bitmaps in random locations during each 
frame. The end result is a window with 50 letter As popping up and disappearing ran­
domly. You will find the RandomABitmap example on the CD under Chapter 6. 

First, yo u need to define your character A as an array of bit information . This is declared 
at the top of the CGfxOpenG L. cpp file: 

unsigned char 1ett erA[] • { 
Oxeo, Ox03, 
OxCO, Ox03, 
OxCO, Ox03, 
OxCO , Ox03 , 
OxCO, Ox03, 
OxOF, OxFB, 
Ox7F, OxF£ , 
Ox60, Ox06 , 
Ox30, OxOC, 
Ox30, OxOC, 
Ox18, Ox 18, 
Ox18, Ox18, 
OxOc. Ox30 , 
OxOC, Ox30, 
Ox07, OxEO , 
Ox07, OxEO 

I; 
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The bils specified for lhe lette rA array lranslale to the 
b itmap YOll see in Figure 6.3. Keep in mind thal you are 
storing the bitmap upside down, but the bilmap will be 
rendered correctly as shown in Figure 6.3. 

First, take a look at lhe Prepare() method: 

void CGfx OpenG L: :Prepa re{ f loat dt ) 
I 

1/ store the random (x, y) posit i on of the bitmaps 
for (int idx - 0: idx ( MAX_B ITMAPS: idx++ ) 
I 

m_bitmaps[idx] . xPOS - rand() ~ m_windowWid th; 
m_bitmaps[idx] .yPos - ra nd() ~ m_windowHeight; 

The Prepare() method stores the random (x, y) positions 
of lhe bitmaps, based on the window size, in an array of 
BitmapStructs, which is a struc t defined in CGfxOpenG L. h that 
stores the bilmap x and y positions. 

Next is the Render() method : 

void CGfx OpenG L: :Render() 
I 

1/ clear screen and depth buffer 
gl Cl earl Gl_COlOR_BUFFER_B IT I GL_DE PTH_B UFF ER_B I Tl : 
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Figure 6.3 The bit·by-bit defini tion of 
our letter A. 

1/ load the ident ity matrix (clear to default posit ion and orientation) 
glload Ident ity ( ) : 

1/ sing le byte alignment 
gl Pi xe 1 Storei (Gl_UNPACKj.lIGNMENT, 1): 

1/ color wh ite 
glColor3f (l.O , 1. 0, 1.0): 

1/ render all the bitmaps 
for (int idx - 0: idx ( MAX_B ITMAPS : idx++ ) 

gl Raste rPos2i (m_bi tmaps [i dxl . xPos, m_bi tmaps [i dx] .yPos) : 
glBitmap 06, 16, 0.0, 0.0, 0.0 , 0.0, le tterA l ; 
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The Render() method is fairl y straightforward. Of particular interest is the loop at the bot­
tom of the method that sets the current raster position and renders the bitmap. The 
glRas terPos21() function positions each bitmap, and th e glBltmap() func tion draws them. 
Very simple. isn't it? 

N ote 

For the moment, disregard our use of the gl Pi xe 1 Store i () function in the Render ( ) method of the 
RarldomABitmap example. This function is explained in more detail in the "Managing Pixel Stor­
age" section of this chapter. 

Also notice that \Ve arc setting up the o rthograph ic projection to match the vie\vport in 
the Set upPerspecthe() method. This allows us to use the window raster coordinates, as 
explained earlier in this chapter. 

T he end result, o r ;\ single frame an)'\vay, is shown in Figure 6.4. 

Figure 6.4 A screenshot of the RandomABitmap example. 

Using Images 
In most cases, when performing raster graphics, developers use illUlges instead of the 
OpenGL bitmap. While similar to bitmaps, images differ in the amount of information 
they hold for each pixel. For instance, an OpenGL bitmap holds a single bit of infor ma­
tion per pixel indicating whether that pixel is on ( I ) or off (0), but an image might hold 
any ... "herc from 8 bits o f information per pixel to 32 bits per pixel. Such a bit resolution 
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ca n tell OpenCl specifically which color a pixel should be by speci fying the individual red , 
green, blue, and alpha components of the color. 

With OpcnCl you can manip ulate images pixel by pixel. Sometimes images are referred 
to as pixel maps o r pixmaps. Although we will be talking about displaying images on the 
screen in this chapter, you can also usc images as textures on polygons. We discuss texture 
mapping in Chapter 7. "Texture Mapping." 

Drawing Image Data 
Assu ming you already have your image data load ed into memory, you use the OpenCl 
funct ion gl DrawPixel s() 10 display the image data at a specified raster posi tion in th e wi n­
dow. Like glBHmap( J. you specify the current raster positi on by using the glRasterPos() 
function. The glDrawPixels() function looks like this: 

~oid glDrawPixels(Glsizei width , Gls izei he i ght, Glenum format . Glenum type, 
const Glvoi(! *pixe l s) ; 

You specify the width and height of the image along with the pixel format and pixcl ty pe 
of the pixel data that is passed to the funct ion. The pixel format can be any of the forma ls 
listed in Table 6.1. An example image forma l wo uld be one wi lh red , gree n, and blue val­
ues for each pixel, in which case you' ll want to use the G~RGB pixel fo rmat. This tells 
OpenC l that the pixel data being passed to glDrawPixels() is coming as a set of red,green, 
and blue pixel components, where the size o f each com ponent is defined by the pixel type. 

Table 6,1 Pixel Formats 

Pixel Format 

GUlPIiA 

GUGR' 

GUGRA' 

GULUE 

GUOLO!UNDEX 

GLGREEN 
GU EC 

GU GB 

GUGBA 

GUUHINANCE 

GUUHINANCU.LPHA 

Gl-STENCIl-I NOEX 

GUEPHLCQI4PONENl 

Description 

Alpha color pixels 
Pixel (omponents ordered as blue, green, red 
Pixel (omponents ordered as blue, green, red, alpha 

Blue pixels 
Color-index pixels 
Green pixels 
Red pixels 
Pixel components ordered as red, green, blue 
Pixel components ordered as red, green, blue, alpha 
Single luminan(e component in pixel 

Luminance component followed by alpha component 
Single stencil index 
Single depth component 

• Only available via the EXTJlgra extension underWi~ 
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The pixel type ca n be any of the types listed in Table 6.2. This parameter defines the data 
type of each pixel clement. 

Table 6.2 Pixel Types 

Pi )(el Type Description 

GUI THAP 

GUYTE 

GLUHSIGNED_BYTE 

GUHDRT 

GLUNSIG NE UHORT 

GLI NT 

GLUN SlmD_INT 

GUlOAT 
G L_U N SIGNED_BY T~3 3 2 

GLUNSIGNEUYTu __ u __ m 

Gl-UNSIGNED_SHORT __ S_6_S 

GLUNSIGNEUHORT_U_U.EV 
GLUNSIGNEUHORT_ 4_ U __ 4 

GLUNSIGNED_SHORT_ 4_4_ U_REY 

GLUNSIGNEUNORT_U_5..l 
Gl-UNSIGNED_SHORT_I_S_S __ S_REY 

Gl-UNSIGNED_I NT_B_8_8_8 

Gl-UNSIGNED_I NT __ B_8 __ 8_8_REV 

GLUNSIGNED_INUUO_IU 
GLUNS 1 GNED __ I NT _2..10 __ 1 UD_RE V 

A single bit (0 or I) 

Signed 8-bit integer (1 byte) 

Unsigned 8-bit integer (1 byte) 

Signed 16·bit integer (2 bytes) 

Unsigned 16·bit integer (2 bytes) 

Signed 32-bit integer (4 bytes) 

Unsigned 32-bit integer (4 bytes) 

Single-precision floating point (4 bytes) 

Packed into unsigned 8-bit integer. R3, G3, 82 

Packed into unsigned 8-bit integer. B2, G3, R3 

Packed in to unsigned 16-bit integer. RS, G6, BS 

Packed into unsigned 16-bit integer. BS, G6, RS 

Packed into unsigned 16-bit integer. R4, G4, B4, A4 

Packed into unsigned 16-bit integer. All, B4, G4, R4 

Packed into unsigned 16-bit integer. RS, GS, BS, Al 

Packed into unsigned 16-bit integer. AI , BS, GS, R5 

Packed into unsigned 32-bit integer. R8, G8, B8, AS 

Packed into unsigned 32-bit integer. AB, B8, G8, RS 

Packed in to unsigned 32-bit integer. RIO, Gl0, Bl0, A2 

Packed into unsigned 32-bit integer. Al, BIO, Gl 0, RIO 

• Packed fOfmalS available only via 1M En..Jlacke4J1jl~ls extension under Windows. 

Here is some code that uses the glOrawPi xels() function to draw an RGB image ofa width 
and height imageWidt h and imageHeight, respectivel y, that you have stored in the variable 
imageOata at the screen position (300,300): 

unsigned ch ar 
lot 

*i mageOata ; 
i mageWidth. 

gl Ras terPos21{300, 300) ; 

i mageHei gilt; 

glOrawPixels(imageWid th, imageHe ight . Gl __ RGB , Gl __ UNSIGN EO_8YTE. imageOata ) ; 

We specify the Gl..RGB pixel format because the image is an RGB image, and \ve specify the 
Gl..UNS1GNEO_BYTE pixel type since the imageOata is stored as an array of uns1gned char. 
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Reading from the Screen 
There Illay be times whe n you want to read the pixels already o n the screen so that you 
can save them to disk as an image file o r can manipula te them in memory (i.e., for special 
effects). OpenGL allows yOll to do this by provid ing YOll with the gl ReadPlxe 1 s () function, 
which is defined as: 

void glReadPixels{Glint x, Glint y. Glsizei width . Glsizel height . Glenu. format. 
GlenulII type. Glvoid "p ixels); 

9 I ReadPlxe 1 s ( ) has essentially the same parameters as gl OrawPixe Is ( ) wit h the additio n of an 
(x, y) coordinate. The (x, y) coordinate specifies the lower-left corner o f the rectangle with 
dimensions defined by width and height that will be read from the screen and stored in the 
pi xe l 5 parllmeter. The format and type parameters work the same way as gl DrawPixel s() and 
can be the same values as those defined in Tables 6.1 and 6.2. 

As an example, if you want to read the top half of your OpenGL window in to a n RGB 
buffer, you might use the glReadPixe l s() function like this: 

void *i mageData: 
int screenWidth. screenHelght ; 

gl ReadPixe 1 s (0, screenHei ghtl2, screenWi dth , screenHei ghtl2 . Gl_RGB, G~UNSIGNEO_BYTE . 

lmageData ) ; 

N o t e 

Since gl ReadPi xe 1 5( ) is reading from the frame buffer and hence across the AGP bus of the video 
card, the execution time of the function can be relatively long. Try not to use 9 1 ReadPi xe 1 s () often, 
if at all, during runtime. 

Copying Screen Data 
Aside from reading and writing to the screen, OpenGL also let s you copy p ixels from one 
portion o f the screen to ano ther with the gl Copy Pixel s() fu nction, defined as: 

gl CopyPixels{GLin t x. Gliny y , Gl sizei width , Glsizel height, GLenum buffer) ; 

This function copies the pixel data in the 
frame buffer with a rectangle whose 
lower-left corner is at the screen location 
(x, y) and has dimensions defined by 
width and he1ght to the current ras ter 
position. The buffer parameter can be 
any o f the values defi ned in Table 6.3 . 

Table 6.3 glCopyPixels() Buffer Values 

Buffer Value Description 

Gl..,COlOR Copy from the colOI' buffer 
GLOEPTH Copy from the depth buffer 
Gl..STfNCll Copy from the sten<il buffer 
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One application of glCopyPhels() is for magnifying a po rtion of the OpenGL window, 
such as fo r a magnifying glass or a sniper gun scope. By copyi ng a spec ific portion of the 
screen and using the next function we are going to describe. glPlxelZoom(), YOll can zoom 
in on areas of your 3D world. 

Magnification, Reduction, and Flipping 
OpenGL INS you en large. reduce. and fli p images with the glPixelZoom() function. 
defined as: 

void glPhelZoom(GLfloat xZoom, GLf loat yZoom) : 

By default , the xZoom and yZoom parameters arc 1.0, meaning the pixel zoom is set to nor­
mal viewing mode. Valu es greater than 0.0 and less than 1.0 reduce the image; values 
greater than 1.0 magnify the image. This behavior is sim ilar to the glSca le() func tion 
mentioned in Chapter 4. When yo u specify negative values, the irnnge is reflected about 
the cur rent raster position. Here arc some examples, with their effects in comments: 

glPi xel Zoom(·1. Of. ·1.0f ) ; 
glPixelZoom(O.Sf , O.Sfl ; 
glPixelZoom(S.Of , S.Of) ; 

II flip image ho rizon tal ly and ~ert1cally 

1/ reduce i mage t o half its original si ze 
1/ magnify the image S times 1n all directions 

Managing Pixel Storage 
Images stored in memory arc composed of between one and four chunks of data, stored 
as array elemen ts. These data chunks can refer to anything from the color index or lumi­
nance to the red. green. blue, and alpha components for each pixel. Pixel formats, or the 
arrangements of pixcl data, help to determine the number and order of elements stored 
fo r each pixel. 

Often you may find that you need to take into account such issues as displaying a subim­
age that corresponds to a subrectangle of the image data array. or maybe different 
mach ines with different byle-o rdering conventions, or even simply machines that arc 
more efficient at mov ing data to and from the frame buffer if the data is nligncd on cer­
tain byte boundaries (Le., 2. 4, 8-byte boundaries). When you run into these issues, you 
will likely want to control the byte alignment. Luckily, OpcnGL provides;J function to do 
just that: glPlxe lStore() . 

~old glPhelStore(HHGlenllm pn ame, TYPE param) ; 

Managing pixel storage can get to be rather complicated. so we arc go ing to keep the dis­
cussion si mple. If yo u would like more information on pixel sto rage. be sure to follow up 
the topic with o lle of the referc llccs provided in Appcndix B, " Further Reading." 
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The pname parameter can take many different values, but the ones we're inte rested in are 
GL]ACUlIGNHENT and GLUNPAC~A lIGNHENT. Each of these can have param values of 1, 2,4, or 
8. Wh cn you spec ify thc GLPACUlIGNHENT parameter, YOll are tell ing OpenG L how your 
pixels arc aligned in each row when passing memory to OpenGL via glDrawPixels(} or the 
glTexlmage t () APls you'll [earn about in Chap ter 8, "OpenGL EXlensions." When yo u 
specify the GLUNPACUlIGNHENT parameter, you are telling OpenG L how to align memory 
for pixels al the slart of each pixel row when il passes data to your program through func­
tions such as gl ReadPlxel s(). By default, both parameters arc cquallo 4, ind icating a 4-byte 

alignment. 

As an example, the following line o f code tells OpenGL that thcre is no byte alignmcnt 
when unpacking the imagc data from memory, since the alignlll ent is sel to I: 

91 Pixel St orei (GL_UNPACKJ,lIG NHE NT , I) ; 

Targa Image Files 
Now we're going to talk about thc Targa image format. This format is fa irly simple to work 
with, and it brings the added bonus of an alpha channel. With the addition of the alpha 
channel , yo u can incorporate transparency and other cool special effects whe n you load 
Targa files and use them as bitmaps or texturcs. 

The Targa File Format 
In its most simple form, the Targa formal is divided into two parts: the header and the 
data. 111e header consists of fields that are a rranged in this structure: 

struct tgaheader_t 

I 
unsigned char 1dlength ; 
unsigned char colorHapType ; 
uns igned cha r image T ypeCode ; 
unsigned cha r colorMapSpec[Sl : 
unsigned short xOrigin ; 
unsigned sho rt yOrigin; 
uns i gned sho rt wid t h; 
unsigned sho rt height ; 
unsigned cha r bpp: 
unsigned char lmageDesc ; 
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No t e 

We are providing only a basic overview of the Targa image format. If you would like a more detailed 
explanation of the Targa format, visit the Web site Wotsit's File Formats at http://www.wotsit.org. 
Wotsit's is a repository for many file formats ranging from images to 30 models. 

While loading, you will want to uS('" the header information as a guide for loading the rest 
of the image. You should pay particular attention to the idLength, ImageTypeCode, width, 
height, bpp, and imageDesc fields. 

The idLength fi eld corresponds to the length of an identifier string located after the header. 
Unless you arc interested in reading the identifier, after loading the header you will prob­
ably want to skip over the number of bytes indicated by the i dLength field. 

The imageTypeCode tells yOll the Iype ofTarga image you arc loading. By looking at the type, 
you can determine th e type of loading algorithm yo u should lise. For instance, you will 
use different loading algorit hms for loading an uncornpressed Targ.\ as com pared to a 
com pressed Targa. The possible values for imageTypeCode are listed in Table 6.4. 

Table 6.4 Targa Fi le Types 

Code Description 

o No image data 
1 Uncompnmed color·mapped image 
2 Uncompressed RG8 (A) true-<olor image 
3 Uncompressed grayscale (black-and-white) image 
9 Run-length encoded (compressed) color·mapped image 
10 Run-length encoded (compressed) RG8(A) true-<olor image 

11 Run-length encoded (compressed) grayscale image 

The width, height. and bpp fields specify the width, height, and number of bits per pixel of 

the image, respectively. 

Finally, the imageDesc field is a byte whose bits specify the number of att ribute bits per pixel 
and the order in which pixel data is transferred from a file to the sc reen. For our purposes, 
we are interested in bits 4 and 5, which tell us how th e image data needs to be rende red to 
the screen. Beca use we a re using OpcnG L and gIDrawPixels(), we need to make sure the 
image data is stored in memory "upside-down." Given the possible values for bits 4 and 5 
in Table 6.5, this means that you need to make sure the image origin is located at the bot­
tom left. Some image lools like to save the larga with the origin at the top left, which 
means you need to ni p the Targa image data vertically to get a proper rendering with 
gl DrawPtxe 1 s() . 
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Table 6.5 Targa Image Origin 

First Pixel 
Destination Bit 5 Bit 4 Hex Value 

Bottom left , , 
""'" Botlom right , 1 0,10 

Top left 1 , ,><2, 
Top right 1 1 'u' 

Loading Targa Files 
On th e CD yOll will find an example under the Chapter 6 folde r ent itled LoadTGA. In the 
example we have created a basic Targa loading class that will load 24· bit and 32·bit com­
pressed and 1I11cornpressed Targa images. If you look at the CTargaImage.h header fil e, you 
will see the following class definition: 

class CTarga Image 
I 
private: 

uns I gned char 1301 orDepth ; 
uns I gned cha r rUmageData Type: 
unsigned char l_imageDataFormat: 
unsigned char *ulllageData: 
unsigned short QLwidth: 
unsigned short la_height ; 
unsigned long QLimageSize : 

1/ swap the red and blue components in the image data 
void SwapRedBl ue(); 

public: 
CTarga Image{); 
virtua l ~CTargalmage() ; 

1/ loa ding and un loading 
boo1 Load{const cha r *filena mel ; 
void Release(); 

/1 flips image vertically 
bool FllpVertical(); 
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1 , 

unsigned short GetWidth() [ return m_width : ) 
unsigned short GetHeight[) [ return IILheight: 
unsigned char GetlmageFormat() I return m_imageOataFormat : 

II converts RG8 format to RGBA format and vice versa 
boo 1 ConvertRG8AT oRG8(): 
boo 1 ConvertRG8ToRG8A( uns igned char a 1 phaVa 1 ue): 

II returns the current image data 
unsigned char *Getlmage() [ return m_p!mageOala : 

As you can see, th e CTarga!mage class provides mechanisms fo r loading the Targa image, 
flipping it vertically, and converting the image data from one formal 10 anoth er. For space 
rea sons, we are not going to show you the code for this class here in the book (look on the 
CD!), but we \vill show yOll how to usc it with OpenGL to draw images on the sc reen. 

In the CGfxOpenG L class Init() method, you will find code that creates two CTa rgalmage 
objects and loads the images. The two images included with this exam ple are 
opengl_logo.tgd, which is a co mpressed RGB image, and opengl_logo_un.tga, which is an 
uncompressed RGB image. Here is the code from the Inl l () method. 

m_tga - new CTargal mage : 
lI_tgaUncompress - new CTargaImage: 

If (!IILtga·>Load( "opengl_1ogo.tga" » 
return false: 

if (!m_tgaUncompress·>Load("opengl_logo_un.lga"» 
return false; 

We d raw the bitmaps in the Render() method using gl OrawPixe 1 s(). Because we knO\v that 
the images arc 24· bit Targas, we use Gl_RGB fo r the format pa rameter of g10rawPlxels(). If 
we were using 32· bit images, we would specify Gl_RGBII for the format parameter. Here is the 
code from the Render!) method: 

1/ draw compressed TGII at top of wi ndow 
gIRas terPos21(250 ,400 }; 
gIDra wPixels(IILtga·>Ge tWldth(). IILtg a->GetHeight() . Gl_RGB, 

G~UNSI GNED_BYTE. m_tga ->Get Image( »; 

/I draw uncompressed TGA at bottom of window 
gIRasterPos2t(250.1DO); 
gl DrawP i xe I s (IILlgaUncompress' )GetWl dth () , m_tgaUncompress' >GetHei ght(). G~RGB, 

GL_UNSIGNED_BYTE. m_lga Uncompress -)Get!mage (») : 



TeamLRN

Figure 6.5 A screenshot of the loadTGA example. The top image is a 
compressed TGA. The bottom image is an uncompressed TGA. 

Figure 6.5 is a screensho t o f the LoadTGA example. 

Summary 

Summary 147 

In this chapter, you learned about the OpenGL bitmap and how to load and draw Targa 
images. For OpcnGL bi tmaps, you learned how to set the curren t OpenGL raster position 
and drmv the bitmaps. For images, or pixel maps, you learned how to draw the images, 
read image da ta from the sc.reen, copy screen data from one region to another, and per­
form magnificat ion, reduction, and flipping on image data. You also learned how to man ­
age pixel storage. 

What You Have learned 
• Thc term bitm(/p in thc contcxt of OpenGL is defined as a rcctangular urray of pix­

els, whcre one bit of information is stored ubout each pixel. 

• When you druw a bitmap, every bit in thc two-dimensional array thlH is set to 1 
will co rrespond to a pixel in the current rastcr color on the sc recn. If a bit is sct to 
0, nothing is drawn. 

• Thc glRasterPos() function spccifies the current raster coordinates for drawing 
bitmaps in the OpenGL window. The coordinates sent to thc function define the 
bottom-left corner of the bitmap's rectangle. 
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• If you want to specify the raste r coordinates in screen coordinates, you need to set 
up a 2D viewport and projection matrix with the width and height of the viewpo rt 
equal to the width and height o f the OpenGL window. 

• After YOll set the cu rrent raster position, you can draw your bi lmap with the 
glBHmap() func tion. 

• Sometimes you might want to read the pixels already on the screen so you can save 
them to disk as an image file or so you can manipulate them fo r special effects. You 
can do this wilh the OpenGL fu nction glReadPixel s() . 

• The glCopyPi xels() function lets you copy pixel data from one po rtion of the screen 
to another. 

• OpenGL also allows you to enlarge, reduce, and flip images with the gl Pixe l Zoom() 
function. 

• The Targa image file forma t is a simple-to-use and understand image fil e that yo u 
ca n load into memory and display using OpenG L. 

Review Questions 

1. Wri te code to position and draw a 16 x 16 bitmap stored in the variable 
IILbltmapData at the location (150,75) on the screen. 

2. What function do you use to draw image (pixel map) data on the scree n? 

3. What function allows YOll to copy image data? 

4. Write the line of code to double the size of image rasterizing o perat ions. 

On Your Own 

1. Write a fun ction to randomly place and display 100 8 X 8 bit maps on the sc reen, 
given the following prOiotype: 

voi d DrawRandomBi tmaps (unsi gned cllar *bi tmapData ) : 
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CHAPTER 7 

TEXTURE MAPPING 

. 

N othing we have discussed so far can bring as much real ism to a 3D scene as tex­
ture mapping. Lighting comes close, but it doesn't have ncar the impact that a 
simple texture map can have when applied to a sct of polygo ns. Instead of hav­

ing multicolo red polygons that seemingly come together to form a recognizable object, 
you can create pholo-realistic worlds with texture mapping that can almost persuade the 
user that the objects being viewed on the screen are real. In this chapter, you'Ulcarn how 
to ach ieve a high level of realism through an introduction to the concept and implemen­
tation of tex ture-mapping techniques in OpenGL. 

In this cha pter, you will learn about the following: 

• The basics of texture ma pping 

• Texture coordinates 

• Texture objects and texture binding 

• Texture specification with 10,20 ,30, and cube map textures 

• Texture filtering 

• Mipmaps and automatic mipmap generation 

• Texture p<lrameters, wrap modes, and level of detail 

• Texture environmen ts and texture functions 

149 
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An Overview of Texture Mapping 
In a nutshell, texture I1Itlpping allows you to attach images to polygons in order to prov ide 
more realistic graphics. As an example, you could apply an image o f the fro nt o f this book 
to a rectangular polygon; the polygon would appear to be a visual represen tation of the 
fron t of the book. Anothcr cxam ple would be to take a map of Earth and texlUre- map it 
o nto a sphere. You then have a 3D visual representation of Earth . Nowadays, textu re maps 
arc used everywhere in 3D graphics. In fact, texture mapping is the first step in bringing 
the realism and authenticity desired in today's games. 

Texture maps are composed of rectangular arrays of data; each clement of thcse arrays is 
called a rexel. Although thcy arc rectangular arrays of data, texture maps can be mapped 
to non-rectangular objects, such as spheres, cylinders, and other 3D object models. 

Usually, developers use the two-dimensional texture in their graphics; however, using one­
dimensional and three-di mensional textures is not unheard of. The two-dirnensionaltex ­
ture has both a width and a height, as seen in Figure 7.1. One-dimen sional textures have 
a width and a height equal to only 1 pixel. Three-dimensional textures have a width, 
height, and depth and are sometimes called volume rextures. In this chapter, we will be pri­
marily concerned with two -dimensional textures. 

When you map a texture onto a polygon, the texture will be transfo rmed as the polygon 
is transformed. In other words, if you rotate the Earth example we just talked about , the 
texture map \"m rotate \"hh the sphere and give the effect of a rota ling Earth. Similarly, if 
you usc translation and another rotation to rotate the Earth image around a sphcre we'll 
call Sun, then thc tcxturc map will stay on the Earth sphere as it rotates around the Sun 
sphere. You can think of tcxture mapping as applying a sort of skin to a 3D objcct or poly­
go n. You can move this skin around the object, stretch it, or shrink it, but no matter wha t. 
the skin, o r texture map, stays with the polygons to which you apply it. 

W idth 

Width 

1 D T,lctur, 

Figure 7.1 One-, two-, and three-dimensional textures. 

" o 
• 
" 
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Texture Coordinates 
Before we cover ho\y to specify textures with O penG L, we fi rs t need to discuss how tex­
tures arc mapped o n to polygons through the lise o f texture coord inates. 

Texture coordinates arc used to determine 
exactly how to apply a texture map to a poly­
go n. The lower-left corner of a texture is given 
the coordinates (O, 0), while the upper-right 
corner of a texture is given the coordinates ( 1, 
I ), Texture coordinates for 2D textures arc 
given th c notation (5, I) , where s and t arc equal 
to a value from 0 to J. 1 D, 3D, and 40 texture 
coordinates are given thc notation (5), (5, I, r) , 

and (5, I, r, q). respecti vely. Figure 7.2 illustrates 
2D text ure coordinate values for each vertex of 
a polygon. 

Note 

(0 .0, 1 .0) 

t 

(0.0.0 .0) 

Figure 7.2 
polygon. 

(1.0 . 1 .0) 

s • (1 .0.0.0) 

Texture coordinate values on a 

While texture coordinates are often in the range [0,1 j, there are some exceptions. Sometimes you 
will want to use texture coordinates with a value greater than 1 for repeating and clamping, which 
will be discussed in the ~Texture Wrap Modes~ section, later in this chapter. 

Granted, you are not required to spccify one texture per polygon. In fact, you can have a 
texture span as many polygons as you want, as long as you properly speci fy the texture 
coordinates across each polygon. As an example, we could divide the polygon shown in 
Figure 7.2 into two triangles by creating a diagonal for the polygon. If we kept the texture 
coordinates the same as the single polygon, then the two t riangles would be textured 
exactly the same as the texture polygon . The lower-left corner o f the texture is mapped to 
the lower-left corner of the left triangle, and the upper-right co rner of the texture is 
mapped to the upper-right corner of the right t riangle. 

'Iexture coordinates arc spec ified with the glTexCoord() function. Thi s function specifics 
the current homogeneous texture coordinates (5, t, r, q) and is defined as: 

~ o jd glTexCoord!l23411 sHd)( TV PE coords); 
~ o jd glTexCoo rd!l234 11sHd lv{TYP E coo rds }; 

As an example, you would set a 20 texture coordinate to (0.2, 0.4) by executing the fol­
lowing line of code: 

glTexCoord2f (0.2 , 0.4 ); 
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Every time yo u specify a vertex with glVertex(), the current texture coordinate is applied 
to it. Typically, yo u'll change the texture coordinate eve ry time you specify a new ve rtex. 
Given this fu nct ional ity, the following code sets the 2D texture coord inates fo r a pol ygon: 

glBegin(G~POlYGON); 

glTexCoord2f(0.0f. O.Of); glVertex3fC -0.Sf. O.Sf . O.Sf) : 
glTexCoord2fO.0f. 0.0f) ; glVertex3f(0 .5f. O.Sf . O.Sf); 
glTexCoord2fO.0f. l.0f): glVertex3f(0.5f. O.Sf. ·O.Sf) ; 
glTexCoord2f(O.Of. l.0f); glVertex3f( -0.Sf. O.Sf. ·O.Sf); 

glEnd(l: 

/I lower left 
/I lower right 
/I upper right 
II upper I eft 

Now that you know how texture coordinates arc assigned, it 's time to learn how to actu­

ally create textures. 

Using the Texture Map 
As men tioned, textures are images that you apply to a polygon or set of polygons. These 
images can be loaded from an image file, or you can generate them procedurally in mem­
ory. Once you have yo ur texture image data loaded inlo memory, to use it yo u need to 
specify it as a texture map with OpenGL. You accomplish this by first generati ng what is 
called a texture object, which you then use to sto re inform:l1io n about the tex ture, indud­
ing the image data and how it is to be applied. 

Note 

You can use textures without using texture objects, in which case all texturing operations are 
applied using an internal default texture object For anything beyond trivial examples, though, there 
are perlormance penalties involved with this. since you'll have to constantly reload the texture 
image data if you are using more than one texture. It's better to start using texture objects from 
the beginning . 

Texturing is enabled and disabled through the use of the glEnable() and g10isable{) func ­
tions discussed in Chapler 3, "OpcnGL States and Primitives." The constants Gl_TEXTURE_10, 
Gl_TBT URE_2 D, G~TEXTURE_30, and Gl_TEXTURCCUBCHAP may be passed as the parameter to 
these functions to enabled or disable one-, two-, three-dimensional, or cube m:lp texturing, 

respectively. 

Now let 's look at how you use texture objects. 

Texture Object' 
Texture objects arc internal data structures that hold texture data and parameters. You 
never gain direct access to them, but instead you track them with a unique unsigned inte-
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ger that acts as a handle. Each texture object has state associated with it that is unique to 
that texture. To facilitate the requirement of using unique identifiers for tex ture objects, 
OpenG L provides the glGenTextures () function: 

void glGenTextures(GLsizei n. GLuint *textures}: 

This function returns n previously unused texture object identifiers in the textures array. 
The identifiers that are returned 10 you are marked as "used" by glGenTextures (), so each 
time you use the function, it returns unique texture object identifiers to you. Even though 
the identifier is marked as used, the texture object itself is not truly in usc by OpenGL 
(meaning it acquires state and parameters) until it is fi rst bound. Here's an example use 
of glGenTextures(): 

unsigned int textureObjects[J ]: 

gl GenText ures(3 . textureObjectsl ; 

Texture Binding 

The first time you bind a texture object, it acquires a new set of states wilh initial values, 
which you can then modify to suit your needs. The glBindText ure() function performs the 

bi nding operatio n: 

void gl BlndTexture (Glenum target. Gluint texture ) ; 

target must be the desired targel o f the bound texture: GL_TEXTURE_IO, G~TEXTURL20, Gl_TEX' 
TURC30, or G~TEXTURLCUBEJIAP . Each of these ta rgets corresponds to a type of texture in 
OpenGL. which we will discuss in the section on "Specifying Textures." texture is simply 
the identifier for the texture object you want to bind. 

A bound texture object remains bound to a target until it is deleted or another texture 
object is bound to the {'arget. Call s to glBindTexture () after the initial call have the effect of 
selecting the texture object and binding it to the indicated ta rget. In this way, texture 
objects "Ill be used to store information about a texture that can quickly be ret rieved and 

used by binding it. 

While a texture object is bound to a target, OpenGL texturing operations on that target 
affect the texture object. Any texture queries to the target return state values from the 
bound texture object. For example, examine this code: 

gl Bi ndTex ture{ Gl.-TEXT URE_20 . textureObjects [0]) : 

1/ all texture operations using Gl_TEXTURC20 now affect t extureObjects[O) 

gl Bi ndTexture (Gl.. TEXTURL30 . textureObjects [1]) : 
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II all texture operations using Gl_TEXTURE_20 target still affect textureObjects[O] 
/I all texture operations using Gl_TEXTURE_30 target now affect textureObjects[l] 

91 B1 ndTexture( G~TEXTURE_20, textureObjects[2]); 
/1 all texture operations using Gl_TEXTURE_3D target still affect textureDbjects[l] 
/I all texture operations using Gl_TEXTURE_2D target now affect teKtureObjects{2] 

Not e 

You can have multiple texture targets enabled at one time, but when rendering starts, only the tar­
get with the highest dimensionality will be used, with G~TEXTURE_CUBU1AP being the highest and 
G~TEXTURCID being the lowest. 

Deleting Texture Objects 
When you c reate tex ture objects, OpcnGL internally allocates memory to store them, so 
to prevent resource leaks you need to delete them when yo u're done using thelll. Texture 
objects are deleted by calling the glOeleteTeKtures() function: 

void glDeleteTextures(Glslzei n, Gluint *textures); 

The textures pa rameter contains n texture object identifiers to be deleted. After a texture 
object has been deleted . it has no contents and is considered unused. Any texture objects 
in the teKtures array that arc already unused a re simply ignored, as is the value zero. 

Resident Textures 
All video cards have a limited amount of memory in which they can store texture data. 
When th is limit is exceeded. some textures (usually the least recently used ones) need to 
be moved to system memory. This can cause a performance hit when they arc used again . 
since they must then be moved back into video memo ry. You call determine whether a 
texture object is currently a part of the working set of texture objects in video m emory by 
calling the function gl Are T extures Res i dent(): 

Glboo l ean glAreTexturesResident(Glsizei n, GLui nt *textures, Glboolean *residences); 

Thi s function returns Gl_TRU E if all of the texture objects ident ifi ed in t ext ures arc resident 
in the working set or if the OpenGL implementation does not concern itself with a work­
ing sct. If at least one of th e textures identified in t extures is not resident in the working 
set, the function returns GLFAlSE with the status of each texture object in residences . 
Gl_FAlSE is also returned if any unused texture objects are identified in textures. 
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Texture Priority 

You ca n guide OpenG L in determining which texture objects sho uld be resident (if it sup­
ports a texture object working set) by specifying a priori ty for each texture object with the 
9 1 Pri orlt i zeTextures () function: 

void glPrioritizeTextureslGlslzei n, Gluint '"'textures, Glclampf '"'pr iorities); 

This function sets the priorities of /I texture objects identified in the lexlllres parameter to 
the values specified in priorities. Priority values arc damped to the range [0. I [ before 
being assigned to a texture object. A value of zero indicates the low'est priority. and one 
ind icates the highest prio ri ty. g1 Pr i or i t i ze T extures() ignores specified texture obj ects that 

arc unused or zero. 

Specifying Textures 
Ope nGL provides three main functions for specifying a texture: glTexlmage l O{), 
gl lex Image2 D{ ). and gl lex I mage30( 1. Each function corresponds to the dimensionali! y of the 
texture. For instance. if the texture is a 3D texture, then you use gllexlmage30() to specify 
the 3D texture. OpenGL provides cube map texture func tion:ll ity through special para­
meters to the glTexlmage20() function . Let's take a look at these func tions. 

2D Textures 
The glTexllllage20() function is defined as: 

void glTexlmage20(GlenUIB target . Glint level , Glint interna lFormat. Glsizet width. 
Glsi zel height. Glint border, Glenum format, Glenull type. 
const Glvoid* texelsL 

The target parameter must be either Gl_T[XTURC20 for a two-dimensional texture or 
G~PROXCT[XTURL20 for a two-dimensional proxy texture. We won't be discussi ng proxy 
textures in detail. but they're used to test whether a given texture size and fo rmat can be 
supported \v ithout actually creating the texture data. Several other values may be used for 
the target pa rameter, as we will d iscuss with cube maps. 

The 1 evel parameter specifies the level of detail of the texture map ;lIld is used when work­
ing with rnipmaps. The base texture image has a level of detail of 0, which is what we wi ll 
use until we discuss mipmaps. 

The 1nternalFormat parameter describes the base in ternal format of how the texture is 
stored in video memory and can be any of the values listed in Table 7.1. For backward 
compatibi lit y with OpenGL 1.0, inte rnalFormat may also take on a value of I, 2. 3, or 4, 
which are respectively equivalent to the constants lUl-IIHANCE, lUHINANCEjtPHA, RGB, and RGBA. 
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Table 7.1 Texture Internal Formats 

Format Description 

GUlPHA 

GLDEPTH_COHI'ONEW 

GUUHINANCE 

GUUHINANCUtPHA 

GLINTENSITY 

Alpha values 
Depth values 
Grayscale values 
Grayscale and alpha values 
Intensity values 

GLRGB Red, green, and blue values 

GLRGBA Red, green, blue, and alpha values 

• Available only via the ARS_depth_tex t ~re eldension under Windows 

Tip 
In addition to the values listed in Table 7.1, OpenGl provides several values that allow you to 
specify both the format and the desired number of bits per channel. These have the general form 
of formatNor forma tN~lPHAM, where format is one of the values in Table 7.1, N is the number of 
bits per channel, and M is the number of alpha bits. There are over 30 of these values, many of 
which aren't particularly useful, so we won't list them all here. The two most important ones are 
G~RGBB and GLRGBAS, which request 8 bits for each color channel. By default. some graphics cards 
use less than 8 bits per channel for RGBA textures, so using GL_RGBA8 or G~RGB8 instead of GLRG8A 
or G~RGB can result in noticeably higher texture quality. Note that these values are treated as 
requests; OpenGl may ignore the requested number of bits per channel. 

The width and height parameters define the width and height of the texture map. Like 
glOrawPhels(). the width and height of a texture map must be equal to a power of 2 
(though there are some extensions that allow you to get around thi s lim itation), but the 
texture does not have to be square. 

The border parameter indicates whether there is a border around the texture. Th is para ­
meter is equal 10 either 0, for no border, or I, for drawing a border in the color set with 
the Gl_TEHU RE_BO ROE~(OlO R parameter (see the section "Texture Par.uneters" later in the 
chapter). 

The fo rmat parameter is used to define the format of the image data contained in the t ex.e l s 
array. [t can be equal to any of the values listed in Table 7.2. 

The type parameter defines the data type of the texture image d.lla. This parameter can be 
any o f the values listed in Table 7.3. 

Looking at Table 7.3, you may notice the section of "packed" data fo rmats and wonder 
how these work. Let's usc the type Gl_UNSIGNEO_8YTC3_3_2 as an example. In th is case, all of 
the red, green, and blue (and alpha if available) components are packcd into a singlc 
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Table 7.2 Texture Pixel Formats 

Format 

GLCOlOR.....lIlOEX 
Gl-OEPTH_COHPOIIENT' 
GUEO 
GUREEN 
GUlUE 
GUlPHA 
GUGB 
GUGBA 
Gl-BGR u 

GU GRA H 

GUUHINA NCE 
GUUHINANCU.L P ~A 

Description 

Color index valu~ 
Depth values 
Red pixel values (R) 
Green pixel values (G) 
Blue pixel values (B) 
Alpha values (Al 
Red, green, and blue values (RGB) 
Red, green, blue, and alpha values (RGBA) 
Slue, green, and red values (BGR) 
Slue, green, red, and alpha values (BGRA) 
Grar.;cale values (luminance) 
Grayscale values with alpha (luminance with alpha) 

• Available only via the ~RB_dep t h_te x tu r e eJdension under Windows 
• Available only the EXT _bgr~ extension under WindOM 

Table 7.3 Texture Data Types 
Format Description 

GUITKAP 
Gum 
Gl-UNSIGNEO_BYTE 
GUHORT 
Gl-UNSIGNEO_SHORT 
GU NT 
GUNSIGNEU NT 
GUlOAT 
GUNSIGNEUYTU J 2 
GUNSIGNEUYTU_U_REV 
GUNSIGNEUHORU_U 
GUNSI GNEUHORU_U_REV 
Gl-UNSIGNED_S HO RT_4_4_4_4 
GUNSI GN EUHO RT_ U _ U _REV 
GL_UNSIGN ED_S HOR T_5_S_5_1 
GL_U NSIGNED_S HORT_l_S_5_S_REY 
GU NSI GNED_I NT_S_U _S 
GUNSI GNED_I NT_S_U _U EV 
GUNSI GNED_I NT_1D_1UU 
Gl-UNSIGNED_ INT_Z-10_ID_IO_REY 

A single bit (0 or 1) 
Signed 8-bit integer (1 byte) 
Unsigned 8-bit integer (I byte) 
Signed 16-bit integer (2 bytes) 
Unsigned 16-bit integer (2 bytes) 
Signed 12-bit integer (4 bytes) 
Unsigned 12-bit integer (4 bytes) 
Single-precision floating point (4 bytes) 
Packed into unsigned 8-bit integer. Rl, Gl, B2 
Packed into unsigned 8-bit integer. B2, Gl, Rl 
Packed into unsigned 16·bit integer. RS, G6, BS 
Packed into unsigned 16·bit integer. BS, G6, RS 
Packed into unsigned 16·bit integer. R4, G4, B4, A4 
Packed into unsigned 16·bit integer. A4, B4, G4, R4 
Packed into unsigned 16·bit integer. RS, GS, BS, Al 
Packed into unsigned 16·bit integer. AI, BS, GS, RS 
Packed in to unsigned 12-bit integer. RS, GS, S8, AS 
Packed into unsigned 12-bit integer. AS, B8, G8, R8 
Packed into unsigned 12-bit integer. RIO, GI 0, BID, IV. 
Packed into unsigned 12-bit integer. A2, BID, Gl0, RIO 

Packed pixel formats are available only via the .l.RBJladeGJb~ls eJdension undef Windows 
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unsigned byte. Since this example packed format is defined as 3_3_2, the co mpo nents 
available are red , green, and blue. If we were looking at a different data type format , say 
GL_UNSIGNEO_SHORT_4_4_4_4. we would be dealing with red. green. blue. and alpha compo­
nents packed into an unsigned short. 

Normally components are packed with the firs t component in the most significant bits of 
the data type. with the successive components occupying the less significant bits. So for 
data type GL_UNSIGNEO_BYTL3_3_l with the format being GL_RGB, the red component is in bi ts 
'5--7, the green co mponent is in bits 2-4, and the blue compo nent is in bits 0-1. Figure 7.3 
illu strates the bit layout of the type GLUNSIGNEO_BYTL3_3_2. 

You may also noti ce that there is a Gl_UNSIGNED_BYTL2_3_3_R EV li sted in Table 7.3. In fact , all 
of the packed data types have a complementary type whose token name ends in _REV . 
With these types, the componen t packing order reverses from least to most significant bit 
locatio ns. This means that the red component is in bi ts 0-2, the green component bits 
3-5 , and the blue component bits 6-7. Figure 7.4 illustrates the component packing for 
GL_UNSIGNEO_BYTE-2_3_3_REV. 

Red Green BI~ 

7 6 5 4 3 2 1 o 

Figure 7.3 GLUNSIGNEO_BYTC3_3_l type wi th bit numbers for each 
component. 

Blue Green Red 

7 6 5 4 3 2 1 o 

Figu re 7.4 GLUNSIGNED_BYTE_L3_3]EV type with bit numbers for 
each component. 
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texel s, the last parameter, is a pointer to the actual texture image data that you ei ther gen­
erated o r loaded from an image file. OpenGL will read the image data in the fo rmat you 
spec ified for th e type parameter. 

As an example, say you have loaded an RGBA image into the variablc textureData that has 
a width and height of textureWidth and textureHeight. respectively. and you want to spec­
ify a tex turc with it. You simply usc the glTeximage20{) function likc so: 

glTexlmage2D(GL-TEXTURE_2D, 0, Gl_RGBA, textureWldth, textureHeight, 0, 
GLRGBA, Gl_UNSIGNEO_BYTE , textureOatal: 

After this function is called , the texture is loaded and ready to usc. 

1D Textures 

lD texturcs arc essentially 2D textmes wi th a height equal to l. These textures arc often 
used for drawing color bands or for performing shading techniqucs that would otherwise 
require an excess ive number of polygons. To create aiD texture, you use the glTex lmage lD() 
function, which is defined as: 

void glTexlmagelO(Glenum ta rget , Glint level , Glint internalFormat. GLsizei width, 
GLInt border , Glenum format. GLenum type. const Glvold *texelsl; 

All o f the parameters for glTexlmagelD () are the same as those for glTexlmage20(). The only 
difference bcl\vCCn the two functio ns is the height parameter, which is not present in 
the gITexlmagelOO function. For the target parameter, you now specify the value GLTEX· 
TURCIO, \vhich tells OpenGL that you arc creating a I D texture. 

Here is a short code snippet creating a 32- texel-wide RGBA texture lIsing thc gITexlll· 
agel D() function: 

unsigned char illageData[l2B); 

glTexlmagelD(GLTEXTURE_lD, 0, GLRGBA, 32 , 0, GL_RGBA , Gl_UNSIGNED_BYTE. lmageOatal; 

3D Textures 

Ex ten s ion 

Extension name: EXT_texture3D 

Name string: GLEXT_textu re3D 

Promoted to co re: OpenGll.2 

Function names: glTex Image3DEXT( I 

Tokens: G~TEXTURE_3D_EXT 
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3D textures can produce some amazing visual effects, but they consume an enormo us 
amount of memory for eve n the modestly sized textu res. Although the medical field 
already uses 3D textu res for applications such as MRI, widespread use in 3D gaming 
remains to be seen. With advancemen ts in graphics hardware, however, 3D texlU res may 
soon become more commonplace. 

To create a 3D texlUre, you use the glTexlmage30() function: 

glTexlmage30(Glenum target, Glint level . Glint internalFormat. Glsizei width. 
Glsizei height, Glsizei depth. Glint border . Glenum format. Glenum type. 
canst Glvoid *texels): 

The parameters for this function are essentially the same as those for glTe:dmageID() and 
gl T ex image2D( ). The difference here is the depth parameter, which spec ifics the third dimen­
sion of the texture. 

Here is a short code snippet creating a 16 x 16 X 16- texel RGB texture using the glTexl m· 
age3D() function: 

unsigned char imageDa ta[16* 16*16*3) ; 

glTexlmage3D(Gl_TEXTURL3D. O. Gl_RGB . 16. 16 . 16. D. Gl_RGB . 
Gl..UNSIGNED_BYTE. i mageData); 

Cube Map Textures 

Extension 

Extension name: ARB_texture-,ube_map 

Name string: GURB_texture_cube_map 

Promoted to core : OpenGl 1.3 

Function names: None 

Tokens: Gl_TEXTURE_CUBE~AP_ARB,Gl..TEXTURE_CUBE_HAP_POSITIVE_X_ARB, 

GLTEXTURLCUBE~AP _NEGATI VE_X~RB, GLTEXTURLCUBU~AP _POSIT i VE_YJRB, 
GLTEXTURE_CUBE~AP _NEGAT I VLY ~RB, Gl_TEXTURLCUBUIAP _POSIT I VLCARB, 
GLTEXTURLCUBE~AP _NEGAT I VLl~RB 

A cube map texture is a set of six two-dimensional texture images. You specify a cube map 
texture by usi ng the glTexl mage2D() func tion with the targe t pamilleter equal to one of the 
fo llowing: GLTEXTU RE_CU BE_HAP _POS J Tl V E_X, GL_TEXTURCCUBE_H AP _NEGAT I VE_X, Gl..TEXTURE_ 
CUBE_HAP_POS1T1VE_Y, Gl..TE XTURE_CUB E_HAP_HEGAT IV E_Y, Gl_TEXTURE_CUBE_HAP_POSITIVE_I, or 
Gl_TEXTURE_CUBEjHAP_NEGATIVE_Z. 
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Cube map dimensions must not only be powers of two, but also o f equal width and 
height, meaning they must be square. T he six cube map texture targets listed previously 
fo rm a single cube map texture, although each target corresponds to a distinct face of the 
cube map. Cube maps a re gene'rally used with 3D texture coordinates, with the (s. I, r) val­
ues treated as a direction vector coming from the center o f a cube. When a texel is to be 
obtained from the cube map, the largest magnitude coordinate in the (s, I, r) vector deter­
m ines which cube face is selected. A new set of coord inates, (s, I). is then calculated by 
dividing the two sm aller magnitude coordinates by the largest magnitude coordinate. The 
new (s, t) vecto r is then used to look up the texcl in the two-dimensional texture image 
representing that fa ce o f the cube map. 

Notice th.1I \vhile the targets listed above are used when specifying, updating, or querying 
one of the cube map's six two-dimensional images, enabl ing cube map tex turing or bind­
ing a c ube map texture object requires usc of the Gl_TEXTU RE_CUBE~AP target. 

Texture Filtering 
Texture mapping a polygon is the act of mapping from texture image space to frame 
buffer image space. Typically, this mapping requires reconstructio n of the texture image, 
which can result in a distortion of the image as it is applied to the polygo n. After a texture 
map has been applied to a transformed polygon, a si ngle sc reen pixel can represe nt a frac­
tion o f a lexel if the viewpoint is dose to the texture, or a pixel can represent a collectio n 
of texels \vhen the viewpoint is further away. Texture filtering tells OpenGL how it should 
map th e texels to pixels when calculating the final image. 

In texture filt ering, magnification refers to when a screen pixcl represents a small portion 
of a texei. Mill ijicatioll refers to when a pixel contains a number of texels. You can tell 
OpenGL how to handle both of these filtering cases with the gl TexParameter() function: 

void glTexParameter(ifJ(GlenlJm target. GlenlJm pname. T param); 
void glTexParameter(lf1v(Glenum target , Glenum pname, T params); 

Not e 

We will discuss more about the glTexParameter() function in the "Te)(ture Parameters· ~(tion 
later in this chapter, so the parameter values discussed here apply strictly to te)(ture filte ring. 

The value of the ta rget parameter refers to the texture target and can be equal to 
GL-TEXTURUO, GL-TEXTURE_20, GL-TEXTURC30, or Gl_TE XT URE_CUBU!AP. Specifying the texture 
magnification filter parameter requires the pname parameter to be GL-TEXTURUIAGJIlTER; 
the texture minification fi lter parameter is specified with Gl_TEXTURE~INJIlTER. 
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When specifying the GLTEXTUREjlAlUllTER. the param parameter may be equal to either 
Gl_NEAREST o r GLlINEAR. Using Gl_NEAREST for the magnifi ciation filt er te lls O penC L to use 
the texcl nearest to the center of the pixel being rendered. 'i11is is sometimes referred to as 
point stllnpfit/g. Using GLlINEAR tells OpenGL to lise the weighted average of the four tex­
cis dosest to the center of the pixel being rendered. This is known as bifi"ear fi lterit/g. 

The minifi cation filter allows a few more legal values than the magnification filt er. Table 
7.4 lists all of the values you may lISe when specifying Gl_TEXTURE~[N_FllTER. Note that lhe 
va lues listed in the table arc in order of increasing rendering quality. 

Table 7.4 Texture Minification Filter Va lues 

filter 

GU EAREST 
GLL IN EAR 
GLN EARESUI PHA UEAREST 

GUI MEAIlJ!IPHAUEAREST 

GUI NEAIlJ!IPHAUIMEAR 

Description 

Use the lexel nearest to the center of the piKel being rendered. 
Use bilinear interpolation. 
Use the mipmap level dosest to the polygon resolution, and use 
GU EAREST filtering on that level. 
Use the mipmap level dosest to the polygon resolution, and use 
GLlINEAR filtering on that level. 
Use GLNEAREST sampling on the two levels closest to the polygon 
resolution, and then linearly interpolate between the two values. 
Use bilinear filtering to obtain samples frOOl the two levels closest 
to the potygoo resolution, and then linearly interpolate between the 
two values. This is also known as rfili~iJf filtering. 

You will not ice that four of the legal values to Gl_TEXTURCHIN_FllTER deal with mipmaps. 
Ignore them fo r now, as we will discuss mipmaps in this chapter unde r the section aptly 
entitled "Mipmaps." 

By default , the magnificati on filter is set to Gl_L1NEAR, and th e minification is set to 
GLNEARESCHIPHAP _LINEAR. 

Tip 

When rendering with teKtures, OpenGl first checks to see if the current texture is complete. Among 
other things, this includes verifying that all levels of the mipmap have been defined if one of the 
mipmap modes has been chosen as the minification filter. If the texture is not complete, texturing 
is disabled. Because the default value for the minification filter uses mipmapping, you should be 
sure to either specify all of the mipmap levels or change the minification filter to Gl_L1NEAR or 
GLNEAREST. 
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Basic Texture Example 

Now that we have the minimum requirements fo r texture mappi ng covered, let's take a 
look at a basic example tha t does nothing more than apply a text ure to two polygons. In 
the Chapter 7 folder on the CD, you will find an example en ti tled Texture Basics. This 
example moves two polygons along the z-axis to show how the minification and magni­
fica tion texture filter sellings affect the visual quality of a texture map. Figure 7.5 is a 
screenshot of this example. 

Figure 1.5 A screenshot of the TextureBasics example. 

The polygon on the left uses GLLl NEAR for both minification and magnification. As such, 
the texture is linea rly interpolated as it moves closer to and further from the viewpoint, 
resulting in a smooth transition. 

The polygon on th e right lIses GL_llNEAR for minification and GLNEAREST for mngnification. 
As the polygon nppronc hes the camera, you will notice that the texture's visual quality 
changes slightly when it passes through the threshold for OpenGL to swi tch (rom min ifi­
cation filtering to magnification fi ltering. 

The code to set up the texture objects and fi ltering modes is in the In! t () method: 

bool CGh OpenGL ::l nlt () 

I 
glClearColor (O .O, 0.0, 0.0, 0.0) ; 
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/I enable 20 texturing 
gIEnab1e(G~TEXTURE_2D) ; 

IILtextureDne .. new CTargalmage ; 

If load texture image data 
if (!lILtextureDne->load( "rock _tga" )) 

return false; 

/I retrieve 'unused" texture obj ect 
glGenTextures(l. &~textu reObjectOne); 

II bind the texture object 
gl 8i ndTexture( GL_TEXTURE_2D . m_textureObj ect One) : 

II set the min and mag texture f i l ters 
glTexParame t eri(G~TEXTUR[_2D. GL_T EXIURE_MAG_F ILTER. GL_LINEAR}; 
gl TexParameter i {G~TEXlU RC20. GL_TEXlURCM I NJ I l TER. GL_L1NEAR}; 

1/ specify a texture for the texture object 
glTexlmage20(GLTEXlURE_2D. 0, GL_RGB , m_textureOne->GetWidth(), 

ILtextureOne- >GetHeight( J, 0, Gl_RGB , Gl_UNSIGNEO_BYTE. 
ILtextureOne-)Getlmaqe()) ; 

/I create the second texture object 
glGenTextures(l, &lLtextu reObjectlwo); 
glBlndTexture(Gl_T£XTUR£_2D. IILtextureObjectTwoJ: 

q1 TexParameteri (GLTEXlURE_2D , Gl_TEXlURCHAGJI l TER . Gl_NEAREST); 
91 TexPa rameteri (GLTEXTURE_2D , GLTEXTURCHI N_FI l TER. Gl_LI NEAR) : 

91 Texlmaqe20( GL_ TEXTURE_2D , 0, GL_RGB , m_textureOne- >Get Wi dt h ( ). 
IILtextureOne- >GetHei ght( ) , 0, GL_RGB, GL_UNSI GNED_BYTE. 
IILtextureOne->Getlmage()) ; 

II initialize movement variables 
IILZPos" -5.0f: 
IILZHOyeNega the " true ; 

return true: 
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In the Init() method, we first enable 20 texturing and then load the texlUre image data 
using the CTargalmage class we created in Chapter 6, " Bitmaps and Images \.,. ith OpenGL." 
We then get an unused tex ture object through gIGenTexture s(). bind the texture object , 
spec ify the minification and magnification fo r the texture object as Gl_LINEAR, and finally 
spec ify the textu re with glTexlma ge2D(}_ We then repeat the process for the second texture 
object, while using the same texture image data and applying Gl_NEAREST to magnification 
filte ri ng and Gl.J INEAR to minifica tion fli tering_ 

The other two methods of interest in this example are the OrawPlane() and Render() meth­
ods, shown here: 

~oid CGfxDpenGL : :DrawPlane() 
I 

gIBegin(GL_TRIANGlE_STR IP ) ; 
glTexCoord2 f (1.0. 0.0) ; glVert ex3f(2_ 0, -2.0, -2.0) : 
glTexCoord2f(O.O . 0.0); gl Ve rtex3 f( -2.0 . -2.0. '2 .0) : 
glTexCoord2f (l. O. 1.0) ; glVertex3f(2.0, -2 .0, 2.0) : 
glTexCoord2f(0.0 . 1.0); glVertex3f( -2.0 . -2.0, 2.0) ; 

gIEnd(); 

~old CGfxOpenGL::Render() 
I 

1/ clear screen and depth buffe r 
gl (1 ea r( GL_COLDlLBUFFElLBIT I GL_OEPTH_BUfFElL8IT); 

1/ load the identity matrix (clear to default position and orientation) 
glLoadidentity(l; 

1/ draw the left polygon 
gl PushHatrix() : 

II translate the world coord inate system along t he z-axis 
glTra nsla tef (-3 .0. 0.0 , m_zPos) ; 
glRotatef(90 .0, 1.0 . 0.0, 0.0) ; 

1/ bi nd t he textu re 
g l BlndTex ture(G~T£XTUR£_20 , ~text ureObjectOne) ; 

/I draw the plane at the wor ld origin 
DrawPlane(); 

gl PopHatri x() ; 

1/ do it all again for the ri ght polygon 
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glPushHatrh() ; 
glTranslatef(3.0. 0.0, m_zPos); 
gl Rotatef{90.0, 1. 0, 0,0 , 0.0); 
glBindText ure (Gl_TEXTURE_2D. m_textureObjectTwo) ; 
DrawPl ane(): 

glPopHatrh(): 

In OrawPlane() . we are specifying the texture coordinates and d rawing the venices of the 
textured polygon. In the Render() method, notice that before rendering each polygon with 
OrawPl ane (), we first bind the texture object that we want to use to texlure the polygon we 
are drawing. Binding a tcxture object selects it for the cu rrent texture unit, where it can 
then be processed by any texturing commands that follow. 

Mipmaps 
The term lIIipl//(/p stems from a latin phrase meaning "m;my in one." It 's used to refer to 
a texture that is composed of many different levels. Each level has dimensions that arc half 
of the previous one. For example, if we start with a base image with dimensions 64 x 64, 
then the next mipruap level image will have a resolution of 32 x 32. The next image after 
that will be 16 x 16. then 8 x 8, 4 x 4, 2 x 2, and finally 1 x 1, resulting in a set of seven 
mipmap levels. 

Mipmaps were introduced to combat a visual artifact known as swimm ing. Swimming is 
the result of two adjacent pixels sampling from widely separated portions of the tcxture 
map. This is common for polygons that are far away from the viewer. where you might 
have for example a triangle that is represented as only five pixels sa mpling from a 512 x 
512 texture. For static scenes, this isn't a problem, but as soon as you introduce motion. 
the portions of the texture being sampled change, resulting in different colors appearing. 
Mipmaps reduce this problem because levels with lower resolutions arc used for distant 
polygons. leading to more consistent sampling. Mipmaps have the add itional benefit of 
reducing texture cache misses, since the smaller levels are mo re likely to remain in limited 
but higlHpeed video memory for as long as they are needed. Figure 7.6 illustrates the 
concept of mipmaps. 

OpenC l performs mipmapping by determining which texture image to use based on the 
size of the fragment relative to the size of the texels being applied to it. OpenCl chooses 
the mipmap level that allows as dose to on('-to-one mapping ;IS possible. 

Each level in a mipmap is defined using glTexlmage30 (), glTexlmage20() . or glTexlmagelO( l. 
The level parameter of these functions specifies the level of detail, or resolution level, of 
the image being specified. 
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Figure 7.6 Mipmaps help control the level of detail for textured objects. 

By default, you have to specify all levels starting from level 0 to the level at whi ch the tex­
ture becomes I x I (which is equivalen t to log2 of the largest dimension of the base tex­
ture). You can, however, change these limits by using the gl TexPa rameter() function with its 
pname parameter sc t to GLTEXTURE_BASE_LE VE L or GL_TEXT URE_HAClEVEL, respectively. The 
value passed to either of these parameters must be a positive integer. 

Mipmapping is first enabled by specifying one o f the mipmapp ing values fo r texture 
mini fication. Once the texture mini fication filter has been set , you then only need to spec­
ify the text ure mipmap levels with one of the glTexlma ge3D (), glTexlmage20(). o r glTexlm­
ageID() functions, depend ing on your texture dimensionality. The following example code 
sels up a seven-level mipmap with a minifica tion filter of Gl_N EARESTjUPHAP _LINEAR and 
slarting at a 64 x 64 base texture: 

gITexParameteri(G~TEXTURE_2D, GLTEXTURE_HA~FtlTER, Gl_lINEAR); 
gITexParameterl(GLTEXTUR~2D, GLTEXTURE_HIN_F tlTER . Gl_NEARESTjHIPHAP_lINEAR1 ; 
gl Texlmage2D ( GLTEXTURE_2D, 0, GLRGB , 64,64 .0, Gl_RGB, Gl_UNS IGNED_BYTE, texlmageO) ; 
gl Texlmage2D( GLTEXTURE_2D, 1, GL_RGB , 32,32 ,0, Gl_RGB , Gl_UNS IGNED_BYTE, tex Imagel ) : 
glTexl mage2D(GLTEXTURE_2D, 2, GLRGB , 16,}6 .D, Gl_RGB , Gl_UNSIGN ED_BYTE, t exlmage2) : 
glTexl mage2 D(GlJEXTU RE_2D, 3, GLRGB , 8. 8. 0, Gl_RGB. Gl_UN SIGN ED_B YTE. t exl mage31 ; 
gil ex Image2 D( GLTEXTURE_2D, 4, GLRGB , 4, 4. 0, Gl_RGB. Gl_U NS I GNED_BYTE. t ex Image4 I ; 
gllexlmage2D(GlJEXTU RE_2D, 5, GlJGB , 2, 2, 0, Gl_RGB, Gl_UN SIGNED_BYT E. t exl mage51 ; 
gllexlmage2D(GLTEXTU RC20, 6, GlJGB , 1, 1. 0, Gl_RGB. Gl_U NS IGNED_BYTE, t exl mage61 ; 

Mipmaps and the OpenGL Utility Library 
The GLU library provides the gluBuild20Mipmaps() and gluBulldlDHipmaps() functions to 
bu ild mipmaps automatically fo r two- and one-dimensional textures, respectively. These 
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funct ions replace the set of function calls you would normally make to the glTex!lIIage2D() 
and glTex lmagelD() functions to specify mipmaps. 

lnt gluBuild2DHipmaps(Glenum target , GUnt COlIIponents, Glint width, Glint height, 
GlenulII forma t, Glenum type, const voi d *data); 

lnt gluBulldlDHlpmaps(Glenum target , Glint components Glint width, GLenum format, 
GlenulII type, const void *data); 

One o f the nice fea tures about these functions is that you do not have to pass a power-of-
2 image because gluBuild2DHipmaps() and gluBuildlDHipmaps() automatically rescale your 
images' width and height to the closest power of 2 for you. 

The following code uses the gluBui ld20Mi pmaps{) function to specify mipmaps in the same 
way as the previous mipmap example using glTexlmage2D{) : 

gl TexPa ra rneter! (Gl_TEXTU RE_2 D, GL_TE XTURUtAGJI l TER , Gl_lI NEAR ) : 
gl TexPa (arneter! (Gl_THTU RE_2D, Gl_TEXTURCMI NJll TER , Gl_NEARESUlI PMAP _l I NEA R) : 
gl uBui l d20Mipma ps{G LTEXTURE_20, Gl_RGB, 64 , 64 , Gl_RGB , Gl_UNSIGNED_BYTE, texl mageO); 

Automatic Mipmap Generation 

Ext e nsion 

Extension name: SGIS_generateJlipmap 

Name string : GLSG IS_generateJlipmap 

Promoted to core: OpenGl 1.4 

Function names : None 

Tokens: Gl.GEHERATE~IPHAP _SG IS 

As of Version l A, OpenCL has introduced a new method fo r auto matically generating 
mipmaps with th e text ure parameter GLGENERATUHPMAP. Setting this parameter to GLTRUE 
will indu ce a mechanism that automatically generates all mipmap levels higher than the 
base level. The in ternal formats and border widths of the derived mipmap images all 
match those of th e base level image, and each increasing mipmap level reduces the size of 
the image by half. The actual contents of the mipmap images arc comput ed by a repeated, 
filtered reduction of the base mipmap level. 

One of the nice features of this parameter is that if you change the texture image data, the 
mipmap data is calculated automatically, which makes it ex tremely use ful for text ures 
yo u're changing on the ny. 

We are actually discussing texture parameters in the next sectio n. This means you should 
read on to find out how to use the automat ic mipmap gene ration functionality of 
OpenCL! 
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Texture Parameters 
OpcnGL provides several parameters to control how textures are treated \yhcn specified , 
changed. or applied as texture maps. Each parameter is scI by calling the 91 TexPa rameter{) 
function (as mentioned in the sec tio n "Texture Filtering"): 

void glTexParameter{lf)(Glenlim target, GLenum pname. TYPE param): 
void glTexParameter{if)vCGLenum target, Glenum pname, TYPE params): 

As mentioned before, the value of the target parameter refers to the textu re target and can 
be equal to Gl.TEXTURE_1D. Gl_TEXTURE_20, Gl_TEXTURC30, or Gl_TEXTURE_CUBEJiAP. The pname 
parameter is a constant indicating the parameter to be set, a list of wh ich is shown in Table 
7.S. In the first form o f the glTexPa rameter() function, param is a single-va lued parameter; 
in the second form . para ms is an array of parameters whose type depends on the parame­
ter being set. 

Table 7.5 Texture Parameters 

Name Type 

GUEXTURUIW _5 integer 

Gl-TEXTURE_WRAP_T int~ 

GUEXTURUIRAU integer 

Gl-TEXTURlJMl~rllTER integer 

Gl-TEXTURE~~rllTER integer 

GUEXTURUORDER..COLOR 4 floats 

GUEXTURURIORITY float 

Gl-TEXTUREjHl~LOD' float 

Gl-TEXTU R~~LDD' float 

GUEXTURU,I,.SUEVEL· integer 
GL_TEXTUREjH,I,.X_LEVEL· integer 

GU EXTURUOU I,I,.S · float 
GUEPTH_TEXT URUlOOE** enum 
GU EXTURUDHP,I,.RUlOOE ·· enum 
GU EXTURUOKP,I,.RUUNC·· enum 

GUENERATlJM l PHA.P" boolean 

Values 

GUlA.HP, Gl-CLAHUO_EDGE ' , Gl.REPW, 
GUlAMP _TO_BORDER' , GUIRRORED_REPE,I,.T · 
GUlA.HP, GULMUO_EDGE o, Gl.REPE,I,.T, 
GUlA.HP _TO_BORDER', GUIRRORED_REPEA.T" 

GUlA.HP, GULMUUOGE ' , Gl.REPE,I,.T, 
GUlAHP_TUORDER' , GUIRRORED_REPE,I,.T · 
GUE,I,.REST, GUI NE,I,.R, GUURESljHl PmP ..HE,I,.REST, 
GU E,I,.RESljHI PIlAf _ll H[,I,.R, GU I NEA.RJU PKAPJjE,I,.REST, 
6l-lI NEAR-H IPH,I,.P_lIHUR 
Gl-NE,I,.REST, Gl_lI NE,I,.R 

any 4 values from 0 to 1 
any value from 0 to 1 
any value 
any value 
any non-negative integer 
any non-negative integer 

any value 
GUUHINAN CE, GUNTmm, GU LPHA 
GU ONE, GUOHPARCR-TO_TEXTURE 
GU EOUAl, GUiEOUA L, GUESS, GUREATE R, GUOU,I,.L, 
GU OTEQUAl, GUUIAYS, GUEYER 
Gl_TRUE or Gl] AlSE 

• Available only via e~lmSions under WiI'llkJoM. See the explanation of the parametef in ttlis chapter for details. 

•• Available only via the ARB_depth_texture and ARU .hadow I'lItlmSions underWiI'llkJoM. 
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Texture parameters for a cube map texture apply to the entire cube map; the six individ ­
ual texture images cannot be controlled separatd y. 

Texture Wrap Modes 
lexture wrap modes allow you to modity how OpenGL interprets texture coordina tes 
outside of the range [0, I I and at the edge of textures. Using the glTexParameterl) function 
with GL_TEXTURUIRAP _5, GLTEXTURUIRAP _T, or GLTEXTURCWRAP], you can specify how 
OpenGL interprets the s, t, and r texture coordinates, respectively. 

OpenG L prov id es five wrap modes: GL_REPEAT. GLCLAMP, GL_CLAMP _TO_EDGE, GL_CLAMP _ TO_BOR­
DER, and GLMI RROREO_RE PE AT. Let's disc uss these individually. 

Wrap M ode GL_REPEAT 

The GL] EPEAT wrap mode is the default behavior of OpenGL for texture coord inates. In 
th is mode, OpenGL essentially ignores the integer port ion of texture coord inates and uses 
on ly the fractional pa rI. For example, if you specity the 20 texture coordinates (2.0, 2.0), 
then the tex ture will be placed twice in the sand t directions, as compared to the texture 
being placed once wi th texture coordinates of (1.0, 1.0) in the same polygon space. This 
essentially means GLREPEAT allows you to create a tiled effect. Figu re 7.7 illustra tes how the 
GL_REPEAT wrap mode wi th texture coordinates (2.0 , 2.0) affects the TextureBasics example 
presented earlier. 

Figure 7.7 Result of using GLRE P[AT with texture coordinates (2.0. 2.0) 
with the TextureBasics example. 
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While GL_REPEAT is OpenGL's default behavior, }'ou can force it by specifying GLREPEAT as 
the value for GLTEXTURUIRAP_S, GL_TEXTURUlRAP _T, o r GL_TEXTURUlRAP _R. The following line 
of code will force GLREPEAT on the currently bound text ure object's 5 coordinate: 

9 1 TexParameteri (GLTEXTURU~D . GLTEXTURE_IlRAP _$. GL_REPEAT): 

Wrap Mode GL_CLAMP 

The GLCLAHP wrap mode simply damps texture coordinates in the range 0.0 to 1.0. If }'ou 
specify texture coord inates outside this range, then GpenG L will take the edge of the tex­
lure and extend it to the remainder o f the textured su rface. Figure 7.8 illust rates how the 
GL_(LAHP wrap mode with texture coordinates (2.0, 2.0) affects thc TextureBasics example 
prescnted ea rlier (look at the right polygon). 

The follow ing example line of code tells OpenG L to use GL_( LAHP on the curren tly bound 
texture objcct's I coo rd ina te: 

Figure 7.8 Result of using GU L.IJ1P with texture coordinates (2.0, 2.0) 
in the TextureBasics example. 
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Wrap Mode GL_CLAMP_TO_EDGE 

The GL_ClAHP _TO_EDGE wrap mode clamps texture coordinates such that the texture filter 
never samples a bo rder lexel. Normally, OpenGL clamps such that the texllIre coordinates 
arc limited to exactly the range 0 to 1. This means that when GL_CLAHP is used, OpenGL 
straddles the edge of the texture image, taking half of its color sample values from within 
the texture image and the other half from the texture border. 

When GL_CLAHP _TO_EDGE is used, however, OpenGL never takes color samples from the lex­
ture border. The colo r used for clamping is taken only from the texels al the edge of the 
texture image. Th is can be used to prevent seams benveen textures. 

The follo\ving line of code tells OpenGL to use G~CLIIHP_TO_EDGE on the currently bound 
texture object's s coordinate: 

Extension 

Extension name: SGIS_text ure_edge_clamp 

Name string: GLSGIS_t ex turcedge_cl amp 

Promoted to core: OpenGL 1.2 

Function names: None 

Wrap Mode GCCLAMP _TO_BORDER 

The GL_ClIIHP_TD_BOROER wrap mode d amps texture coordinates in such a way that mirrors 
the behavior of G~CL,,"P _TO_EDGE. Instead of sampling only the edge of the texture image. 
Gl_CLAHP _TO_BORDER only samples the texture border for its damp color. 

The followi ng line of code tells OpenG L to usc Gl_CLAHP_TO_BORDER on the currently bound 
texture object's s coordinate: 

Extension 

Extension name: ARB_texttlre_border 3 1 amp 

Name string: Gl--" RB_texture_border _c 1 amp 

Promot ed to core: OpenGL 1.3 

Function names: None 
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Wrap Mode GL_MIRRORfD_RfPfAT 

The Gl_HI RRORED_REPEAT wrap mode essentially defines a tex ture map t\vice as large as the 
original texture image. The addit ional texture map area created contains a mirror image 
of the o riginal texture. You can usc this wrap mode to achieve seamless tiling of a surface. 

The following line of code tells OpenGL to use Gl_HIRROREO_REPEAT on the curren tly bound 
texture object's s coordinate: 

glTexParameterl ( G~TEXTUR~20. G~TEXTURE_WRAP_S. Gl_HIRROREO_REPEAT): 

Ex tension 

Extension name: ARB_texture_mi rrored_repea t 

Name string: Gl_ARB_textu reJli rrored_repeat 

Promoted to core: OpenGl 1.4 

Function names: None 

Tokens: G~IRRORED_REPEAT-"'RB 

Texture level of Detail 
The decision to lise the minification ftitering mode or the magnifi cation filtering mode on 
a tex ture is determined by a set of parameters controlling the texture level o f detail calcu­
lat ions. By manipulating these parameters, you can control the transition o f tex tures from 
minificalion filtering 10 magnifica tion filtering and vice versa. 

, .... vo of these parameters, Gl_TEXTURE_HIN_lOD and Gl_TEXTURU~AClOO, allow you to control 
the level of detail range. By default, the range is [-1000.0, 1000.01, which essentially guar­
antees that the level of detail will never be clamped. The following code sets the level of 
detail range to 1- 10.0, 10.01 for a two-dimensional texture: 

gl TexParameterf (G~TEXTURE_20. G~TEXTURCH IN_lOD . -10 .0) : 
gl T exPara meterf( GLTEXTU RC2D. GLTEXTURE_HAX_lOD. 10 .0): 

Another parameter, GLTEXTU RE_lOO_BIAS, allows you to control th e level of detail bias level, 
ca using it to change levels sooner or later than it normally would. The bias level is used in 
the computatio n for determining the mipmap level of det'lil selection, providing a means 
to blur or sharpen text ures. This functionality can lead to special effects such as depth of 
field, blurring, o r image processing. Here's an example: 
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Ext e n sion 

Extension name: EXT_texture_l odJli as 

Name string: GL_EXT_textu re_lod_bias 

Promoted to core: OpenGl 1.4 

Function names: None 

Tokens: GLTEXTURE LOO BI AS EXT 

Texture Environments and Texture Functions 
OpenG L's glTexEnv( l function allows you to set parameters of the texture env ironment 
that determine how texture values arc applied when texturing: 

vol d glTexEn v( HHGLenum target , GLenum pname , T pa raml ; 
vol d glTexEn v( H Iv(GLenum target , GLenum pname, T params l ; 

For this function, the ta rge t parameter must be ei ther GL_TE XTURE_EN~ or GLTEXTURE_ 
FILTE~CONTROl. The pname parameter tells OpenGL which parameter you \vish to set with 
the value passed to param (or params for an array of values) . 

To better ex plain the pu rpose of texture environments, let's review how OpenGL textur­
ing works. Texturing is enabled and disabled with the glEnable( l/glOlsable() functions by 
specifying the dimensionality of the texture YOll wish to use. Fo r instance, you may spec­
ify GLTEXTURl.IO, GLTEXTURE_20, GLTEXTURE_30, o r GL_TEXTURE_CUBEJIAP to enable the one-, 
two-, or three-dimensional, or cube map texture mapping, respectively. The rule of tex­
lure dimensionali ty follows that the highest enabled dimensionality ( 10, 20, 3D, cube) is 
enabled and used for texture mapping. If all texturing is disabled, any fragmen ts coming 
through the pipeline arc simply passed to the next stage. 

If texturing is enabled, a texture is determined based on the texture parameters and 
dimensionality (I 0 , 20, 3D, or cube map) of the incoming fra gment. The tex ture envi ­
ronmcnt is th en uscd to determine the texture function applied to th e texture, whose red, 
green, blue, and nlpha values are then replaced with freshly computed ones. These RGBA 
values arc finnUy passed on to further OpenGL operations in the pipeline. 

OpenGL includes one or more lex/tlfe units representing stages in the texture mapping 
process that Me enabled and hnve texture objects bindings independently from each other. 
Each unit has its own set of sta tes, including those related to tile texture environment. 

Figure 7.9 illustrates how each texture unit is paired with a texture environment function. 
Note that ill the figure each texture unit passes its results on to the next tex ture unit. This 
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TexUnitO 

TexUnit1 
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Figure 7.9 TeKture environments operate on all teKtures passed through their 
associated teKture units. 

functionality is called /1lultitexturillg, which will be discussed in Chapter 9, "Mo re on Tex­
ture Mapping." Only the first texture unit (typically texture unit zero) is used when using 
basic texture mapping techniques as described in this chapter. The important concept to 
understand right now is that a texture environment is tied to a texture unit and affects all 
textures passing through that texture unit. This is contrary to the com mon misco nception 
among newcomers to OpcnGL that each texture object maintains states related to the tex­
ture environment. 

Now that we have that down, let's discuss how we modify the texture environment. 

Specifying the Texture Environment 
Looking back at the gl T exEnv (1 function, if the t argl't is equal to Gl_TEXTUREJ I l TER30NTROl, 
then pname must be sct equal to GLTEXTURClOO_B lAS. The value paramctcr passed must then 
be a single Ooating-point valuc that sets the level of detail bias for the currently active tex­
ture unit. This functionali ty is cquivalent to the texture object level of detail bias dcscribed 
in the section "Texturc Level of Detail" in this chaptcr. 

When target is eq ual to GL HXTURCENV, pna ml' ca n be set to Gl_TE XTURE_ENU-100 E, 
Gl_TEXTURE_ENV_COlOR, Gl_COMB I NE]GB, or GL_COMBINCAlPHA. 

If GL_TEXTURCENV_CO LOR is used, then OpenGL expects four floating-point values in the 
range from 0 to 1 reprcsenting an RGBA color to bc passed to the pa rams parameter. YOli 

may also pass four integers. and OpcnGL will convert them to Ooating-point values as 
necessary. This color is used in conjunction with the Gl_BLENO environment mode. 
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If pname is Gl.TEXTURCENYjtOOE. then you 
arc specifyi ng the feXliIre jllllct ioll. The 
result of a texture fu nction is dependent 
on the texture itsel f and the fragment it is 
being applied to. The exact tcxture func­
tion that is used depends on the internal 
format of the texture that was specified. 
For reference, the base internal fonnats 
are listed in Table 7.6. Acceptable values 
for GL_TEXTURE_ENUtDOE arc GL_REP LAC E. 

GU~OOULATE, GL_OECAL, GLBlENO, GL...AOO, and 
GLCOHBINL 

No t e 

Table 7.6 Texture Internal Formats 

Format Textu re So urce Color 

Gl_AlPHA C. = (0. 0, 0); A. = ~ 

GUUHINMlC£ C.:: (~.~. ~);J\:: 1 

GUUHINMICUlPHA C. = (~.~. ~);J\::A, 
GLINTENSITY C. = (II' II' II); ~:: II 
Gl~RGIl C. = (RI , GI , 81); ~ :: t 

Gl~RGIlA C. :c (RI , GI , 81); ~ :: ~ 

You may notice subscripts being used in the fo!Iowing tables. A subscript of t indicates a filtered 
texture value, s indicates the texture source color, (denotes the incoming fragment value, c refers 
to the values assigned with Gl_TEXTURE_ENV_COlOR. and v refers to the final computed value. For 
regular·sized text, C refers to the RGB triplet. A is the alpha component value, L is a luminance 
component value, and I is an intensity component value. 

The color values listed in the followi ng tables are aU in the range [0, I I. Each table shows 
how the tex ture funClions use colors from the texture value. texture source color, incom­
ing fragment color. and texture environment val ue to determine the final computed value. 
Table 7.7 includes the calculations fo r GL_REPLACE, GL_HOOULATE. and GLOECAl. Table 7.8 
includes the calculations for Gl_BlENO and Gl_ADD. 

Table 7.7 GL_REPLACE, GL_MODULATE, GL_DECAL 

Format Gl REPLACE Gl MODULATE Gl DECAL 

GU.LPHA C. '" C/ C. '" ~ undefined 
A., =A, A.,=A,A, 

GUUHINANC[ C. = C. C. '" C,C, undefined 
A., =A, A, = A, 

GLLUHINANCULPHA c.. = C, C. '" CIC, undefined 
A., =A, A., =A,A.. 

GU NT ENSln c.. = C, C, = c,c, undefined 
A.. = A.. A.,=A,A.. 

GUGB c.. = C, C, = c,c, c.. = C, 
A., =A, A, =A, A., =A, 

GUGBA c.. = C, c,=c,c, c.. = CI(1 . AJ + CIA. 
A., = A.. A., =A,A, A., =A, 
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Table 7.S Gl_SlEND and Gl_ADD 

Format GL BLEND GL ADO'" 

GULPH ... (y '" (I c.. '" (I 

A.'"'' A.'"'' GUUHIHAIIC[ c.. '" (1(1 - C,l + C,C, c..",~+C, 

A. '" A, A. '" AI 

Gl-lUHIH ... NC(.ALPHA (. '" (,(I - C,l + C,C, c..=CI+C, 

A" '" AlA. A.'"'' GUHTEHSITY (. '" C,(1 - C,l + C,C, C.=CI+C, 

A" = Af(1 - A.l + A,A. A.'"'' GLRGB (. = Cr(1 - C,l + C,C, C.=C,+C, 
A,,,,A, A. '" At 

GLRGB ... (. = Cf{1 - C,l + C,C, C,=Cf+C, 

A,= AfA. A.' "A, 

Since we know these tables can be a little overwhelming fo r the uninitiated, Ids step 
through a couple of these formulas and figure out what exactly is going on. We'll start with 
one of the easy o nes and look at GLREPlACE with the format Gl_RGBA. 

Looking at the table, you will sec C. = C. and A. = A •. That's not too bad, right ? But what 
is it saying? As noted prior to the tables, the s subscript indicates the tex ture source color, 
and the vsubscript indicates our final color output. So, Cy = C

1 
says that the texture source 

ReB values will be transferred straight to the final color output. Similarly, A, = As says 
that the alpha componen t will be copied to the final alpha output value. So if we have an 
ReBA colo r value of (O.S, 0.3, 0.8, 0.5), then the final ReBA output value will be (0.5, 0.3, 
0.8, O.S ). How about a slightly more difficult equation, like GU~ODULATE on the GLRG BA 
format? 

In the table you will see C. = Cf,. and A. = At-.. It 's not a terribly complicated set of func­
tions, but the resu lts arc much different. So, what are these equations sayi ng? Well, you 
know what the s ;lt1d v subscript are, and if you look at the prior note you will sec that the 
f subscript denotes the incoming fragment value. C, = Cf,. is saying that the fragmen t 
color is multiplied by the texture source color. A, = A{\. is s'lying the same, except with 
the alpha component values. As an example, these formulas are saying that if the polygon 
we are texturing h<ls a solid color of red without transparency, ( I.O, 0.0, 0.0, 1.0), and we 
reach a texture colo r valuc of (0.2, 1.0, 0.7, 0.5 ), then the final color output fo r the texture 
fragment will be equal to (1.0 x 0.2, 0.0 x 1.0,0.0 x 0.7, 1.0 x 0.5), o r (0.2, 0.0, 0.0, 0.5). 
That's not too bad , right? One more cxample: GL_BLEHD with GLRGB. 
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GL_RG8 doesn't work with an alpha component \'alue, so we can focus on the equatio n given 
in the table fo r the RGB values: Cv = Cf (1 - C.) + CcC., In English (or at least our best dialect 
of the language), this means that the final color value is equal to the incom ing fragment 
color multiplied by the result of one minus the texture source color. The result of this mul­
tiplication is then added to the result of the texture environment color multiplied by the tex­
ture source color. In other words, given a texture source color of (0.2, 0.5, 1.0), a fragmen t 
color of ( 1.0,0.5,0.8), and a texture environment color of (0.3, 004, 0.9 ), the formula gives 
a fina l value of ( lA, 0.45, 0.9). However, 1.4 is beyond the [0, 1 J range that color values arc 
l.imited to, so OpenGL damps the final color valu e to (1.0,0.45,0.9 ). 

I f the value of Gl.TEXTURE_ENV~ODE is GL_COHBI HE, then the texture function OpenGL selects 
depends on the values of GL_COHBINE_RGB and Gl.COHB INCALPHA. This is directly related to 
multitexturing, it will be covered in Chapter 9. 

Textured Terrain 
In OpellGL Come Programming, we provided an example ill the tex ture chapter that ren­
dered and textured a simple hcigh lficld terrain. We arc going to revisit that example and 
hopefu lly make it beller! 

In its most basic form, a heightfield terrain is a virtual representation of a landscape whose 
data points arc a h .... o-dimensio nal set of evenly spaced height values. When YOll render 
these data points as a mesh on the screen, you sec what resembles a landscape. 

Keep in mind that the method we arc about to show you is o nly one way to develop a sim­
ple landscape. Terrain rendering is a fairly large area of computer graphics, with plenty of 
research and in terest. Do a search for the topic on your favorite search engine, and you 
will find enough information to keep you busy for years. 

Building the Mesh 
Keepi ng in mind our definition of heightficld terrain, you arc going to create a grid ofver­
tices that are spaced evenly apart but have varying height values bOlsed on the height of the 
terrain data at each vertex's grid location. 

You will be determining the height values by loading a 32 x 32 grayscale Tuga image into 
memory with each color vOllue in the image represen tin g a height value mapped to a grid 
location in the height field . Since we will be using 01 grOlyscale image, the color values and 
effectively the height values will range from 0 to 255. 

After loading the height values into an array in memory, yOll will have a set of data points 
that represent the height of the terrain. Next you need to deter mine the distance between 
each height vertex, which we will call the map sCtlle. We wiU use the map scale to program­
matically increase or decrease the actual width and height of the terra in in world un its. 
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When you assign the 3D vertex coordinates for each height value, you will need to multi­
ply the map scale factor by the height value's (x, y) index locat io n in the heightficld array. 
For example, \vh en YOll are defin ing the x coordinate for a vertex, you will determ ine the 
height value's x-axis location in the heightfield array and multiply that value by the map 
scale factor. 

To render the terrain map, you will use a 
Gl_TRIANGLE_STRIP for each row of height val­
ues along the z-axis. You will need to render 
the points of the triangle strip in a specific 
o rder so the heighlfield te rrain is rendered 
properly. Each row is drawn by specifying ver­
tices in a Z pattern nlong th e x-axis, as shown 
in Figure 7.10. For texwring, yOll will texture 
every group of 16 vert ices. Once you rench the 
end of the row, you move on to the next row 
of height fi eld data and repeat the process 
until the terrain is complete. As an added 
bonus, water is ,Idded into the terrain by ren ­
dering a textured quadrilateral at a "water 
level" height. 

Vl rt l )( 2 Vert." 3 

Figure 7.10 Process the vert ices in a 1 
pattern for each row in the terrain. 

Th is example also includes a skybox. which is a large cube whose inside faces arc tex tured 
with images representing the distant ho rizon. Skyboxes provide a good, simple way to 
enhance the environment of an outdoor graphics scene. The position of the camera is 
used as the origin of the skybox, with all six sides of the skybox remaining centered 
around the camera even as it moves around the world. Main tain ing the origin of the sky­
box at the camera position helps keep the illusion of distance for the viewer. 

Finally, we added mouse input co ntrol for the camera, so yo u can rotate and set the height 
of the camera , ... ith the mOllse. 

You can see the source code in the CD included with this book, under Chapter 7, and the 
folder Terr'lin. We aren't going to dump all of the code here fo r you, but let 's take a look 
at the 1110st important function, OrawTerrain{) : 

void CGfx OpenG L: :D rawTerrain{) 

I 
If draw t he terrain 
g l B 1 ndTexture ( G~T EXTURE_2D , m_grassTextu rel ; 
g I Tex[nvf ( G~T EXTUR[_[NV , Gl_TEXTURE_E HV_HDDE, Gl_HOD UlATE ) : 
for (1 nt Z - 0: Z ( HRRAIILSIlE . 1: H Z ) 

I 
91 Be91 n (G~TRI ANGlLSTRI P 1; 
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fo r lint x· 0; x < TERRAIN_SIZE; ++x} 
I 

// render two ~ertices of the strip at once 
f l oa t scaledHeight • heightmap[z * TERRAIN_SIZE + xl / SCA LCFACTOR; 
f l oa t nextScaledHeight • heightmap[{z + 1) * TERRAIN_SIZ E + xl / SCAlEJACTOR ; 
f loat co lor· 0.5 f + O.5f * scaledHeight 1 MAX_HE IGHT: 
f l oa t nextCo lor • 0.5f + 0.5f * nextScaledHeight / MAX_HE IGHT: 

gl Co lor3Hcol or. colo r. color) ; 
gl TexCoo rd2f { {GL f l oa t lx/TERRA I N_S I ZE *8. (G Lfl oat) z/TERRA I N_S I ZE*8) ; 
glVertex3f(static_cast<Glfloat)(x - TE RRAIN_SIlE/2) . sca l edHeight. 

staticcast<Glf loat>(z - TERRAIN_SIZEl2 Jl: 

gl Co lor3HnextCol or. next Color . nextColor) ; 
gl TexCoo rd2f{{Glf l oat}x/TERRA IN_S ll E*8. {G Lfl oatl{z+I l/T ER RA IN_SIZE *8l; 
9 1 Vertex3 f( stat i ccast<Gl float> (x TERRAl N_SI lE/2). next Sca 1 edHei ght. 

staticcast<Glf loat)(z + 1 - TERRAIN_SIZEl2»; 

glEnd{) ; 

Iidraw the wa ter 
gl BindText ure{G L_TE XTURE_2D. ~waterTex ture) ; 

gl T exEnvf{ GL_ TEXTURE_ ENV. Gl_TE XTURE_ENV_~·mD E. Gl]EPlACE); 
gl Begin(Gl_OUAOSl: 

glTexCoord2 f (0 .O. O.Ol ; 
glVertex3f( -TERRA IN_S Il E/2 .1f . WA TE R_HEIGHT . TERRAIN_SIZE /2 .I f) ; 

glTexCoord2 f (TERRAIN_SIZE/4 .0f . O.O}: 
gl Vert ex3HTERRA IN_S IZ£l2. lf. WA TE R_HEJ GH T. TE RRA I N_S l ZE/2 . If) ; 

glT exCoord2H TE RRAl N_SI ZE/4 . Of . TE RRA I N_S I lE/4 . Of) : 
9 1 Vertex3HTERRA IN_S IZE/2. 1 f. WA TE R_HEI GH T. -TERRAl N_SI ZE/2.I f) ; 

gl TexCoord2 H 0.0. TE RRAIN_S IZEl4. Of): 
gl Vertex3H -TERRAl N_S I ZE /2 .1 f . WA TE R_H£I GHT . -TE RRA IN_SIZE/2. 1 f): 

gl End{) ; 

The first half of the DrawTe rrain () method draws the actual terrain. First we bind the ter­
rain's grass texture, and then we loop through every row in the terrain heightfield data and 
draw each row two vertices at a tim e for the Gl_TR IANGLCSTRIP. We also apply a color to the 
terrain based on the height of each vertex as a simple way to make the terrain shaded. 
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Not ice how we use the texture function GUIODUl ATE to allow the shading color '\Ie apply to 
mix in with the texture colo rs. 

The second half of the OrawTerra in() method draws the water level. The water textu re is 
bound, and the texture function GLRE PlACE is used. 

A screenshot of the Terrain example is shown in Figure 7. 11. 

Figure 7.11 A screens hot of the Terrain example. 

Summary 
Ln this chapter you learned the basics of texture mapping, including textu re objects, how 
to specify textures (1 D, 2D, 3D, and cube maps ), how to use textu re coordinates, and how 
to set up texture filt ering modes. You also learned the concept of mipmaps and how to 
create th em with OpenGL. And finally you learned about texture parameters and texture 
environments lind how they affect the final ou tput of your OpcnGL tex turing. 

What You Have learned 
• Textu re mapping allows you to attach images to polygo ns to create realistic objects. 

• Texture maps arc composed of rectangular arrays of dat,l; each clement of these 
arrays is called a texcl. 

• Texture coo rdinates arc used to map textures onto primi tives. 

• Textu re objects rep resent texture data and parameters and are accessed through 
unique unsigned integers. 
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• Each texture object has a state associated with it that is unique to that texture. 

• The first time you bind a texture, the texture object acqui res a ne\\o' state with ini­
tial values, which you can then modify to suit your needs. After that, binding effec­
tively selects the texture. 

• OpenGl provides three main functions for specifying a tex ture: 9 1 TexllllageID(), 
gl Texlmage20() , and gl Te ll. IllIage3D{ J. 

• Texture filtering tells OpenGl how it should map the pixels and texels when calcu-
lating the final image. 

• Magnification refers 10 when a screen pixel represents a small portion of alexeI. 

• Minificati on refers to when a pixel rep resents a colle<:tion oftexels. 

• A mipmap is a texture consisting of levels of varying resolutions taken from the 
same texture image. Each level in the texture has a resolution lower than the previ­
ous one. 

• OpenGl provides several parameters to control how textures are treated when 
specifi ed, changed, or applied as texture maps. Each paramete r is set by calling the 
gl TexPa rameter{) function. 

• The decision to use the minification filtering mode or the magnification fihering 
mode on a texture is determined by a set of parameters controlling the texture 
level of detail calculations. 

• OpenGl's glTexEnv() function allows you to set parameters of the texture environ­
ment that determines how texture val ues are interpreted when texturing. 

Review Questions 
I. How is 20 texturing enabled in OpenGl? 

2. What is a texture obje<:t? 

3. Write the line of code to spe<:ify a 64 x 64 20 RGBA texture whose pixel data is 
stored in unsigned bytes. 

4. If the base texture level size is 128 x 128, what arc the dimensions of th e mipmaps? 

5. What is the default OpenGl texture wrap mode? 

6. True or false: Each texture unit maintains its own texture environment. 

On Your Own 

I. Given a pointer to 20 image data, imageData, whose dim ensions arc 256 x 256 and 
type is RGBA, write code to create a texture object, specify the 20 tex ture with 
mipmaps, and texture a polygon with that texture. 

2. Modify the Terrain exam ple to texture the higher elevations of the ter rain with a 
snow texture. 
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CHAPTER S 

I 
QPENGL EXTENSIONS 

B ack in Chapter 1, "The Explora tion Begins .. . Again," we mentioned that the 
OpenGL ex tension mechanism exists so that hardware vendo rs can easily inno­
va te and add fea tures that graphics and game developers can immediately access 

through Ope nGL. The most useful and ubiquitous of these extensio ns eventually become 
part of the OpenGl core spec ification . 

In this chapler you'Ulcarn morc about extensions and how to use them. Specifically, you'll 
learn: 

• Exactly what an extension is 

• \-Vhy extensions arc panicularly important on Windows platforms 

• How to use extensions under Windows 

• How to usc GLee to manage extensions easily and quickly 

Anatomy of an Extension 
Fundamentally, an extension is-just like OpenG L itself- a specifi cation. When a new 
extension is crented, it is documented and released through several channels, most impor­
tantl y the offici;ll OpenG L Extension Registry, which cnn be found onli ne at: 

http://oss.sgi .co m/p ro jectsl ogl-sam p leI registryl 

The specification for an extension incl udes a great denl of information about the exten­
sion, including a brief justification for its existence, other exte nsio ns it depends on or 
interncts with, updates to the OpenGL specification that nccd to be made to accommo­
date it, and a revision history. It also includes the name of the extensio n, the extension 
name string, and new functions and tokens introduced by the extension. Because these arc 
the things you'll be deal ing with most often, let's look at each o ne o f them in detail. 185 



TeamLRN

186 Chapter 8 • OpenGL Extensions 

Extensions Under Windows 

Given the bleeding edge nature of extensions. they may seem out of place in a beginners' text, a 
sentiment with which we'd normally agree. However, if you're using OpenGl on any Windows plat­
forms, eKtensions are absolutely necessary beGJuse they are the only current means of using any­
thing beyond OpenGl 1.1. 

To understand why, let's review what you need in order to program using any precompiled library, 
induding OpenGl. First of all, you need the appropriate header files. The headers contain function 
prototypes, constant definitions, and macros. Second, you need the libraries containing the imple­
mentations of functions defined in the header. Most libraries get updated from time to time, adding 
new features, and possibly chang ing existing ones. To be able to take advantage of these new fea­
tures in a program you're writing, you need to have the latest headers and libraries. 

That's where the problem lies. The latest commercial headers and libraries for OpenGl available on 
Windows platforms are for OpenGl1.1. That's right, the latest OpenGl headers and libraries for 
Windows are four versions and almost 10 years out of date. 

Fortunately, even though Microsoft has not been keeping up with the latest OpenGl specification, 
the major graphics hardware vendors have been. The latest OpenGl features are implemented in 
their hardware and drivers and just waiting to be tapped - through the extension mechanism. 

Extension Names 
Every OpenGL ex tension has a name by which it can be precisely and uniquely identified. 
They use the following naming convention: 

PREFIX_extenSion_name 

The PREFIX identifies the vendor who developed the extension or, in the case of EXT and 
ARB, the extensio n's level of promotion. Table 8.1 lists the most important prefixes cur­
rently in use and their associated meaning. The ext ension_name identifies the extension. 
Note that the name cannot con tain any spaces. Some example extension names are 
ARB_sha di n9-1 anguagclOO, EXT_packedJ)i xe 1 s, NV_b 1 end_square, and ATI_text u re_fl oat. 

Tip 
Some extensions share a name but have a different prefix. These extensions may not be inter­
changeable because their semantics may differ slightly. For eKample, ARB_texture_env30mbine is 
not the same thing as EXT_texture_env_comb i ne. Rather than making assumptions, be sure to con­
sult the extension specifications when you're unsure. 
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Table 8.1 Subset of OpenGl Extension Prefixes 

Prefix MeaninglVendor 

ARB Extension approved by OpenGL's Architectural Review Board (first introduced with 
OpenGl 1.2) 

EXT Extension agreed upon by more than one OpenGl vendor 

An ATI Technologies 

ATiX ATI Technologil'S (experimental) 

NV NVIDtA Corporation 

SGI Silicon Graphics 

5GIS Silicon Graphio (specialized) 

SUN Sun Mic ros~tems 

WIN Microsoft 

Name Strings 
Each extension defines a name st ring that, when used in conj unction with 
glGetString(Gl..EXTENS10NS), is used to identify whether or not an implement.uion supports 
the extension. We'll discuss the details of how to usc this in the "Using Extensions" section 
later in this chapter. 

Name strings arc generally the name of the extension preceded by another prefix. For 
most OpenGL name strings, this is Gl.. (e.g., GL_ARB_shadow). When the name string is tied 
to a particular windows system however, the preflX will reflect which system that is (e.g .• 
Win32 uses \/GU. 

Note 

Some extensions may define more than one name string. This would be the case if the extension 
provided both core OpenGL functiona lity and functionality specific to the windowing system. 

Functions 
M,lIly (but not all) extensions introduce one or more new functions to OpenGL. To usc 
these functions, you'll have to obtain a pointer to their entry point, which req uires that 
you know the name of the function. This process is described in detail in the "Using 
Extensions" section. 

The functions defi ned by the extension follow the naming co nvention used by the rest of 
OpenGL, namcJy glFunctfonName{) , with the addition of a suffix using the same letters as 
the extension name's prefix. For example. the NV_fence extension includes the functions 
9 1 GetFencesNV (), gl SetFenceNV(), glT es tFenceNV {), and so on. 
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Tokens 
An extension may defi ne one o r more tokens or enumerants. In some extensions, these 
tokens are intended for use in the new functions defined by the extension (which may 
be able to use existing enumeran ts as weU). In other cases, they are intended for use 
with existing OpcnGL functions. thereby adding new functionality. For example, the 
ARB_texture_env_add extension defines a new enumerant. Gl_AOD. This en umerant can be 
passed as the pa ralls parameter of the various glTex[nv{) funct ions \\'hen the pname para­
meter is Gl.HXTURE.JNVj4DDE. 

The new enumerants follow the no rmal OpenGL naming conven tion (I.e., GLWHAHVER) , 
except that th ey are suffixed by the letters used in the extension name's prefix, such as 
Gl_V ERTE X_SOURCE_ATI. 

Using new enumera nts is much simpler than using new functions, since they are simply 
numeric va lues. These values appear in the spec, so YOll can define th e tokens you rself or 
use a third-party header, such as the one provided by SGI at the following URL: 

ht tp : //oss . 5g1 . com/projec t s 10gl . sa mple/ ,I.,6 r/gl ext . h 

In addition to defini tions for new tokens, this file also con tains prototypes and function 
pointer typedefs for extension functions. Similar headers are available from the NVIDIA 
and AT! Web sites. 

Ti p 

Though most extensions add either functions or tokens (or both), some don't. The ones that don't 
simply allow existing functions and tokens to be used together in ways that previously weren't 
allowed. 

Using Extensions 
Now that you have a bettcr understanding of what an extension is, it's time to learn how 
to use them. Thc process can be described in a few simple steps: 

I. Determine \\'hether or not the extension is supported. 

2. O btain the entry point for any of the extension's functions that you \\'ant to usc. 

3. Define any tokens you're going to usc. 

N o t e 

Sefore checking for extension availability and obtaining pointers to functions, you MUST have a 
current rendering context. 
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Checking the Name String 
Calling glGetStr ing() with GLEXTENSIONS returns a string con tain ing a list of all of the name 
strings fo r aU extensions supported by the im plementation, You can then parse th is stri ng 
to determine whether the extension you want is present. Th e code will look something like 

this: 

char* extensionsl1st .. (char* ) glGetString(Gl_EXTENSIONS1: 

After this executes, extenslonslist points to a nuB -termi nated buffer. The name str ings in 
it arc sepa rated by spaces, induding a space after the last name string, 

Not e 

We're casting the value returned by glGetString() because the function actually returns an array 
of unsigned chars, Because most of the string manipulation functions require signed chars, we do 
the cast once now instead of doing it many times later. 

When parsing the extension string, some care needs to be taken to avoid accidentally 
matching a substr ing. For example, if you're trying to use the NV_texture_shader extension 
and the implementation doesn't support it but it does support NV_texture_shader3, calling 

something like: 

s trs tr ( "GLNV_texture_shader ', extens i onsl ; s t 1: 

is going to give you positive results, making YOll think that the EXT_texture_env extension 
is supported, when it's really not. The CheckExtension() function shown below demon­
strates one way to avoid this problem. 

bool CheckExtenslon(char* extensionNamel 

1/ get the list of supported extensions 
cha r~ extens ionl1s t .. (char~) gIGetString (Gl_EXTENSIONS ) ; 

if (!extenslonName II !extensionlistl 
return false : 

while (*extenslonlist) 

I 
/I find the length of the first extension substring 
un signed in t f i rstExtens ionLength" strcspn (extens ionlist, ' "J: 

i f (s trlen (extens lonName l .... f lrstExtensionLength && 
strncmp(extensionName, extensionlist , f i rstExtens ionlenqth ) .... 0) 
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I 

return true ; 

/I move to the next substr1ng 
extens10nList +- firstExtensionlength + I ; 

return false; 

If an extension you'd like to use isn't supported, you need to take appropriate action. This 
may be disabling that particular feature , trying a similar extension instead, or even exit­
ing gmcefull y. The important thing is to not assume that the extension exists. Doing so 
can lead to crashes or weird behav ior, especially if you're using new or vendor-specific 
extensions. 

Obtaining the Function's Entry Point 
Because you do not have the implementation of extension functions available to you when 
you compi le yo ur program, you need 10 dynamically link to them at runtime. This merely 
involves obtaining a function pointer. 

The first step is to declare a function pointer. If you've wo rked with function pointers 
before, you know that they can be pretty ugly. If nol, here's an example: 

vol d (API ENTRY ;, pgl CopyTexSub Image3DEXTl (GLenum, GLi nt. Gl1 nt, 
Glint, Glint. Glint, Glint, Glsizei. GLsizei) • NULL ; 

The next step is attempting to assign an entry point to the function poin ler. The 
function used to do this varies, depending on the platform you're using. Fo r Windows, it's 
-.gIGetProcAddress( ): 

PROC -.gl GetProcAddress (lPCSTR 1 pszProcName): 

The only para meter is the name of the function you want to get the address of. The return 
value is the entry point of the function if it exists, or NUll otherwise. Because the value 
returned is a generic pointer, you need to cast it to the appropriate function pointer type. 

Let's look lit lin example, lIsing the func tion pointer we declared above: 

pgl CopyTexSub Image3DE XT -
(void (APIENTRV * ) (Glenum . Glint , Glint , Glint , Gli nt. 

Glint, Glint , Glsizei , Glsizel)} 
wgIGetProcAddress( ' glCopyTexSublmage3DEXT' ) : 

And you thought the function poinler declarat ion was ugly. 
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Yo u can make life easier on yourself by using typedefs. As mentio ned earlier, the glext.h 
header already contains typedefs for most of the extension functions, making your life eas­
ier. Using this header, the previo lls code improves to: 

PFNG LCOPYTEXSUBIHAGE30 EXTP ROC pglCopyTexSublmage30EXT .. NULL : 
pglCopyTexSublmage30EXT .. (PFN GlCOPYT EXSUBlHAGE3DEXT PROCl 

wg lGetProcAddress( "gICopyTexSubl mage30EXT"); 

As long as wglGetprocAddre ss() doesn't return NUll, you can then freely use the function 
pointer as if it were a normal OpenGL functio n. 

Tip 

You may notice that in the example code we've added a p to the beginning of the function 
name. When dedaring OpenGL function pointers. it's a good idea to avoid using the same 
name as the function because this can cause linking conflicts when using shared libraries. One 
way to get around having to use the prefixed function in your code is to use an alias, such as 
I!defi ne gl CopyTexSub Image30EXT pgl CopyTexSub Ima ge3 DEXT. 

Declaring Enumerants 
If you arc using glext.h or some other third -party header, all the tokens you need arc 
already defined for you. Othcrwise, you can look lip thc values in the spec and define them 
yourself. For example. the spec fo r EXT_texture_l od_bias says that Gl_TEXTURE_ lOO_BIAS_EXT 
should have a value of Dx850l. so yo u'd use the following: 

Ox8501 

WGL Extensions 
In addition to the standard OpenGL extensions. there arc some extensions that arc specific 
to the Windows system, These extensions provide additions that arc very specific to the win ­
dow ing system and the way it interacts with OpenGl , such as additional options related to 
pixel formats. These extensions arc easily identified by their lise of"WGL" instead of"G l" in 
their names. The nnme strings for these extensions normally aren't included in the buffer 
returned by glGetSt ri ng (GLEXTEN SIONS1, although a fcw arc. 'Ib get all of the Windows­
specific c'(tensions, you'll have to usc another function, wg lGetExt ensionsStr ingARB () . As the 
ARB suffIX indicates, it's an cxtension itself (ARB_ex tensions_st ring), so you'll have to get 
the address of it yourscJf using wgl Ge tProcAddress{) . Note that some drivers identify this as 
\jglGe tExtenslonsStrlngEXT( } instead, so if you fail to get a pointer to one, try the other. The 
format o f this function is as follows: 

const cllar " \jglGetExtenslon sStr ingARB (HDC IIdc ); 
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Its sole parameter is the handle to your rendering context. The function retu rns a buffer 
similar to that re turned by glGetStringIGl_EXTEHS10NS1, with the only difference being that 
it contains only the nam es of WGL extensions. 

Ti P 

Most of the time, it's good practice to check for an extension by examining the buffer returned by 
gIGetSt r ing() before trying to obtain function entry points. However; it's not strictly necessary to 
do so. If you try to get the entry point for a non-existent fu nction, \IIg lGetprocAddress () will 
return NUll, and you can simply test for that. The reason for mentioning this is because to use 
\II gl GetExtens i onsSt r i ngARB ( 1, that's exactly what you have to do. It appears that with most dri· 
vcrs, the name string for this extension doesn't appear in the buffer returned by glGetStr i ng{ l. 
Instead, it is included in the buffer returned by \IIg l GetEx tens i onsStr i ngARB{ )! Go figure. 

Not e 

Some WGL extension string names appear in the buffer returned by wg l Ge t Ex tens i onsS tr i ngARB{ ) 
as well as the buffer returned by glGetString{ 1. This is due to the fact that those extensions 
existed before the creation of ARB_extensions_s tr ing, and so their name strings appear in both 
places to avoid breaking existing software. 

lust as there is a glext. h header for core OpenGL extensions, so is the re a wglext.h fo r WGL 
extensions. You can find it at the following link: 

ht tp://oss.sg i.com/ projeClsJ ogl-samp\el ABl/ wglext.h 

Introduction to GLee 
Througho ut the book, many of the demos have used one or two extensions to get around 
the Windows OpenG L 1.1 limitation. As you can see from the code, managing a fewexten­
sions isn't part icularly difficult. However, as you begin to develop more complex games, 
you may find yourself managing dozens of extensions, which can be painful. Fo r this rea­
son, many people have developed libraries to automatically manage extcnsions. Some of 
them havc cven released these libraries to the public. 

Thc bcst publicly available OpenGL extension library we've found is the OpenGL Easy 
Extension library, or GLee, developed and maintilined by Ben Woodhouse. GLee is cur­
rently available for Windows and Linux, is updated automatically from the OpenGL 
Extension Registry, and is released under an Wlrestrictive modified BSD license. We've 
included thc latest version of GLee on the CD, but you can check for updates at: 

http://clf-stone.com/downloads.php#G Lee 
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Setting Up Glee 
Befo re using Glee. you need to install it appropriately on your system. For Linux, th is is 
as easy as unpacking the ('arball and running the install script incl uded \."ith it. For Win­
dows, you need to extract the files and copy Glee .h to the same locat ion as the OpenG L 
headers (which arc in your compiler's header directory in the gl_ subdirectory) and 
Glee. 11 b to your compiler's library directory. Alternatively, you can usc the GLee source 
code directly by extracting Glee.cpp someplace convenient for later usc. 

O nce GLee is installed , you can usc it in your projects by incl uding the header and link­
ing to the library or includ ing Glee.c pp in your project. Glee.h should be included instead 
o f gl.h, which it includes internally. 

Using Glee 
Before usi ng GLee in your project, you have to initial ize it. This should be done after 
you've in itialized the rest of OpenGL and is done by calling the following function : 

Glboolean Gleeinlt(); 

If this ca ll returns Gl_TRUE, GLee has been successfully started, and you will then be able 10 

use it to access the fu ll core and extended functio nality of OpenG L- \vell, insofar as your 
video ca rd SUPP0rlS it. if Gleeinit() returns Gl_FAlSE, you can call the fo llowing 
function: 

canst chari GleeGetErrorSt ring(}; 

which returns a descrip tive string explaining the problem. 

Glee includes a global Boolean variable for each extension that you can check to see 
whelher that particular extension is supported. The names of these fl ags are the extension 
names prefixed by GLEL. To check to see whelher point sprites are available, you would use: 

if (GlEEJRB...,polnt_sprltel 

I 

Platform-specific (WGLlGLX) extensions are handled slightly differently. The Boolean 
variables fo r them afC named GlEE_ followed by the full name string, including the WGL 
or GLX portion (for example, GLELWGl_ARB...,pbuffer). 
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You can also test to see which OpenGL version is suppo rted by checking the value of 
GlEE_VERSION-X..j , ... here x is the major and y is the minor OpenGL ve rsion. To check to see 
if OpenGL 1.4 is supported, yO LI would lISC: 

if (GlECYERSION_U ) 

I 
gISeconda ryColor3f(O.5f . 0.3f . l.Of ): 

That's all there is 10 it. As you can see from even these brief code snippets, GLcc has 
already defined all the lokens and set up the necessary function pointers for you . 

Using Glee with Core Extensions 
There arc many extensions that arc now part of core OpenGL. GLee allows you to usc 
these features without using suffixes on the func tions. For example, you can usc: 

gl FogCoordf( ... ) : 
ins tead of : 
glFogCoordfEXT( ... ); 

If you choose to usc the fo rmer approach, be sure that you're testing the GlELVERSIONJJ 
flag to sec if the OpenGL implementation supports the version number and that the 
extension was promoted to th e core. l esting only the extension-specific flag could result 
in a false positive. For example, if you are using fog coordinates, you might be tempted to 
use something like the following code: 

if (GlEE_EXT_fog_coord) 
gIFogCoordf( ... ) : 

However, on systems with OpenGL 1.3 or earlier. gl FogCoordf is an invalid poi nter. even 
thou gh GLEE_EXT_f09-coord may be true. This is because fog coordinates weren't promoted 
to the core until OpenGL 1.4. The following code avoids this problem and provides a 
more robust solution: 

if (GlEE_YERS I ON_l_ 4) 
glFogCoordf{ ... J 

el se if {G LEE_EXT_fog_coordl 
gIFogCoordfEXT{ ... } 
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Extensions in Action 
Because (he demos for (his book were written fo r \,\Iindows, and many of (hem make use 
of pos(· OpenGL 1.1 features, there arc plenty of examples of using extensions available on 
the CD. Rather tha n picking some arbitrary extension to use as an example for this chap· 
ter, we've taken the fog demo from Chapter 5 and rewritten it using Glee instead of 
directly obtaining function pointers. As you can see from Figure 8. 1, textures have also 
been added, contributing to the realism. 

figure 8.1 Chapter 5'5 Fog demo, rebuilt using Glee and textures. 

Summary 
OpenGL ext ensions arc essen lial lo anyone doing development for Windows. You should 
now understand why they arc important and how you can use them to take advan tage of 
the latest featu res offered by modern video cards. You've also seen how libraries such as 
GLee ca n make managing extensions easier. In addit ion to the core extensions used 
througho ut this book, you're encou raged to explore and experi ment ,,, ilh ex tensio ns on 
your own to see the latest and greatest coming in the wo rld o f graphics. 
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What You Have Learned 
• Extensions exist to enable hardware vendors to innovate and add new features 

quickly. 

• The primary dements of extensions that you deal with when programming are 
functions, tokens, and the extension string. 

• Libraries such as GLee make it easy to manage a large number of extensions. 

Review Questions 

1. What does the ARB extension prefIX indicate? 

2. Why are extensions particularly important on Windows platforms? 

3. How can you check to see whether an extension is supported (without using 
GLee)? 

4. When should you check GLECVERSION_x...Y instead of checking extension-specific 
flags such as GLH_ARB_poin t_paramet ers? 

On Your Own 

1. Write a program to display a list of all the extensions supported by your OpenGL 
implementation. If you're using Windows, check for Windows-specific extensions 
as well. 
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I 
MORE ON 

TEXTURE MAPPING 

I
n Chapter 7, "Texture Mapping," you learned about all of the basic clements involved 
in texture mapping. but there is still much to learn. Texture mapping is onc of the 
most important components of 3D graphics, and we've o nly scratched the surface of 

wha t OpenGl has to offer to support texture mapping. In this chapter, we' ll dive a li ttle 
deeper, explori ng such topics as: 

• Alternative methods o f specifying texture data 

• How to usc the texture matrix 

• How to have OpcnG L generale texture coordinates for you 

• What multilcxturing is, and how to uSt' it 

• How to usc texture combiners 

More on Texture Specification 
In Chapter 7, yo u lea rned about the glTexlmage() funct ions. These functio ns each take an 
array of data-ei ther loaded from an image file or generated procedurally-that is used 
to form the entire texture image. This is how you'll use text ures most of the tim e, but there 
may be inst;lnces where you'll only want to update a sub-region of an existing texture. 
Perhaps you would like to create a texture from an image that you rendered from the 
screen. You'll learn how to do both in this section. 

Sub-Images 
Every time you create a new texture using o ne of the glTexlmage() functions, OpenGL has 
to internally allocate memory and perform o ther operations, which can be expensive. An 
alternative to th is is to reuse an existing texture-either because it 's no longer being used 

197 
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or because iI's being updated dynamically- by simply modifying the ex isting tex ture 
image data. Given a tex ture that has already been successfully created, you can modify all 
or part of it using o ne o f the following APls: 

void glTexSublllagelD(Glenum target. Glint level . Glint xoffset. Glsizel width . 
Glenum format. GLenum type, cons t Glvol d~ phe Is); 

void glTexSublmage2D(Glenum target. Glint level . GLint xoffset. Glint yoffset. 
Glsizei width. Glsizei height. Glenum format . Glenum type, 
const Glvoid * pixels ) ; 

void glTexSublmage3D(Glenum target. Glint l eve l . Glint xoffset. Glint yoffset. 

Ex t e n s ion 

Glint zoffset. Glsizei width . Glsizel he ight. 
Glslzei depth. GLenum format. Glenum type. 
cons t Glvoid* pixe ls) ; 

Exte nsion na me: EXT_tex ture3D 

Name st ring: GLEXT_textu re30 

Promoted to core: OpenGl 1.2 

Function names: glT exSublmage30EXT{ ). gl CopyTexSublmage3DEXT{) 

Most o f the parame te rs sho uld look fam iliar to YOll fro m the glTexlmage() functions in 
Chapter 7. There are two ncw sels of parameters. xoff set , yoffset, and zoffset arc used to 
specify the left , bOllom, a nd fro nl (respectively) coord inates o f the a rea that you want 10 

place a sub·image in. width, height, and depth are the d imensions of this area. Thc arc 
dcfined by these valucs and m ust fit within the bounda ries of the existing textu re. 

You'll notice that there arc no internalformat, width, height, o r border parameters. T his is 
because these parameters were all established when the texture was originally created, and 
changing them would require reallocat ing memory, which would defeat the pu rpose of 
usi ng gl TexSublmage{) in the first place. 

Copying from the Color Buffer 
Being able 10 render something to the screen and then lise the rendered image;ls a texture 
can be used for many di ffcrcn t procedural ;lnd dynam ic effect's, such ;IS reflcction. This 
can bc done using one of Ihc fo llowing: 

voi d glCopyTexlmagelO{Glenum ta rget. Glint leve l . Glint internalformat . Glint x. 
Glint y, Glsizei .-idth , Glin t border}; 

void glCopyTexlmage20(GlenulrI target . Glint l evel . Glint internalformat. Gli nt x. 
Glint y, Glsizei .- jdth , Gls(zei height . Glint border); 
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The target, 1 eve 1. i nterna I format, and border parameters are the S'lme as for the gl T exlmage( ) 
functions. The major difference is that instead of passing an a rray containing thc texture 
image data. thc tcxture is created by copying pixels from the color burrcr. Thc x and y para­
meters arc used to specify the bottom left corner of the rectangle to copy from, and width 
and height arc the d imensions of the rectangle. The d imensions of the rectangle must be 
powers of two. 

You'll notice that there is no 3D version of gICopyTexllllage(). This is because these func­
tions c reate a co mplete new texture. just like glTexlmage(). It 's impossible to create a co m ­
plete 3D texturc from a 2D image. 

It is also possible \0 update all or a portion of an existin g texture by copying fro m the 
screen. This is similar to glTexSub!mage() and has the same adva ntages. Thc APl s for doing 
this a rc as follows: 

~old glCopyTexSublmagelD{GLenum t arget . Glint level, Glint xoffset. Glint x. 
Glint y. GLsizei widt h) : 

void glCopyTexSublmage2D(GLenum target. Glint level, Glint xoffset. 
Glint yoffset, Glint x. Glin t y, GLslzei width. 
Glsizei height} ; 

void glCopyTexSublmage3D (Glenum target. Glint l evel , Glint xoffset. 
Glint yoffset, Glint zoffset, GLint x. Glint y. 
Glsizei Width. Glsizei height}: 

The target and level parameters have the sa me purpose that you've seen in many texture 
functions. xoffset, yoffset . and zoffset a re used to specify the bottom-left- front corner o f 
the region of the texture that you want to update. x and y indicate the bottom left corner 
of the screen rectangle you are copying from, and width and height are the dim ensions of 

the rectangle. 

Tip 

When using glTexSublmage() or glCopyTexSublmage() with mipmaps. you can make your life 
much easier by using automatic mipmap generation, as described in Chapter 7. Doing so, you only 
need to modify the base level, and all the other levels wi ll be updated automatically. 

In thc " Environment Mapping" sect ion of this chapter, you'll see an exam ple that uses 
gl CopyTex Image2D{) and 9 1 CopyTexSub Image2D() to dynamicall y genera te cubc map textures. 
The code that docs this is shown here: 

void CGfx DpenGL::GenerateEnvTexture() 

I 
static bool s_initial1zed .. false : 
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gl Ma tr i xHode( GL]ROJ£CT I ON) ; 
gl Load I dent i ty( }; 

gluPerspective(90 . 1. 0.1. 500); 

gl Matri xHode( GL_HOOE LV lEW}; 
for (int i - 0; i ( 6; +t il 

I 
gIC lear{G L_OEPTH_BUFFER_BIT); 

glload Ident i ty ( ) ; 
gluLookAt(O.O. 0.0. 0.0. 

ENV]OT All ON [i ][0]. ENV_ROT All ON [i] [1] . ENV_ROT All ON[ i] [2] . 
ENV_ROTAT ION [i ][3] . ENV_ROTAT ION[i][4]. ENV_ROTAT ION[i][S]); 

/1 draw the scene 
m_skybox.Render(O .O. 0.0. O.O} ; 
DrawBalls(}; 

if (Unitialized) 

gICopyTexSubl mage20(GL_TEXTURE_CUBCMAP_POSITIV£j + i. O. O. O. O. O. 
ENV_TEX_S 1 ZE. ENV_TE X_S lIE) ; 

else 

9 I CopyT ex Image2 D (G L_ TEXlURCCUBCMAP _POSITI n_x + i . O. GL_RGB . O. O. 
ENV_TEX_SIlE. ENV_TEX_SIZE. 0) ; 

s_initialized - true ; 

SetupProjec t i on{m_wi ndowWi dth . m_wi ndowHei ght}; 

This code generates the faces of a cube map texture by render ing the scene six times, rotat­
ing the camera by 90 degrees each time to capture all views. The scene is rendered into a 
viewport that matches the size of the texture. The screen is then copied into the texture 
for the appropriate cube face. The first time through this loop, glCopyTex lmage20(} is used 
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to properly initialize and create the texture. After that, gICopyTexSublmage2D() is used to 

update the entire tex ture. 

Note 

Copying from the screen is a slow operation . Using glCopyTexlmage() is better than using 
gl ReadPlxe 1 s () IglTexlmage (1, and gl CopyTexSublma ge () is even better, but they still may cause 
a performance bottleneck if you're making heavy use of them for texture generation. There are a 
couple of extensions that provide faster alternatives. but they are beyond the scope of this book. 

The Texture Matrix Stack 
In Chapter 4, "Coord inate Transfo rmations and OpenGL Matrices," we ta lked about how 
yo u ca n tra nsform vertices with translation, rotation, and scaling by mod ifying th e mod­
elview m atrix. We ;\Iso mentioned the matrix stack and how you ca n push a nd pop matri­
ces to achieve hierarchical modeling. 

You can do these same th ings with textures through the use of tex ture ma trices and the 
l eX/li re matrix stack. For instance, you can use the glTranslatef() function to move a tex­
ture ac ross a surface. Similarly, you can use the gl Rotatef() function to rotate texture 
coo rdinates o n a sur face, which, in effect, rotates the texture. The game AmeriC(1II McGee's 
A/ice, by Elect ronic Arts and Rogue Entertain ment, made g rea t use of the effects pro­
duced by manipulati ng the texture matrix when they created the psychedel ic \yorld of 
Wonderland. 

Manipulating the texture matrix is very easy. You can use any of the standard m atrix­
manipulation functions that OpenGL provides, such as gIHultHatrlx(l, glPushHatrix{), 
gl PopHatrl x( ), and the transformation functions. You just need to select the texture m atrix 
stack as the current stack using gIHatrixHode() : 

gIHatrlxHode(G~TEXTURE); 

Then you can perform any transformations you want on th e texture matrix and the tex­
ture matrix sta ck. All texture coordinates are multiplied by the tex ture matrix in exactly 
the sa m e way vertices a re multiplied by the projection and rnodclvi ew ma trices. 

Following is some sa mple code that shows how you can rotate a tex ture on a surface: 

II cl ear screen and depth buf fer 
g I Clear(G~COLD~BUFFER....B I T I GL_DEPTH_BUFFER_BI Tl ; 
glLoadldentlty{l: 

/I set current mat rix mode to texture matrix mode 
gIHatrjxHode(G~TEXTURE1; 
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gl LoadJ dent 1 ty ( ) : 
gIRotatef(angle. O.Of. O.Of . l.0f): 
gl Matr1 xHode (G~HOOElV J E'II) : 

gl B1 ndTexture( GlJEXTURL20 . texl OJ ; 

/1 draw textured quad 
gIBegln (G~QUADS) ; 

qlTexCoord2f(0.Df. D.Ofl : 
gIVertex3f(-20.0f. -20.0f. -40.0f); 
glTexCoord2f(l.Of. 0.0f) : 
gIVertex3f(20.0f. -20 .0f . -40. 0f ) : 
glTexCoord2f(1.0f. l.0f): 
gIVertex3f (20 .0 f. 20 .0f. -40.00: 
glTexCoord2f{O.Of. l.Of): 
gIVertex3f(·20.0f. 20.0f. -40 .0f): 

gIEnd(); 

/I rotate the texture 
1/ go back. to modelvtew matrix 

II set cur rent texture 

As you call see, YOll set the current matrix mode to the texture mat rix mode. You then load 
the identity matrix, which is the default texture matrix to begin with (before yo u apply the 
gIRotatef () function 10 the texture matrix}, which will rotate you r texture at some angle 
arou nd the positive z-axis. After you've performed your rotation, you tell OpenGL to go 
back to the modelview malrix mode, where you draw a textured quadrilateral. Not too dif­
ficult , is it? 

N o t e 

The texture matrix will be applied to aI/texture (oordinates, so if you're using it to animate a few 
textures, be sure to reset it to identity before you render any textures that you don't want animated. 
Beller yet. use gl Push/PopMatri x( 1. 

Try playing around with the texture matrix stack on your own. You might find some awe­
some effects 10 usc in your games! 

Texture Coordinate Generation 
In Chapler 7, we talked about what texture coordinates are and how to usc them, but we 
didn't say much about how yo u come up with appropriate texture coordinates in the first 
place. If you're loading a model from a file. it will usually include textu re coordinates if 
the modcJ includes a texture. so that 's what you' ll use most of the time. For some texture 
applicat io ns, hO\vever, you can have OpenGL automatically generate texture coordinates 
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for you. This works in situations where the texture coordinates can be de te rmined using 
well-de fined mathematical ste ps. Examples include rdlections, conto uring, and projec tive 
tex turing. We'll be disc ussing a couple of spec ific examples here. 

Texture coordinate generation is controlled independently fo r each coordina te. To usc it, 
you must first enable it by passing Gl_TEXTURCGEN_S, Gl_TEXTURCGEN_T. Gl.JEXTURCGEM_R. or 
Gl_TEXTURCGEM_O (each corresponding to the indicated coord inate) to gIEnable(). 

To specify how texture coordinates arc generated, you use one of the fo llowing: 

void glTexGentHdl(Glenum coord, GlenUII pname . TYPE param): 
void glTexGenlifd]v(Glenum coord. Glenum pname . (onst TYPE · params): 

coord ind icates wh ich texture coo rdinate to apply the parameter to. Valid values arc GLS, 
Gl_T, Gl_R, and GLO, corrcspond ing to thc s, t, r, and q texture coord inates. Th e accepted 
values of pna me ,md the pa ram or params associatcd with them are listed in Table 9.1. 

Table 9.1 Texture Generation Parameters 

Parameter 

GUEXTURUE N-"ODE 

GUYULANE 

Meaning 

paralll specifies the texture generation mode, which must be GLOBJECCll ~EAR. 

GLEY~LI ~EAR. GLSPHERE_MAP. GLREFlECTIO"-"Ap· , or GLNORHALMAP·. 

parallls is a pointer to a four·element array of values that are used as 
parameters for the texture coordinate generation function. Used in conjunction 
with GUBJECT_LINEAR. 

Same as above, but used with GU:YE_LI NEAR. 

If the texture generation mode is Gl_OBJ ECCLINEAR, then the texture coordinates arc gener­
ated lIsin g the follo\.,.ing equation: 

t excoord - PI • Xo + Pz • Yo + Pl * Zo + P4 * Wo 

xo' Yo' zo' and W o arc the object-space coordinates of the vertex the texture coordinate is 

being generated for. PI' P2' P3' and P4 are the four parameters provided via GLOBJECT_PlA NE. 
These arc used to pass the A, B, C, and Dcocfficients of a plane, so this equation is in effect 
calculating the distance from the plane and using that as the texture coordinate. 

The Gl_EYE_LINEAR texture generation mode uses a simi\;lr equatio n. except that eye-space 
ve rtex coo rdinates arc used . and the inverse model view matrix is applied to the plane 
parameters \.,.hen they arc specified. 
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When using the Gl..NORMAUlAP mode, the ( 5, t, r) texture coo rdinates are generated by lLsing 
the vertex's normal, transfo rmed into eye-space. These arc intended to be used with cube 
maps. 

The remaining two texture generation modes will be covered in the next section, but for 
now, let's look at an example of generating texture coordinates based on the distance from 
a plane. 

When rendering terrain, you can create a visually appealing effect by varying the color based 
on the height of the terrain. Areas d ose to sea level appear as s,l nd; slightly higher areas 
appear as grass, and then dirt or rock, and finally snow o n the highest peaks. One way to 
achieve this is to create a one-dimensional texture like the one shown in Figure 9.1. Then, 
you would enable texture generation based on the height above sea level by passing the coef­
fi cients for the sea level plane to gITexGen( ) and enable texture generation for the s coordi­
nate. Later in this chapter, in the "Multitexturing" section, you'll see a demo that does exactly 
that, so let 's look at the code that sets up and lIses texture coord inate generation. 

First, during initialization, texture coord inate generation is enabled, GL_OBJECT_LI NEAR 
mode is selected, and the reference plane is passed via GL_OBJECT_PL ANE: 

gl Enab 1 e( Gl.TEXTU RLGEN_S) ; 
gl TexGent (Gl.S, Gl.TE XTlJRE_GE N_MOOE, GL OBJECT_L1 HEAR ) ; 

GLfloat wat erPlane[] - I 0.0 , 1.0. 0.0, -WATER_HEIGtrT I ; 
gl TexGenfv(GLS , GLOBJECT_PlANE, waterPl ane} : 

Then, when actually rendering the terrain, the only thing that needs to be done is to scale 
the generated texture coordinate. This is because the generated coordinate is the distance 
from the plane, which could be any value. We want the texture coord inates to fa ll in the 
range [0, 11 so tha t the lowest points correspond to sand and the highest points corre­
spond to sno\ .... This is simply a matter of dividing the texture coo rdinate by the maximum 
terrain height. Using the texture matrix you learned about in the last section, this is done 
as follows: 

gl Mat ri xMode (Gl.TEXTURE ) ; 
gILoad l dent i ty () ; 
gI Sc al ef (1.0f/HAX_HE IGHT, 1.0. 1.0) ; 

Sand G ragg 

Figure 9.1 A 10 texture used to color terrain. 

Dirt Snow 
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That's all there is to il. Similar methods can be used for creating contours or projective 
text ures. No,vlet's look at the other two texture generation modes. 

Environment Mapping 
If you've ever tried to model things like chrome, polished metal, o r glass, you know that 
no matter how you tweak the materials or what texture you usc, it doesn't look very much 
like the real th ing. This is because all of these things reflect the environmen t they arc in, 
so to model them correctly, you need to use etlviroml1cl1/ //Iupping. The Gl_SPHEREjt4P and 
Gl_REFlECTlONJ4AP texture generation modes can be used in conjunctio n with an appropri­
ate texture map to create realist ic reflections. 

For the Gl_SPHERCHAP mode, or sphere I/Ulppillg, the texture coordinates arc generated 
usi ng a vector from the eye to the point on the surface and the surface normnl (trans­
formed into eye spnce) to create a reflection vector. The reflection vector is used to calcu ­
late the texture coordinates. These coordinates arc then used to index into a 2D text ure 
map like that shown in Figure 9.2. The image is a picture of a sphere completely reflect ­
ing the ,vorld Mound it. Both the sand t coordinates need to be generated via sphere map­
ping to have it work correctly. 

Sphere mapping comes with many drawbacks, one 
of the most significant being that it's view depen ­
dent, so viewing n reflect ive object fro m anywhere 
other than the center of projection can produce 
incorrect resuits. They also tend to not look very 
accurate on objects that aren't roughly spherical. 
Finally, obta ining the texture image in the firs t place 
present s a challenge. Trad itionall y, they were 
obtained by taking a photograph of a perfectly 
reflective sphere placed in the room that is being 
modeled. For this to be co mpletely mathematically 
correct, the ca mera needs to be infinitely fa r away, 
but since this is impossible, a fish eye lens is used 
instead to get results that arc reasonably dose. This 
approach isn't really viable for game environments. 

Figure 9.2 A typical texture used 
with GUPHERUAP. 

Anoth er drawback is that the reflection won't pick lip any obj ects moving in the world, so 
it will be immediately obvious that the surface isn't really reflective. 

An alternative way to generate the texture image is to render the world six times (once for 
each direction) from the renective object's perspective. The resuits are then sto red in the 
six faces o f a cube map. which is then applied to a sphere. This is actually how the image 
in Figure 9.2 wns generated. Th is approach is much belter, since a reflection image can be 
genera ted anywhere in your world, and it can be updated dynamically to reflect objects in 
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motion. Ho\vever, as you're abOLLt to sec. YOLL can make usc of the cube map directly. so 
the additional step of generating a sphere map is wasteful. Cube maps are also view inde­
pendent and can be easily mapped onto any objects. For these reasons, sphere mapping is 
generally not used anymore. 

When cube map textures were in troduced to OpenGL. they brought with them the 
Gl_R£FL£CT I ONJ'AP texture coordinate generation mode. The texture coordinates are gener­
ated in a manner similar to Gl_$PHERLMAP, except that instead of creating s and t coordi­
nates for a 2D texture, s, t. and r coordinates are generated that are used to index into the 
faces of the cube map. Cube maps arc much easier to update dynamically and do a better 
job of capturing the entire environment. The example in the nex t section shows you how 
cube maps can be used for reflections. 

Example: Reflective Cube Mapping 
On the CD, yo u'll find an example program for this chapter entitled EnvironmentMap­
ping, that puts reflective cube maps to use. As you can sec from Figure 9.3, this program 
shows a reflective sphere that is being orbited by two colored balls. placed in an outdoor 
environment. In the "Copying from the Color Buffer" section earlier in this chapler, you 
saw the portion of this code thai creates the faces of the cube map texture by 

Figure 9.3 A reflective sphere, made possible with cube maps and 
reflection mapping. 
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rendering the scene six times from the perspective of the sphere. The cube map is then 
applied to the sphere lIsing texture coordinate generation. To do this, the texture genera­
tion mode is first set up during initialization, as follows: 

gl TexGenf (GL_S, GL_TEXTU RCGEN_MOO£ , GL_R£Fl EC TION_MAP) ; 
gl TexGenf (GL_ T, GL_TEXTU RCGEN_MOOE, GL_RfFl ECTION_MAP) ; 
gl TexGenf (Gl_R, GL_TEXTU RCGEN_MOOE , GL_REFlECTlON_MAP) ; 

Then, to actually apply the texture to the sphere, texture coordinate generation for the s, I 
and r coordinates has to be enabled. This happens in the Render{) method, as shown below: 

~oid CGf xOpenG L: :Rende r {) 

I 
Genera t eEnvTexture{) ; 

gl Load l dentity{) ; 

m_sl:,ybox .Render(O .O, 0.0 , 0.0) ; 

glTr ans l atef (O.O , 0.0. · 5.0) ; 

GLfloa t l ightPos[] • ( 0.5 f, 0.5, 1.0, 0.0 1; 
gl lighth (G L_LIGHTO, GL_POSIT I ON , 1 ightPos); 

glEnabl e(GL_TEXlURE_GEN_S); 
glEnab l e(GL_TEXTURE_GEN_T); 
g lEnable(GL_TEXTUR~GEN_R); 

g lEn a b l e(GL_TEXTUR~CUBE_MAP) : 

gl BindText ure(G L_T EXTU Rt_CUBE_MAP , m_envTexI OJ; 
gl T ex Env f (G L_ T EXTU R~ENV, GL_TE XTU RC ENV_MODE, Gl_HODULATE) : 

gl Color3 f{l. Of , 1.0f, 1.0f) : 
gl uSphe re{ m-pObj, 1.0, 64, 64}; 
gl Oisable{GL_T EXTU RE_CUBE_MAP): 

gl Oisable{GL_T EXTU RE_G EN_Sl; 
gl Oisable{GL_T EXTU RE_G EN_Tl ; 
gl Oisable{GL_T EXTU RE_G EN_R) ; 

DrawBal ls{ ); 
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As you can see, creating dynamic reflections with cube maps is quite easy. The cost involved 
is not trivial because it requires that the scene be rendered an additional six times per 
refl eClive object. When used in moderation however, th e visual payoff is \oJorth it. 

Multitexturing 
Extension 

Extension name: ARS_Dlu1titextu re 

Name string: GURS-1\lultitexture 

Promoted to core: OpenGL 1.1.1 

Function names: gl Act iveTex tureARB{ ),_91 Mu1 t iTexCoord 1123411 s ltd)[ v JARS () 

Tokens: G~TEXTU REnj.RB , GUtAX_TEXTURE_UNI TS_ARB 

In the examples you've seen so far, when you texture-map a polygon, you apply only one 
texture to it. It 's actually possible to apply several textures to the same polygon through a 
series of tex ture operations. This is called ttlultitexturillg. 

Up to th is point, the textures you've seen assign colors to the polygons they are applied to. 
Textures used in this way are often referred to as diffuse maps. When using muhilexwring, 
ty pically only o ne of the textures will be used in this way. The other textures will be used 
to either modify the diffuse map values or provide additional informat ion. For example, 
grayscale images can be used to modulate the diffuse color to simulate per pixel lighting 
or to vary the details. A texture may include normals or other pa rameters encoded as 
RGBA values that are used to perform calculations to simulate bumpy surfaces. You' ll see 
some specific examples of multi texturing in this section , but we'll be giving you only a 
small ta ste of the many possibilities they offer. 

Multitexturing makes use o f a series of texture IIl1its. Each texture unit represents a single 
texture applicati on, and when you perform multi texturing, each texture unit passes its 
results to th e next texture unit as shown in Figure 9.4. You've actually been making lise of 
texture un its all along; everything you'VC' done so far has used the default texture unit 
(whi ch is texture unit 0). Let's look more closely at what texture unit s represent and see 
how to use them. 

Texture Units 
E:leh tex ture unit has a set of states associated with it that allows it to keep settings sepa­
rate from the o ther texture units. Each texture unit has its own texture environment, tex­
ture matrix stack, texture coo rdinate generation states, and tex ture image and filtering 
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parameters. Tile latter two arc usually derived from the texture object tllat is bound to 
the texture unit. In addition, each of the texture targets (Gl_TEXTURUO, G~ TEXTURE_20, GLTEX· 
TURE_30, and GL_TEXTU RCCUBUlAP) are enabled or disabled on a per- texture-unit basis. 

You usc the glActiveTexture() function 10 change the currently active leXlUre unit. It is 

defined as: 

vold glAct l veTexture (Glenum t exUnitl ; 

After this function is called, all calls to glTexlmage () (includi ng the copy and subimage ver­
sions). glTexParameter (), glTexEnv{} , glTexGen{), and glBindTexture () affect the texture un it 
defined in texUni t. The texUni t parameter is of the form GLTEXTUREn, where n is equal to any 
integer between 0 and 1 less than the number of supported texture units. For example, 
Gl_TEXTUREO is for the first texture unit available. You can find out how many texture units arc 
supported by your OpenCL implementation by using Gl_HAX_TEXTURCUNlTS, as follows: 

in t muTexUnits; II holds the maximum number of supported textu re units 
gl Get I ntegerv (GUiACTEXTURE_UN ITS. &.maxT exUn i ts ) ; 

If gl GetInt egen() returns I, then the OpenGL implementation docs not support 

multitext uring. 

Any texture object can be lIsed with any texture unit. When you make a call to 
gl BlndTexture(), the texture object gets bound to the currently active texture unit, and its 
parameters and image data become the texture uni t 's par,lIueters and tex ture data. To 
enable a texture unit, YOll simply have to assign valid texture data to it and then enable the 
appropriate texture larget. To later disable it, you need to make sure that all tex ture tar­
gets a rc disabled. Always remember that OpenGL is a state machine. so the curren t tex­
ture unit \Viii always be whatever YOll sel it to the last time you called glActheTextllre{) . 
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Take care to always be aware of what the active texture unit is when making calls to any 
texture related functions. 

The following example should help you to better understand how to usc texture units. 
Assuming that texturel and texture2 are handles to valid texture objeCls for 20 textures, 
the following code binds them to texture units 0 and I: 

gIActl veTexture (Gl_TEXTURE01; 
gIEnable (Gl_TEXTUR~2Dl; 

g181 ndT exture (Gl..TEXTURE_2D, textureJ): 
gITexEnv l(Gl..TEXTUR~EHV , Gl..TEXTURE_ENV_MO DE , Gl_REPlACE1 : 
gIActlveTexture(GL_TEXTUREll : 
gIEnable(Gl_TEXTURE_2D): 
gl B I ndTextu re t Gl.. TEXTURE_2D, texture2): 
gl TexEn vl (Gl. TEXTU R~ENV, Gl.TEXTURCENV_MO DE , Gl_MODU lATE) : 

Pay particular attention to the calls to glTexEnv() . The first one causes th e color from 
text urel to replace the incoming fragmen t color. This value is then used as the input to 
texture unit I, which modulates the value with the color in textu re2. 

Specifying Texture Coordinates 
Now that you know how to assign textures to each texture unit and configure the texture 
units' states, you need to define how to apply the textures to polygons. Because you arc 
applying more than o ne texture to a single polygon, you'll need to define more than one 
set of tex ture coordinates as well. In fact , you'll need one set of textu re coordinates for 
each texture unit that you create. glTexCoord () isn't up to the task, because it only specifics 
coordinates for texture unit O- it completely ignores the active texture unit. Instead , 
you' ll need to use gIHultiTexCoo rd () : 

vol d gl Hult iTexCoord (1234 II s i fd j( Glenum texUnlt. TYPE coord s) : 
void gIHultiTexCoord(1234Hsifdlv(Glenum texUnit , const TYPE · coord s); 

texUnit is used to ind icate which texture unit this coordinate is for. It uses the same 
GL_TEXTUREn values as gIActiveText ure() . The parameters are othenvise the same as 
glTexCoord(). In fncl, using glTexCoord() is equivalent to using gIMut l1TexCoo rd() with 
GL_TEXTUREO. 

Example: Multitextured Terrain 
It 's time to take a look nt a real example of using multi texturing. On the CO, yo u'll find a 
demo for this chapter entitled MultitexTerrain, shown in Figure 9.5. This example uses 
one texture to colo r the terrain based on the height above sea level, as described earlier 
under "Texture Coordinate Generation." This is combined with a second grayscale tex ture 
that contains grass-like detail. 
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Figure 9.5 Terra in demo modified to use multitexturing . 

This is the how the textures are initialized: 

image. Load( "grass. tga · ) : 
gl GenTex tures (1 . &.m_g rassT ex t u re) ; 
gI BindTexture(GL_TEXTURE_2D. m_grassTextureJ; 
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gl uBu i 1 d2DMi pmaps (GL_ TfXTURC2D . GL_RGB . i mage . GetWi dth ( ) . i mage. GetHei ght ( J. 
Gl_RGB . GL_UNS I GNE D_BYTE. image. Get l mage()) ; 

i mage.Re l ease() ; 

image. Load( "water. tga · ) : 

gl GenT ext ures (1 . &.m_waterT ex t u re) ; 
gI BindTexture(GL_TE XTURE_2D. m_waterTextureJ ; 
gl uBu i 1 d2DMi pmaps (Gl_ TfXTURE_2D. GL_RGB . image . GetWi dth ( J. i mage. GetHei ght ( J, 

Gl_RGB . GL_UNS 1 GNE D_BYTE. image. Get l mage()); 
image. Re l ease{) ; 

image. Load(" hei ght. tga ' ); 
gl GenT ext ures ( 1. &m_he i ghtTextu re ) ; 
gIB indTexture{GL_TEXTURE_1D. m_heightText urel; 

gl TexParameteri (Gl_TfXTURU 0, Gl_THTURUtiNJI l TE R, GL_LI NEAR ) ; 
gl TexParame teri (Gl_TfXTURU 0, Gl_TE XTU RCWRAP _$, GL_C LAMP) ; 
glTexl magel D{G ~TEXTURC1 D . D. Gl_RGB . image.GeUli dth() . O. GL_RGB. 
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GL_UNS I GNEO_BYTf , image . Get Image ( )) ; 
i mage.Release{); 

gl Act i veT exture{ GL_TEXTUREl ) ; 
glEna bIe(G L_T EXTURE_GEN_S): 
gl T exGeni (G L_S , GL_TEXTURE_GEN_MOOE , GL_OBJECT _LINEAR) ; 

GLf Ioat waterP Iane[ l - ( 0.0, 1.0, 0.0, -WATER_HEIGHT I: 
gl TexGenfv (GL_S , GL_OBJECT ]LANE , wa terPI ane): 
gl Act i veTexture (Gl_TH TU REO) ; 

The interesting thing to notice here is that most of the texture creation code doesn't have 
to concern itself with the currently active texture unil. This is because the parameters and 
images are being bound to texture objects, which will later be bound to texture units as 
they arc needed. The texlure unit matters only at the end, when texture coordinate gener­
ation is enabled. 

Next up is the code that draws the terrain: 

gl BindTextu re{G L_TE XTURE_2D, m_grassTexture) ; 
gl T ex Envf (G~ TE XTURCENV , G~ TEXTURCENVj100E, Gl_REPlACE); 

gl Act i veT exture (Gl_TEXTUREl) ; 
gl B i ndT extu rei GL_TE XTURC10, m_he i ghtT extu re): 

glMatrixMode(G L_T EX TUR[) ; 
glLoad Identity{) ; 
gl Sca l ef O . OflMAX_H£IGHT, 1.0, 1.0) ; 
glMatrixMode(G L_MOOElV IEW): 

gl Tex Env f (G L_TE XTURCENV , GL_TE XTURCENV_MOOE, Gl_HO DULA TE) ; 
glEna bIe(G L_T EXTUR E_10) ; 
for (int z - 0; z < TERRAIN_SII E - 1; HZ) 

I 
gIBegin{Gl_TRIANGl E_STR IPl: 
for (int x - 0: x < HRRAiN_SIIE: ++x) 

I 
GLfl oat sca l edHeight - heightmap[z * TERRAIN_SIZE + xl I SCALEJACTOR: 
GLfl oat nextSca l edHeight • heightmap[(z + l )*TERRA IN_SIZE + xl/SCA LCFACTOR; 

gIHultiTexCoord2HGl_TEXTUREO, x * TCSCAlE. z * TCSCAlE): 
gIVertex3f ({G Lfl oatl x - TERRAIN_SIIE/2 , sca l edHeight , 

(Gl fl oatlz - TERRAIN_SIZE/2): 
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glHultiTe:o:Coord2fIGLTEXTIJREO, x • TeSCALE , (z+l) * TeSCAlE): 
gIVertex3f((Gtfloat)x . TERRAIN_SIZEll, nextScaledHelght, 

(Glfloat){z + 1l . TERRAIN_S IZE/l) : 

gIEnd(): 

9101 sable(GLTEXTURCIOI ; 
gIActlveTexture{GLTEXTUREO) ; 

lid raw the water 
gIBlndTexture{GLTEXTURE_20 , ~waterTexture) : 

gl TexEnv f{ GL_TEXTURE_ENV, GL_TEXT URE_EHV_MODE, GL_REP LACE) : 
I! render water 
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The grass texture is first bound to texture unit O. Then texture unit I is activated, and the 
height texture is bound to it. The tcxture matrix is selected and set to scale the s coordi ­
nate, which applies only to texture coordinates for texture unit I, since each tex ture unit 
has its own text ure matrix stack. to textures arc enabled, and the terrain is rendered. The 
texture coordinates fo r texture unit 0 arc specified using glHut iTexCoord2f{), and the tex­
ture coo rd inates for texture unit I arc being automatically gene rated . Once rendering is 
complete, I D tex tures arc enabled , and since they were the only enabled texture target fo r 
texture unit I, it is effect ively disabled. Finally texture unit 0 is activated again , and the 
water is rendered with only one texture. 

Texture Combine 

Note 

Texture combiners are available only via extensions under Windows. The ARB_texture_env_combi ne 
and ARB_texture_env_dotJ extensions were added in OpenGL 1.3, and ARB_texture_env_crossbar 
was added in OpenGll.4. 

In Chapter 7, you learned about va rious texture modes that can be selected by using 
glTexEn~{). In addition to the modes you've been using such as GL_M OOULATE ;\nd GL_ RE PLACE, 
OpenGL supportS;\ number of functions that were introduced in 1.3 and 1.4 for usc with 
multitexturing. Because these functions arc typically used to combine two or more tex­
tures, they're often rererred to as texture combillers. When you set GLTEXT URE_E NV_MDDE to 
GL_COMBINE, additional glTexEnv() parameters become valid. These parameter names arc 
listed in Table 9.2 along with the parameters lhal can be used with them. Note that for 
all of the parameters discussed in this section, the targe t parameter must be sci to 
GL_TEXTURE_ENV. As a rem inder, glTe:o:Env () has the rollowing rorm: 

void glTexEnv(lff{GLenulD target. GtenUIi pname, TYPE param ): 



TeamLRN

214 Chapter 9 • More on Texture Mapping 

Table 9.2 Texture Combiner glTexEnvO Parameters 

pname 

GUOM8lNLRG8 

GLCOMBI"~LPHA 

GLRGUCALE 

GUtPH,UCALE 

Valid params 

GLREPLACE. GU.)DULATE. GL_ADD. GUDUIGNED. GUNTERPDLUE. GUtJBTRACT. 
GUDT3_RGB. or GUlOT3_RGBA 

GLREPLACE. GLHODULATE. GU.DD. GUDUIGNED. GUNTERPDLATE. or GUUBTIl,ACT 

Floating point constant scaling factor for RGB 

Floating point constant scaling factor for alpha 

GL]GB_SCALE and Gl_RGBj.LPHA arc used to set floating point factors that the final fragment 
Re B and alpha v,llues arc scaled by after all textures have been applied. Gl.COMBINE_RGB and 
Gl_Cm'1BINE_AlP HA arc lised to specify what function to usc to combine textures. These func­
ti ons arc defined in Table 9.3. 

You'll notice that GLOOT3]GB and Gl_OOT3]GBA share the sa me function. The difference 
between the two is that with the former, the result of the function is stored in the ReB 
com ponents; with the latte r, the result is stored in the al pha com ponent as wet! , in wh ich 
case the result of the Gl_COM81 NEj.LPHA func tion is ignored. These modes arc used for bump 
mapping. 

Each of the functions listed in Table 9.3 takes up to three arguments. The real power of tex­
ture combiners stems from the fact that you are in complete control of what those argu­
ments arc. They may come from a texture (from any texture unit , not just the curren t one). 
the results of the previous texture unit. the color of the incoming fragmellt prior to any tex­
ture application. or a constant color (specifically. the color set via Gl.T£XTURLENV_COlOR). 
These arguments arc set by passing one of the values from Table 9.4 to glTe)(Env ( l. Argu­
ments for the ReB and alpha components arc sct independently of each other. 

Table 9.3 Combiner Functions 

Name 

GLREPLAC E 

GLHODUtATE 

GUOD 

GUDU IGNED 

GumRPOLATE 

GUUBTRACT 

GUJOTUGB, GUOTUGBA 

Function 

A'!}O 

ArgO· Argl 

ArgO + Argl 

ArgO + Argl + 0.5 
ArgO· Argl + Argl· (1 - Argl) 

ArgO - Argl 

4 • (ArgO, - 0.5) • (Argl, - 0.5) + (ArgO - 0.5) • (Argl 9 - 0.5) + 
(ArgO" - 0.5) • (Arg1 b -0. 5). GUOHBINLRGB only. 
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Table 9.4 Combiner Argument Specification 

pname Valid params 
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GUOURCEUGB. GUOURCEt_ALPHA GLTEXTURE. GumUREn, GLCOHSTAHT, GURIKARY_COlOR. or 
GUREVIOUS. 

GLOPERAND UGB 

GLOPERANDUtPHA 

GURUOlOR, GUNUINUURUOtOR. GURC..J.lPHA, or 
GUNUIt HUS_SRC_AlPHA. 

GURCAlPttA, or Gl_ONUtl NUURC..J.tPHA. 

i is the argument number and can be 0, 1, or 2, corresponding to the arguments in Table 
9. 3. The arguments can be set to any of the following: 

GL_TEXTU RE is used to indicate the texture image associated with the current texture 
unit. 

GL_TEXTUREn is used 10 indicate the texture image associated with texture unit II. 

GL_CONSTANT is for the textu re environment color of the current texture unit. 

Gl_PWIARY_COlOR indicates the primary color of the incoming fragment used as 
input for texture unit o. 

Gl]REVIOUS ind icates the output of the previolls texture unit. For texture unit 0 this 
is equivalent to Gl_PWIARY_COlOR. 

The Gl_OPERANDI parameters arc used to fur ther specify which components to usc from the 
indicated argument. So if you wanted to usc the complement of the RGB values of the 
current textu re unit's texture image as argument 0, you would usc the following: 

g 1 TexEnvf(GlJEXTURLEHV, GLSOURCEO_RGB, Gl_TEXTUREJ; 
q 1 TexEnvf(GLTEXTURE_EHV, GLOPERAHOD_RGB , Gl_ONLHIHULSRCCOlOR1: 

To b ring thi s all togeth er, let's look at an example of setting up a combiner. To keep things 
simple, we'll set up the combiner to perform the sallle operat ion as GLMODUlATE. You'd 
never do this in practice of course, but using a well-understood operation should make 
the example qu ite clear. As you'll recall, modulation determi nes the resuit by multiplying 
the incoming fragment color by the texture color. The following code shows how to do the 
same thing with a combiner. 

II Set t he t extu re mode to GLCOMBINL This must be done to use combiners . 
gl TexEn~f (GL_ TEXTURE_ENV , Gl_TEXTURE_ENV_MODE, Gl_COMBI HE) : 

1/ Set both the RGB and alpha combiners to modulate 
9 1 TexEnvf (Gl_ TEXTURE_EHV, Gl_COMBI HE_RGB. Gl_HODULA TE); 
gl TexEnvf (GL TEXTURLENV, GLCOMB! HE_ALPHA , GL_MOOULATEJ: 
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II Set ArgO to be the Incoming fragment color for both RGB and alpha 
9 1 TexEnvf( GL-TEXTURLENV, GL-SOURCEO_RGB , Gl_PRIHARY_COlOR): 
gl TexEnvf( GL-TEXTURLENV , GL-SOURCEOJlPHA, Gl]RlHARY_COlOR): 

II Set Argl to be the cu rrent texture color for both RGB and alpha 
glTexEnvf(GL-TEXTURLENV, Gl_SOURCEI_RGB. Gl_TEXTURE): 
gl T exEnvf(GL-TEXTURLEMV. GL-SOURCEIJlPHA, Gl_TEXT URE) : 

II Use the unmod1fied source color and al pha for both ArgO and Argl 
gl TexEnvf(GL-TEXTURE_EMV , GL-OP ERAN OO]GB , Gl_SRCCOlOR) : 
glTexEnvf(GL-TEXTURE_ENV , GL-OPERANOO_AlPHA, Gl_SRCAlPHA) : 
glTexEnvf(GL-TEXTURE_ENV , GL-OPERANOI_RGB , Gl_SRC_COlOR) : 
gl T exEnvf( Gl.JEXTURE_ENV , Gl_OPERANOI_A LPHA, GL_SRCA LPHA) : 

Thi s example is completely impractical, but it should help you better understand how to 

set up texture combiners. We'll look at a more practical example in the next sect ion. 

Example: Image Interpolation 
The in terpolation co mbiner mode is in some ways the most complex beca use it 's the only 
one that takes three parameters. The CD includes an example of using combine r interpo­
lation. You'll fi nd it in the Combiner folder fo r th is chapter. This program takes two 
images and gradually interpolates between them over time, creating a crossfad ing effect. 
It docs th is by loading o ne image into texture unit 0 and the other into texture unit). Du r­
ing initialization, the two texture units are set up as follows: 

CTa rgal mage Image: 

glGenTextures(2, ~texID); 

glActlveTexture(GL_TEXTUREO) ; 
glBindTexture(GL-TEXTURL2D , ~tex ID[Ol) : 

ima ge.Load( ' 2,tga "): 
gl uBulld20Hipma ps(GLTEXTURE_2D, 3, image.GeUlidth () , image.GetHe lght( ) , GLRGB , 

GLUNSI GNt O_BYTE . image. Get I mage( » : 
Image.Release() : 
gl Enab 1 e( GLTEXTU RE_20) : 
I I pa ss t he texture through to the next unit 
gl TexEn vf (GLTEXTURLENV , GLTEXTURLENV_HDDE. GL_REPlACE): 

gIActl veTexture(Gl_TEXTUREl) : 
gIBindTexture(GLTEXTURE_20. ~texlD[l]) : 

image.Load ("I.tga"): 
gl uBull d2DHi pmaps (GLTEXTURL2D. 3, image . GetWidth() , image ,GetHel ght (). GLRGB. 
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Gl_UNSIGNED_BYTE, image. Get Image( ) : 
image.Release(); 
g1 Enabl e( GLTEXTURL2Dl ; 

II set the combine mode 
9 1 TexEnvf(GLTEXTURLENV, GLTEXTURLENV_MOOE, GL_COMB INEl; 

/I use the interpolate combiner function 
g1TexEnvf(Gl_TEXTURE_EHV, GLCOHBINE_RGB, Gl_INTERPOLATE) : 

/I set ArgO to be the output of texture unit 0 
g1 TexEnvf( Gl_TEXTURE_EHV, Gl_SOURC EO_RGB , Gl_PREVI OUS) : 

II set Argl to be the cu rrent textu re image 
g1 TexEnv f {Gl_ TEXT URE_EN V , GLSOURCEI_RGB, GL_TEXTURE}: 

II set Arg2 to be t he textu re env color for tex unit 1 
g1 TexEnvf (Gl_ TEXTURE_EN V , GLSOURCELRGB, GL_CONST ANT) : 

/I use the cons tant alpha to modify the rgb components 
gl TexEnvf (GL TEXTURE_EHV, GLOPERANOLRGB , Gl_SRCAlPHA): 
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Texture unit 0 doesn't really need to do anything; it just needs to be active and enabled 
so that the texture bound to it will be available to texture unit I. Because the textu re envi­
ronment mode is set to GLREPlACE. texture un it I witi be able to access the texture lIsing 
ei ther Gl_PREVIOUS or GLTEXUREO. 

Texture unit I is set up to use the texture from unit 0 as ArgO and its own texture as ArgL 
The alpha component of the constant color will be used as Arg2, \vhich acts as the inter­
polator. The constant colo r is updated over time so that the first image gradually fades 
into the second image. This can be sec in the Prepa re() and Render{) rou tines: 

void CGfxOpenGl::Prepare{ f loat dt) 

I 
lILinterpo l +- dtlTOTALTlM£; 
if (lILinte rp01 > 1.0) 

1IL1nterpol - 1.0 ; 

void CGfxOpenGl::Render() 

I 

Glfloat texEnvColor[] - I 0.0, 0.0 . 0.0, 0.0 I: 
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texEn vColor[3] • m_inte rpol; 
gIActiveTexture{Gl_TEXTUR( 1); 
glT exEn~h{ GL_TE XTURE_ENV . GL_ TE XTURC ENV_CO LOR. texEnvCo lo r ) ; 

gIBegin{Gl_QUAO$) ; 
glMultiTexCoo rd2f{GL_TEXTUREO. 0. 0. O.O}; 
glMultiTexCoo rd2f{GL_TEXTUREl . 0. 0. O.O}; 
glVertex3f ( · 1. 0. -l.Of. -2.0} ; 
glMultiTexCoord2f{Gl_TEXTUREO. 1.0 . 0.0); 
glMultiTexCoo rd2f{GL_TEXTUREl. 1. 0. 0.0) ; 
glVertex3f (l. 0. -1.0f . -2.0}; 
glMultiTexCoo rd2f{GL_TEXTUREO. 1. 0. 1.0); 
glMultiTexCoo rd2f{GL_TEXTUREl . 1.0 . 1.0); 
glVertex3f (l .0 . 1.0f. -2.0}; 
glMultiTexCoo rd2f{Gl_TEXTUREO. 0.0 . 1.0); 
glMultiTexCoo rd2f{GL_TEXTUREl. 0. 0. 1.0); 
glVertex3f (-1. 0. 1.0f . -2.0) ; 

gIEnd(}; 

Figure 9.6 shows this example in the middle of the interpolation. 

Figure 9.6 Image interpolation using texture combiners. 
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Summary 
You've now seen just how powerful OpenGL's texturing support really is. You can update 
textures dynamically, even using the screen as an image source. YOli can apply transfor­
mations to tex ture coordinates to move, scale, or rotate them on the fly. YOli can have 
OpenGL generate texture coordinates automatically fo r reflections and other effects. Most 
importantly, you can apply multiple textures to a single object, with tremendous con trol 
over how the textures arc used and combined. 

What You Have learned 
• You can updat e all or a part of an existing texture usin g glTexSublmage () . 

• You can create textures from the screen using gl CopyTexlmage () or 
91 CopyTexSub I mage{ ). 

• A texture matrix is applied to texture coordinates just as the modelview and pro-
jection matrices arc applied to vertex coordinates. 

• OpenGL can automatically generate texture coordinates for you wi th glTexGen(}. 

• Environ ment mapping enables you to create complex reflective surfaces. 

• Mu ltitexturing is the process of applying more than one texture to a polygon in a 
single pass. 

• Multitexturing is controlled through the usc of texture units, each of which repre­
sents a single texture application. The current texture unit can be changed with 
gl Act i veText ure (}. 

• Texture combiners provide a wide range of additional methods for applying 
tex tures. 

Review Questions 

I. Why is updating an existing texture better than creating a new one? 

2. How many tex ture mat rix stacks are there? 

3. Which two texture generation modes require additional parameters? 

4. How do you enable and disable a texlure unit? 

5. What texture environment mode (GL_TEXTURCENU1ODE) do you need to set to be 
able to use texture combiners? 

On Your Own 

I. Write the code to set up a texture combiner that does the same thing as the GUOO 
environment mode described in Chapter 7. 
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CHAPTER 10 

Up YOUR 

PERFORMANCE 

. 

I n many graphics applications, and in virtually all games, maintaining an interactive 
frame rate and smooth animation is of utmost imporlance. Allhough rapid advance­
ments in graphics hardware have lessened the need to optim ize every single line o f 

code, programmers st ill need to fO CllS on writing effic ient code that. th rough the graph­
ics API , harnesses the full power of the underlying hardwa re. In this cha pter. you' lI lcarn 
several methods fo r improving your game's perfo rmance. 

• Display lists 

• Vertex arrays 

• Frustu m culling 

Display Lists 
After you've been writing OpenCL code for a while, you'll probably notice that there arc 
secti ons of code thaI you are calling freq uently, with the same state machine settings every 
tim e. Wouldn't it be nice if you could process th ose commands in advance (maybe at ini­
tializati on ) and then send the preprocessed commands down the graphics pipeline, stor­
in g th em on the video ca rd for fu ture use, rather than processing them all from scratch 
every time? That's exactly the idea beh ind OpcnGL's display lists. 

As you'll see momentarily, display lists arc quite easy to create and usc; the only ca tch to 
using them is that it's not always obvious when they will help improve perfo rmance. In 
addit ion, some vendo rs do a better job than others in the im plemen tation of display lists, 
so yo ur mileage may va ry. In the worst case, though, they should never hurt performance. 

221 
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To see how display lists arc created and used, let's look at an example. Suppose YOll have a 
program in which you draw a bunch of pyramids, which you're representing as four tri­
anglcs (the bottom isn't drawn , because you ca n't see it). You'd probably create a function 
to do it , and it might look something like this (because all four triangles share a single 
common central point. you can use a triangle fan ): 

void DrawPyramld() 
[ 

glBegln(G~TRIANGl~FAN1 ; 

glVertex3f(D.O, 1.0. 0.01 ; 
glVertex3f(-1.0, 0.0 , 1.0) ; 
glVertex3f(1.0, 0.0, 1.0) ; 
glVertex3f(I.O , 0.0, -1.0) ; 
glVertex3f(- 1. 0, 0.0, -1. 0) : 

glEnd(} : 

Because this function is getting called all the time, it's a good ca ndidat e to co nsider fo r a 
display list (in truth, it probably won't benefit much from being in a display list, because 
it's not do ing anythi ng else particularly expensive, but it illustrates the point). So, how do 
yo u put these calls into a display list? 

Creating a Display List 
First of all, before you ca n place items in a display list, you must get ;1 nam e fo r one, much 
as you got a name for a texture object in Chapter 7, "Texture Mapping." This is done by 
using glGenl1sts(); 

Glulnt glGenl1sts (Glslzei range ); 

Here, range is th e number of display lists you need. The func tion returns an unsigned inte­
ger representing the first display list in the range requested. The next li st in the range can 
be accessed by adding o ne to this value, and so on. You can think of the values returned 
by gl Genll st s() as the names, or IDs, of your display lists. They just provid e a unique han ­
dle that allows you to tell OpenGL which display list you are currently working \vith. 

You should ahvays check the return value of glGenli st s( ) to make SUfe that it is not O. This 
is not a valid list name, and it indicates that some error has occurred , such as there not 
being range contiguous names available. As an additional precaution, at any lime you can 
check to sec whether a list name is valid by using gl Is Lis t (l; 

Glboolean glislist1Gluint listName l : 

This function returns G~TRUE if listName is a valid name fo r a display list and G~FAlSE 
otherwise. 
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Filling a Display list with Commands 
After you have a valid list name, the next step is to place commands in the d isplay list asso­
ciated with it. This is done in a manner very simila r to th e way you use glBegin( )/gl Endl) 
to surround prim it ive d rawing commands. First, you call a function that specifics the dis­
play list you wan t to fill , and when you're finished, you call ano ther function completing 
the list. These functions arc glHewli st() and gl [ndlist( 1, respectively: 

void glNewlistlGlulnt listName. Glenllm mode): 
void gHndlist(): 

Here, 11s tName is the name of the display list you want to fill. Note that it can be a new list 
you just created \vith gIGenlists(), o r it can be a list that you've been using but are ready 
to clear out and fill with new commands. mode is the compilati on m ode, and it can be 
either Gl_(OHP ILE or GL(OHPiLE~NO_EXECUTE. The second option execut es the commands as 
it com piles them, whereas the first just compiles them. 

Although yo u can place any OpenGL commands you want between gl Newl1st{} and 
gl EndL1s t (), some commands cannot be compiled into a display lis t. These will instead 
be executed immediately. These functions are gIGenlists(), glOele tel1sts(} , gl Feedback­
Buffer( 1, gl Se I ectBuffer ( ), gl RenderHode ( 1, gl Col orPoi nter( ), gl Fog(oordPoi nter( ), 9 1 Edgen ago 
Pol nter(), gl inde:o:Pointer()' gl Normal Poi nter() , glTexCoordPol nter(), gl Secondary(olor­

Polnter( 1, gIVerte:o:Polnter(), glCl ientActi veTexture(), gl InterleavedArrays() , gl Enable' 
(11 entState(), gl 01 sab 1 e( 1 ientState() , gl PushC] j entAtt rl b(), gl popel I entAtt rl b(), 9 1 Read· 
Phe 1 s( ), gl Phe I Store( 1, gl GenT extures (), gl De 1 eteTextures(), gl AreTe:o:turesRes ident ( 1, 9 I Gen­

Querles() , gIGeleteOuer!es(), glBindBliffer(), glOeleteBuffers(), glGenBuffers(), glBuffer' 
Oata ( 1, gl BufferSubData(), gIHapBliffer(), gIUnmapBuffer(). glnusll() , and gl Fin! she 1. Some of 

these functions arc not covered in this volume but are included here fo r completeness. 

In addition , each of the gIGet() and gl I s() commands executes immed iately, as do the 
glTexlmage() functio ns if a proxy texture is being created (i f you're not using a proxy tex ­
ture. yo u ca n safely use th e glTexlmage() functions, though there are better ways to handle 
textures, as we' ll discuss later in "Display Lists and Text ures"). 

Executing Display Lists 
After yo u have a display list, you ca n then lise it in any pla ce you would have used the code 
com piled into it. This is done with: 

~o1d glCallList(GLuint list Name ) ; 

This ca uses the commands in the list indicated by I istName to immedi ately be executed in 
order. just as if they were inserted into your code. 
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So, what if you want to call several display lists at o nce? WeU, conveniently, OpenGL pro­
vides d irect support for this: 

void glCallUsts(Glsizei nUID, GLenUID type, const GLvoid ~ llsts}: 

Here, nUll is the total number of lisls to be executed, and I ists is a pointer to an array of 
display list names. Allhough the value returned by glGenli sts () is an unsigned integer, and 
that's the type expected by most other 
d isplay list functions, in real ity, YOll 

could cast the na me to some other data 
type that 's more convenient for your 
use. And that's why 1 is t s is a void 
pointer ;md why the type member is pre­
sent to indicate the actual dala type 
sto red in the army. Table 10.1 lists the 
values that can be used, though typicall y, 
you' ll just usc integers. 

Table 10.1 glCalllistsO Types 

When gICal1Lists() is used , OpenG L 
will iterate over 1 i st, from 0 10 num - I, 

Constant 

GU YT E 

GUNSIGN£UY TE 

GUHORT 

GUNS IGNEUHORT 

GUNT 

GLUNSIGNEU NT 

GU LOAT 

T~pe 

Signed I-byte integer 
Unsigned I·byte integer 
Signed 2·byte integer 
Unsigned 2·byte integer 
Signed 4·byte in teger 
Unsigned 4·byte integer 
4-byte fl oa ting-point value 

calling the d isplay list name ind icated at each index in the iteration. If any of the d isplay 
lists' na mes in the l i st ar ray are not valid, they'll simply be ignored . 

There Illay be times in doing this (such as when using d isplay lists for text output) that 
YO ll don't want the iteration to start at zero, but rather at some offset . You can set the o ff­
set at which the iteration begins using the following. 

void glLlstName(Gluint offset): 

This causes the iterat ion to begin at off set and end at offset + num - I . The value of the off­
set is 0 by default. Remember, because OpenGL is a state machine, ir you change the off­
set, it will remain at the value you set it to until you change it again. If you want to resto re 
it to its original val ue after you're fi nished, before changing the offset, you can usc glGet() 
with Gl_L1 SCBASE to find the original offset value. 

Display List Gotchas 
There arc a number of things to be aware of when using disp!;IY lists. For slarters, yo u can 
use gleall lis t () or glCalllists() within display lists- it 's perfectl y legal to incl ude them 
within a glNewl1st()/glEndl1st() block. To prevent the poss ibil ity of infinite recursion 
c;\Used by two lists cOI ll ing each other, however, the commands wi thin the d isplay lisl exe­
cuted by glCallllst () arc not made par t of the new d isplay list. 

Another thi ng to keep in mind is that display lists can contain calls tha t change the cu r­
rent OpenGL server-side state, and there is no built-in mechanism to save and restore the 
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state over display list calls. Therefore, you want to be sure to save and resto re state infor­
mation yourself using gl Push/PopHat ri x() and/or gl Push/PopAttr i b( J. 

Destroying Display lists 
Creating a display list allocates memory in which to store the commands, so after you are 
finished using a display list- either at program termination or beforehand-you need to 
explicitly destroy it to avoid resource leaks. Doing so is quite st raightforward via 
gIOeletelists(): 

void glOeletel1sts(GLulnt listName, Glsi ze i range ) : 

This frees the memory associated with the display lists starting w ith I I stName and pro­
ceeding to 11stName + range - 1. If any name within the range refers to a nonexistent list, it 
will simply be ignored. If range is 0, the call is ignored, and if range is negative, it generates 

an error. 

Now that you know how to create, fill, call, and destroy display lists, let's see what you have 
to do to rewri te the previous pyramid routine using them. First, of course, yo u Ileed to 
create the list, as follows: 

GLuln t pyramldLtst - glGenLists(}l; 

Next, you need to fill this list with commands. 1'0 do this, you'll rewrite the OrawPyramid( I 
function from earlier. Because you' ll o nly be caUing it once now (at startup), you'll rename 
it InitlalizePyramid(). Because the list creation also needs to happen o nly once, you'll 
move the creation code into the function as well and have it take a reference to a GLuint as 
a parameter (so that YOll can pass the lisl handle in and have it be set). The new func tion 

appears here: 

void InltlallzePyramld{Glulnt &pyramidListJ 

I 
pyramldList - gIGenLlsts{l) ; 

gl NewL I s t( pyra ml dL 1 s t , GLCOMPJ LEl ; 
g I Begln(GL_TRJANGL~FAN) ; 

glVertex3f(0.0 , 1.0,0.0) ; 
glVertex3f(-1.0, 0.0, 1. 0); 
glVertex3f(1.0, 0.0 , 1.0) ; 
glVertex3f(l.0 , 0.0, -1. 0); 
glVertex3f( -1.0 , 0.0, -1.0): 

glEnd(): 
glEndl1st(): 
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Now, when you need to draw a pyramid, you just translate, rotate, and scale as needed, 
and then usc this: 

glCall L is t (pyraml dL 1s t ): 

to actually draw the pyramid. When you finish using the pyramid list (probably when 
exiting the program), you free the list with: 

glDeleteL1s ts(pyramidllst, l) : 

And that 's it. Again, remember that in this example, you're probably not go in g to gain 
much frolll using a display list, but you should at least have a pretty good idea of how to 
usc thelll no\ .... 

Display lists and Textures 
Because any of the tex ture functions can be used within display lists, you might be 
tempted to create lists that encapsulate the process of defining tex ture pMameters and 
load ing texture data into them. If texture objects didn't exist, this would probably be a 
good way to go about it. Texture objects do exist, however, and in addition to being quite 
easy to usc, they provide a much greater performance boost than you could get by using 
display lists for the same purpose. The best approach, then, is to crea te and initialize your 
textures once, bind them to a texture object, and then when you need them, sele<:t them 
with appropriate calls to qlBindTexture() . Note that there is nothing ,"rong ""ith putt ing 
the calls to gl BlndTexture(). glTexCoord() , and even glTexEnv() within display lists, because 
these are involved with using the texture as o pposed to creating it. and they arc not tied to 
an individual tex ture object. 

Vertex Arrays 
Thus far in the examples presented in this book, you have been using the g] Beg i n O/g] End() 
model, often referred to as immediate mode. Immediate mod e is useful for simple appli­
cations and fo r prototype code, since it is easy to understand and visualize. HO\ ... ever, it 
comes with some performance challenges that make it less useful for 'Ipplications with lots 
of geometry th.1( needs to be rendered at a high frame rate, such as games. 

For example, let's say yo u're rendering a model containing 2,000 lit and tex\llred triangles 
using immediate mode. Assume that you're able to pack all of the vertex data into a sin­
gle triangle st rip (a "best case" scena rio that's not often practical). Your rendering code 
may look something like the following: 

for (int n - 0: n ( model.lIlJlumYertices : ++n) /I m_numYertices is 2002 
I 
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glNorma13fv(myModel.~norma\s[n]) ; 

glTexCoord2f(myHodel.~t exCoords[n]) ; 

glVertex3f(~yHodel.lLve rtices[n]) ; 

glEnd(): 

Vertex Arrays 227 

There arc several problems with this code. The first is that 6,008 function calls are made. 
Every time you make a function call, there is a small amount of overhead req uired to push 
parameters on the slack and to make the jump to the function. Wit h over 6,000 calls being 
made, thi s overhead adds up. 

The second and third problems arc illustrated in Figure 10. 1. Assuming tha t this mesh 
represents a triangle strip (perhaps a portion of th e mesh in the example above), each of 
the circled vertices is a redundant vertex. In 
other words, each of these vertices is shared 
by more than three triangles, but since a tri­
angle strip can represent, at most, three tri ­
angles per vertex, each of th e circled vertices 
needs to be sent to the video card more than 
once. T his results in using additional band­
width to send the data to the video card. (n 
addition, the vertex is likely to be trans­
fo rmed and lit more than once. These two 
operations \ .... aste bandwidth and processing Figure 10.1 A mesh with redundant vertices. 

cycles. 

To address these issues, O penG L includes vertex arrays. Vertex arrays offer the following 
advantages: 

• Large batches of data can be sent with a small number of function calls. As you'll 
see by the end o f this section, the example above could be reduced to four function 
calls (and possibly even two!) using vertex arrays . 

• Through the use of indexed vertex arrays, vertices can be sent exactly once per tri­
angle mesh, reducing bandwidth and potentially avoiding red undant trrtnsforma­
tion and lighting. 

TIP 

Even with vertex arrays, a single vertex may be transformed and lit more than once due to the fact 
that video cards have a limited vertex cache. The vertex cache stores transformed and lit vertices 
so that if they are needed again, they can be fetched from the cache rather than reprocessed. How­
ever, as new vert ices are moved into the cache, old ones are pushed out so if two triangles that 
use a single vertex are far apart in the data, the cached vertex from the fi rst probably won't still be 
around when the second one is processed. Therefore, it's often a good idea to keep your data as 
localized as possible. 
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Now that you understand the reasons for using vertex arrays, it's lime to lea rn how they 
are used. 

Array-Based Data 
So far, we've been using relatively simple objects in our demos, and th us, we've been able 
to describe them explicitly in the code. In a real game, however, you' ll be working wi th 
models con taining hundreds or even thousands of polygons, and describing such compli ­
cated models direcdy in the code just isn't practical- even if you manage to create 
decent -looking results, it 's going to be a nightmare to maintain. Instead, one of the fol ­
lowing two approaches is usually taken : 

• Load the model from a file. Dozens of great modeling packages enable you to cre­
ate a model visually and then export the geometric data to a file, which can be read 
by your program. This approach offers the greatest flexibility. Model loading will 
be discussed in much greater detail later in the book . 

• Ge nerate the model procedurally. Some things you wan l to represe nt can be 
implicitly described with equations due to patterns they con tai n or because they 
possess some random properties that you can gener,lte on the fly. A good example 
of this is fractals. Geomet ric data for frac tals can be crea ted by a procedure that 
produces the same values every frame. 

Whichever approach is used, it should be fairly obvious thaI you don't want to repeat all 
the work every frame-you certainly don't want to be constantl y reading a model from 
disk, and even procedural methods can have enough overhead to have an adverse effect 
on performance. Instead, you'll take the geometric data these methods generate and store 
it in arrays, which you can then access as needed. 

This process can be su mmarized in the following steps: 

I. Generate the data you need, either procedurally o r from a model fil e on disk. 

2. Save this data in an army or set of arrays (for example, you could put the position 
of each vertex in one array, the vertex normal in another, color in another, and so 
on). 

With your data stored in arrays, it's ready for use by OpenGL's vertex arrny functions. 

Enabling Vertex Arrays 
Like most OpenGL fea tures, to be able to use vertex arrays, you must firs t enable them. 
You might expect this to be done with glEnable () , but it's not. OpenGL provides a sepa­
rate pair of functions to control vertex array support: 

voi d glEnableCllentState(Glenum array ); 
voi d glDisableClientState(Glenum array ); 
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The array parameter is a fl ag indicating which type of array yo u're enabling (or disabling). 
E.1ch type of vertex attribu te you want to use (for example, posit ion, normal, color) can 
be sto red in an array, and you need to enable whichever attributes yOll arc using individ­
ually, using one of the flags listed in Table 10.2. 

Table 10.2 Array Type Flags 

Flag Meaning 

GLYERTELARRAY Enables an array containing the position of each vertex. 

GLNORHAURRAY Enables an array containing the vertex nonnal for each vertex 

GLCOlORJ,RRAY Enables an array containing color infonnation for each vertex 

GLSECONOARY_COlORJ,RRAV 

GUNDEURRAY 

GUOUOOROJ,RRAY " 
Gl_TEXTURE_COORD~RRAY 

GLEOGl-FlA~RRAY 

Enables an array containing color information for each vertex 

Enables an array containing indices to a color palette for each vertex 

Enables an array containing the fog coordinate for each vertex 

Enables an array containing the teKture coordinate for each vertex 

Enables an array containing an edge flag for each verteK 

• Available only via the EXT_secondarLcolor e~tension under Windows. 

•• Available only via the Ext_fOLcoor~ exten~ion undef Windows. 

TIP 

It is common in OpenGl documentation to refer to all these array types collectively as vertex arrays. 
which can be confusing because there is also a specific array type that is called a vertex array. That 
said, they are collectively referred to as vertex arrays because each array contains data that is ref· 
erenced on a per·vertex basis. The array type containing positional information is specifically called 
a vertex array because the data stored in it is used internally as if calls to glVertex() were being 
made. If you'll notice, the name of each array type roughly corresponds to the name of the OpenGl 
call that witt be made on the data it contains (color arrays mimic glColor(), texture coordinate 
arrays mimic glTexCoord(), and so on). 

Working with Arrays 
After you have enabled the array lypes that you will be using, the next step is to give 
OpenGL some data to work with. It's up to you to create arrays and fill them with the data 
you will be using (p rocedurally, from files, or by any othe r means, as we've already dis­
cussed). Then you need to tell OpenGL about these arrays so it can usc them. The func­
tion used to do this depe nds on the type of array yo u're usi ng. Let's look at each function 
in detail . 
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In each of the following fu nctions, stri de indicates the byte offset between array elements. 
If the data is tightly packed (meaning there is no padding between each element ), you can 
set th is to ... .ero. Otherwise you can use the stride to compensate for padd ing o r even to 
pack data fo r multiple attributes into a single array. pOinter is a pointer to an array con­
taining the vertex data o r, more specifically, points to the first element you want to use 
within that array. The data Iype of the array is indicated by type. The other parameters wiII 
be explained wi th each individual function. 

void glYertexPointer(Glint size, GLenum type , Glsizei st r ide . Glvoid · pointer); 

Thi s array contains posit io nal data for the vertices. si ze is the number of coord imlles per 
vertex, and it must be 2, 3, or 4. type ca n be GL_SHORT, GUNT. GL_FLOAT. or GLOOUBLE. 

void glTexCoordPointer{GLint size , GLenum type , GLsizei stride , GLvoid *pointer) ; 

Thi s array contains texture coordinates for each vertex. 51 ze is the number of coordinates 
per vertex, and it must be 1,2,3, or 4. type can be set to GLSHORT. Gl.INT, Gl.FLOAT, or 
GL_OOUB LE. 

void glNormalPointer(GLenum type, GLsizei stride . GLvoid *pointer) : 

This array contains norma l vectors for each vertex. Normals are always stored with exactly 
three coo rdinates {x, y, z} so there is no size parameter. type can be GLBYTE. GLSHORT, 
GLINT, GLFLOAT. or GLOOUBlE . 

void glColorPointer(Glint si ze, Glenum type , Glsizei stride . GLvold · pointer); 

This specifies the primary color array. size is the number of components per color. which 
should be either 3 or 4 (for RG B or RG BA) . type can be GL_BYTE, GL_UNSIGNEO_BYTE, GLSHORT, 
Gl_UNSIGNED_SHORT, GLINT, GLUNSIGNED_INT, Gl_FlOAT, or GL_OOUBlE. 

void glSecondaryColorPointe r(Glint size , Glenum type. Glsizei st r ide, Glvoid *pOinter ); 

This specifics the secondary color array. size is the number of compon ents per color, 
which is always 3 (for RGB). The types allowed are identical to those for glColorPointer() . 

Ex t e n s ion 

Extension name: EXT_secondarLcol or 

Name string: Gl.EXT_secondary_co lor 

Promoted to core: OpenGl1.4 

Function names: glSecondaryColorPointerEXT{) 

Tokens: GLSECONDARY_COLOU RRA Y_EXT 
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void glInde:o:Pointer(GLenum type, Glsi zei stri de, Glvoid *pointer) : 

This array represents color indices for use with palletized display modes, type can be set 
to Gl_SHORT, GU NT, GLFLOAT, o r Gl_DOUBlL 

Ex t e nsion 

Extension name: EXT_foLcoord 

Name string: GLEXT_fo9-coord 

Promoted to core: OpenGl 1.4 

Funct ion names: gl FogCoordPo i nte rEXT () 

Tokens: GLFO IUOORO~RRAY_EXT 

void glFogCoordPointer(Glenum type , GLsize i str id e, Glvoid *pointer}: 

This array is used to specify fog coordinates. type can be set to GLJ lOAT or Gl_OOUBLE. 

void glEdg eFlagPointe r(Gls izei stride, Glboolean *pointe r}: 

Edge fl ags become important when displaying polygons as lines, and this array allows you 
to specify \vhich lines are edges. Unlike the other functions, poin ter always points to an 
ar rayof Boolean values, so there is no si ze or type paramete r. 

NOTE 

For each vertex attribute, you can have only a single array spedfied at anyone time. This means 
that if you want to represent more than one object in your game with vertex arrays, you have to 
either combine all the data for them into a single set of arrays or have each object have its own set 
of arrays that you switch betw~n using 91 · Poi nt er( ). Although the former may be slightly faster 
because it doesn't require a lot of state changes. the latter is going to be easier to manage. In fact, 
a typical rendering loop will change the current arrays for every object, call ing several 
gl *Poi nter( ) functions and enabling or disabling vertex attributes as necessary. 

After you've specified which arrays OpenGL should use for each vertex att ribute, you can 
begin to have it access that data for rendering. There are several functions that you can 
choose from. 

glDrawArrays(J 

When this function is called , OpenGL iterates over each of the currently enabled arrays, 
rende ring primitives as it goes. To understand how it works, yo u need to look at the 
prototype: 

void glOrawArrays (GlenulR mode , Glint first , Glsizei count ) : 
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mode serves the same basic funct ion as the parameter passed to 9 1 Begi n(): I t specifies which 
type of pri mitive the vertex data should be used to create. Valid values are GLPOI NTS, 
GL_LINE_STR IP, GL_LINE_LOOP, GL_LINES. GL_TRI ANGLCSTRIP. Gl_TRIANGLE_FAN, GL_TRIAN GL ES, 
Gl_QUAO_STRIP, GLQUAOS, and GLPOLYGON. f i rs t specifics the index at which the iteration 
sho uld sta rt , and count spec ifies the number o f indices to process. II should be noted that 
after a call to gl0rawArrays( 1, states related to the array types being used are undefi ned. For 
example. if using normal arrays, the current normal will be undefined afte r gl OrawArrays (1 
returns. 

glMultiDrawArrays(J 

Extension 

Extension name: EXT_mult i_dralrcarrays 

Name string: GL_EXTJlu lt i_draw_arrays 

Promoted to core: OpenG L 1.4 

Function names: gl Mul t 1 OrawArraysEXT ( 1, gl Mu l t i Oraw EI ements EXT ( ) 

OpenGL prov ides the ability to draw multiple arrays with a si ngle call via glMul t iO raw' 
Arrays(), which has the following prototype: 

voi d g1Multl0rawArrays{Glenuli mode , GUnt ~f i rst. Glslzei *count. GLsl zei pr ll8Count l : 

This is similar to gl OrawArrays ( 1, excep t that the f i rst and count parameters are now arrays, 
and there is an additional parameter pr imcount that indicates how many elelnen ts arc in 
each array. Calling glHul t 1 Ora wArrays() is functionally equivalent to the following: 

fo r (i nt I - 0: 1 ( primcount: ++i) 

I 
if (count [1) ) 0) 

gI0rawArrays {moc1e. fi rst[il. count[j)) ; 

At present, most OpcnGL drivers implement this func tion exactly like the code nbove, so 
it serves more as a convenience than a performance improvement. 

glDrawElements() 

This function is very similar to gIOrawArrays() , but it is even more powerful. With 
gI0rawArrays () , your only option is to iterate seq uentially over the list, which means that 
you can't reference the same clement more than once; gI0rawElements () , o n the other hand , 
allows you to specify the array clements in any order, and access cach o r them as many 
times as necessary. Let's look at the prototype: 



TeamLRN

Vertex Arrays 233 

void glDrawElements(GLenum fROde. Glsizei count. Glenum type. const Glvoid "' indices); 

mode and count are used just as in glDrawArrays(). type is the data type of the values in 
indices, and it sho uld be GLUNSIGNED_BYTE, GL_UNSIGNED_SHORT, o r GL_UNSIGNED_INT. indices is 
an array containing indexes for the vertices yo u want to render. 

To understand the value of this method. it m ust be reiterated that not only can you spec­
ify the indices in any order. you can also specify the same ve rtex repeatedly in the series. 
In games. most vertices will be shared by more than one po lygo n. by storing the vertex 
o nce and accessing it repeatedly by its index, you can save a substantial amount of mem­
o ry. In addition, good O penG L implementat io ns will pe rfo rm operatio ns o n the vertex 
o nly once and keep the results in a cache, so that all references a ft er th e first are virtually 
free - as long as the vertex is still in the cache. The performance advantages of this sho uld 
be obvious. 

glMultiDrawElements{) 

This function is to glDrawE l emen t s() what gl MultiDra wArrays(} is to glD rawArrays( L It has the 

following proto type: 

void gIHult1DrawElements(Glenum mode . GLsi ze i *coun t. GLenum type . GLvotd H indlees. 
GLsizei prlmcount); 

Again, the differences here are that count and indices are lists o f prhncount cle ments. Call­
ing this function is eq uivalent to the following: 

for (int 1 - 0; 1 < prillleount ; ++i) 

I 
if (count{O > 0) 

gIOrawElements(mode. eount[il. type . indices[i]); 

This ca n be useful fo r things like drawing multiple t riangle strips from a single set o f ver­
tex a rrays. As with gIHultiDrawArrays(). this function is more for conveni ence than any­

thins clse. 

glDrawRangeElements() 

Extension 

Exte nsion name: EH_draw_range_elements 

Name string: GLEH_d raw_range_el ements 

Promoted to core: OpenGl 1.2 

Function names: glDrawRangeElementsAR8() 
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This function is similar in usc to gIDra Io' Elements(). The primary difference is that the val­
ues in the vertex array that you are accessing faU within a limited range. For example, if you 
have a vertex array containing 1,000 vertices, but you know that the object you're about to 
draw accesses only the first 100 vertices, you can use gIOrawRangeElements ( ) to tell OpcnGL 
that you're not using the whole array at the moment. This may allow the OpcnGL to more 
efficiently transfer and cache your vertex data. The prototype is as follows: 

void glDrawRangeEleClents (GLenum mode. Gluint start . GLuint end, GLslze i count. 
GLenUlll type . const Glvo id *indices ) : 

mode, count, type, and Indices have the same purpose as the corresponding parameters. 
sta rt and end correspond to the lower and upper bounds of the vertex indices contained 

in Indices. 

glArrayElement() 

This is perhaps the least-efficient method of accessing vertex array data. Rath er than call ­
ing upon a range of data, it allows you to evaluate and render a single vertex, as follows: 

void glArrayElementiGUnt Index); 

index is, naturally, the vertex you want to render. Using gIArrayElement( ) is o nly marginally 
more efficient than using immediate mode. For optimal efficiency , ... hen using vertex 
a rrays, you should favor gl Oralo'E\ ements () or gl DrawRangeEl ements () . 

Tip 

OpenGl 1.5 added an even more efficient method for processing vertex data in the form of vertex 
buffer objects, the primary advantage being that they allow you to create and store data in mem­
ory on your video card rather than in your PC's main memory. We won't be (overing vertex buffer 
objects in this volume, but we will in a future volume. 

Quick Review 

To be sure you understand how vertcx arrays work, let's recap. First, you need th e data 
with which you will fill the arrays, which can be loaded from a file, generated procedu­
rally, or defined by some other method. This data consists of a set of vertices desc ribing 
some object in your world. Each vertex can incl ude information about its position, color, 
texture coordinates, fog coordinates, edge flags, andlor normal vectors. In <lddition to 
stori ng this data in one or more arrays, you need to enable vertex arrays for each data lype 
you will be using. Then you tell OpenG L to usc eilCh array with co rrespond ing calls to 
gl *Pointer( ). 
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When you want lo evaluate and render the data stored in lhese arrays, yo u make a call to 
one of the functions listed above. For each vertex, OpenGL takes the data associated with 
each attribute type and, in essence, applies the appropriate OpenGL call to that data. For 
example, the color array data is lIsed as if you had called gl Co 1 or{ ), the normal data is used 
as if you had called gl No rmal ( ), and so on. Note thal these functions are not actually called 
(after all, you could do that yourself and avoid the whole concept of vertex arrays 
entirely), but the results are the same. 

Interleaved Arrays 
With the methods we've discussed so far, your vertex arrays will 
look somelhing like Figure 10.2, with each vertex attribute stored in 
a separate array. Each of these arrays is passed independently via 
one of the gl *Poin ter{) functions, and when a draw command is 
made, OpenGL assembles data from each array to form complete 
vertices. 
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Instead of storing data for each attribute in separate arrays, you may vO 
want to pack all of the data into a single array, as shown in Figure 
10.3. 
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Figure 10.2 Arrays for position. color. and texture coordinate attributes. 

X 

Y 
z 
5 

t 
r 

vl -
g 
b 
X 

Y 
z 

Figure 10.3 Position. color. 
and texture coordinate data 
stored in a single array. 
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To be able to use this type of array, you could use the methods we've been disc ussing so 
far by making usc o f the stride parameter. If the data from Figure 10.3 \ ... as in an array 
called vertexData, you could use the following code to set it up: 

glVertexPointerO, GLFLOAT, 8 " sizeoHGLf loat). vertexDatal; 
glColorPointerO, GLJLOAT , 8 • sizeof(GLfloat), &vertexData(J]); 
glTexCoordPointer(2, GLFLOAT, B .. slzeoHGLfloatl , &vertexData[6]); 

You could then use glDraw[lements() or any other draw functions just as you normally would. 

OpenGl provides an ahernative approach in the form of gllnterleavedArrays(): 

void gl lnterleavedArrays{GLenum fo rmat , GLsizei stride , canst GLvoid · pointer) : 

fo rma t is used to indicate exactly what data appears in the array pointed 10 by pointer. It 
can take on any of the values in Table 10.3. st ri de serves the same purpose as it does with 
the various gl *Pointe r{) functions . Note that the data should be ordered in a manner con­
sisten t wilh the ordering in the fo rmat parameter; i.e., texture coordinates arc always first, 
followed by colors, then normals, then positions. 

Table 10.3 

Plane 

GUlF 
GU3F 
GU4UB_VW 
GU4UB_VW 

GU3U3F 

GLN3F_Y3F 
GU4F -,OF _V3F 

GUlF _Y3f 

GU4U 4F 
GU 2F_C4UU3F " 

Interleaved Array Formats 

Description 

Position only, 1 elements (x,y) 
Position only, 1 elements (x,y,z) 
Color, 4 elements (~g,b,al. and position, 1 elements (x.y) 
Color, 4 elements (~g,b,al. and position, 1 elements (x.y,z) 
Color. 1 elements (tg,b), and position, 1 elements (x.y,z) 
Normals, 1 elements. and position. 1 elements (x,y,z) 
Color, 4 elements (tg,b,a), normals, 3 elements, and position, ] elements (x.y,z) 
Texture coordinates, 1 elements (s,t), and position. 3 elements (x.y,z) 
Texture coordinates, 4 elements (s,l,r,q), and position," elements (x,y,z,w) 
Texture coordinates, 1 elements (s,t), color, <I elements (r,g,b,a), and position, 
3 elements (x,y,z) 
Texture coordinates, 1 elements (s,t), color, 1 elements (r,g,b) and position, 
3 elements (x,y,z) 
Texture coordinates, 1 elements (s,t), normals, 1 elements, and position, 
] elements (x,y,z) 

GU 2U4U3U3F Texture coordinates, 1 elements (s,t), color, 4 elements (f,g,b,a), normals, 
3 elements. and position, 1 elements (x,y,z) 
Texture coordinates, 4 elements (s,t,r,q), color, 4 elements (f,g,b,a), OOfmals, 
3 elements, and position, 4 elements (x.y,z,w) 

• The (4UB type indk~le5 colo~ lepr6l'l1led as fOUl Hoating point values Slored in a single inlegef thaI is then cast tQ ~ 
float. This is necessary becallSl! QIher data types arl! floats, and it's n<!t PQSsilIe to IIaYf af1 .. ray of multiple data types. 
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Using interleaved arrays, the code above could be rewritten as: 

gIl nter I eavedArrays(GLT2F _OF _V3F, 0 , vertexData ) : 

In addition to setting a pointer to the vertex attribute data, a call to gll nter leavedArrays{) 
will also enable any arrays indicated in the format parameter and disable those that aren't 
being used, 

Unfortunately, interleaved arrays have some serious limitatio ns. They don't suppor t fog 
coordinates, secondary color, or edge flags. They also on ly work with the currently acti ve 
texture unit , so muhitexturing isn't possible. However, if you have data that co nsists only 
o f positi on, colo r, norma!, and/or texture coordinate info rmati on, interleaved arrays may 
be more convenient than the standard method . 

Vertex Arrays and Multitexturing 

Extension 

Extension name: ARB_mult itexture 

Name string: GLARBJ!ultitexture 

Promoted to core: OpenGl1.2.1 

Function names: gl Cl i entAct i veT extureARB() 

Tokens: GLHACTEXTURLUNITSj.RB 

Using l1lultitexturing (sec Chapter 9, "More on Texture Mapping") with vertex arrays 
requires some additional setup beyond what we have discussed so far, Each texture unit 
has its own set of states, and thus, vertex arrays can be enabled and disabled for each tex­
ture unit individually, and each has its own texture coordinate array pointer. 

In OpenGL implementations supporting multitexturing, the textu re un it that is active by 
default is the fi rst one. Calls to glTexCoordPointer() and glEnableClientState()/gIDisable' 
C 1 I ent Sta t e () wit h Gl_TEXTURE_COORD_ARRA ¥ affect only the currently active textu re unit, so to 
usc vertex arrays with other texture units, you have to switch to them by activa ting them. 
Thi s is done with th e following function: 

vol d 9 1 Cl i en tActi veText ure( enum textu re ) ; 

t exture is a constant corresponding 10 the unit that you wish to make active, and it must 
be of the form GLTEXTUREi, where j ranges from 0 10 GU« X_TEXTURCUNITS - I , 
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Caution 

The state associated with glClientActiveTexture() is separate from the state associated with 
glActheTextureO. When using multitexturing with vertex arrays. be sure to use the former. not 
the latter. 

After you have activated the texture unit you wish to modify, you can then make calls to 
glTexCoordPointer() to assign an array of values or glEnableClientStateO/glDisable' 
ClientState() to turn vertex arrays on or off for the curren t texture unit. Texture coord i­
na te arrays for all texture un its arc disabled by default. To set up vertex ar rays fo r the first 
two text ure units, you'd use something like the following: 

II Enable texture coordinate vertex arrays for t exture unit D 
g l CllentActlveTexture (G~T EXTUREO); 

glEnableC l lent Sta te(GL_TEXTURE_COORO_A RRAY}; 

1/ Specify an array (de f i ned previously) to use wi th textu re un it 0 
glTexCoordPolnter(2, G~FlOAT. O. iGlvoid *}texUni tOVe rt ices); 

II Select and enable texture unit 1 
gICllentActiveTextureARB(G~TEXTUREl ) ; 

gIEnableClientState(Gl_TEXTURE_COORO_ARRAY) ; 

1/ Specify an array (defined previously) to use with texture unit 1 
glTexCoordPolnter(2 . G~FlOAT, 0, (GL vo id *JtexUni tl Yertl ces); 

After you've enabled and specified vertex arrays for each of the texture un its you want 
to usc, there is nothing else you need to do. Subsequent calls to glDrawArrays() , 
glOrawE lements( 1, and so on will use them just like any other vertex arrays. 

Locking Arrays 

Many OpenGL implementations provide an extension that enables you to lock and 
unlock amlys. Loc king the arrays lets the system know that, until they <lTe unlocked, you 
won't be modifying the data in the arrays. Because OpenGL knows that the vertex array 
data is not changing, it may be able to cache the transformatio ns or place the arrays in 
memory that ca n be accessed more quickly. This can lead to performance gH ins, especially 
if you're drawing the same geometry more than once. Beca use the vertex data is, in effect, 
com piled , the name of this extension is EXT_comp lled_vertex_a rray. The functions associ­
ated with this exte nsion arc 

voi d gllockArraysEXT(GL1nt first. Glsizei CQunt); 
void glUnlockArraysEXT() ; 
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The fl rst parameter is the index of the first vertex you wa nt to lock, and count is the total 
number of ve rtices to lock, starting at the f i rst index. 

Ex ten s ion 

Extension name: EXT_compi 1 ed_ve rte~array 

Name string: GlJXT_compiled_verteJu rray 

Promoted to core: No 

Function names: glLockArraysEXT( 1, glUn 1 ockArrays EXT ( ) 

Sec the demo In th e following section for sample code checking for and uStng this 
extension. 

Marbles 
We've provided a demo in the Marbles directory in the folder for this chapter on the CD. 
This demo draws a large number of marbles bouncing around inside a glass case with a 
mirrored floor. Each marble shares the same data but is colored and positioned indepen­
dently. Immediate mode is used by default, but you can use the followi ng keys to enable 
some of the features covered so far in this chapter: 

<SPACE> Toggles vertex arrays for the marbles using glDrawElementsO. 

<TAB> Toggles display lists for everything. 

<C> Toggles compiled vertex arrays. 

You should definitely see an improvement in frame rate when enabling vertex arrays. Dis­
play lists and compiled vertex arrays mayor may not improve performance, depending on 
your hardware. 

You'll notice that when display lists are enabled, the marbles freeze in place. This is due to 
the fact that each marble is positioned independently iI/side of the display list. Once the 
disphlY list is compiled, the data within it can't be changed, so the marbles can't move rel ­
ative to each other. You could, however, move the marbles as a group. 

You'll also notice that when enabling compiled vertex <lfrays, th e marble colors may 
change to a single color. This is because all of the marbles share the same base set of data. 
When the vertices gct locked and cached away, the changes in the material m<ly not get 
picked up. 
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Let's look at the most relevant code for the demo. First, after generating the data for the 
marbles, the vertex arrays arc set up as follows: 

boo I CGfx OpenG L: :l nit{) 
I 

I 

lniti al i zeMarbl es() ; 
glVe rtexPo i nter{3, GL_F LOAT. 0, m_posit ions) ; 
glNorma l PO i nter (GlJ LOAT, 0, m_texCoords) : 
glTexCoo rdPOi nt er (3 , GlJlOAT . 0, m_texCoo rd s) ; 

The texture coordinate data is being used for both texlure coordinates and normals 
because with cube-mapped spheres, the values are identical. 

The relevant code for display lists happens in Rende r() , as shown below: 

voi d CGfx OpenG L: :Rende r() 
I 

if (m_uselistl 
I 

/1 use t he exis ti ng list if the re is one 
if (m_l i st) 

I 
gl Ca ll Li st (m_l i st) ; 
ret urn ; 

else 1/ othe rwi se, crea t e a new one 
I 

m_list - gIGenlists (1 l ; 
gl NewL is t (m_l i st , Gl_COMP 1 LE_AN O_EXECUTE) : 

glL i ght h (Gl_ll GHTO, Gl]OSITION , LI GHT _POSITION) ; 

DrawFloo r() : 
Dra wRef l ecti on() ; 
Dra wMarble s(Gl_FAlS E) ; 
OrawBox() ; 
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glEndl1st(): 

Finally, the vertex arrays arc put to use inside of Dra wHarbles(): 

void CGfxDpenGl:: DrawSphe re () 

I 
if (lII_useVe rtexArrays) 

I 
for (lnt i .. 0 : i (IILnumS tr ips ; H i) 

I 
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glDrawElements(G~TRIANGlE_STRIP, m_vertsPerStrip, Gl_UNSIG NE D_INT , 
&m_indexArray[i * m_ve rtsPerStrip]): 

el se /I draw using i mmediate mode instead 

for (ln t i .. 0: i < IILnumStrips: H i) 

I 

I 

g1 Begl n (G~T RI ANGLLSTRI P) ; 
for (In t j .. 0; j < m_vertsPerStrip; ++j) 

I 
lnt index" IILlndexArray[i * m_vertsPerStrip + j]; 

gl Norma13fv(lLtexCoords[index}.v}: 
glTexCoord3fv(lLtexCoords(index}.v): 
glVertex3fv(lLPositions(index] .v}: 

glEnd() : 

A screenshot of th e Marbles demo can be seen in Figure \0.4. Be sure to check out the 

source code o n the CD to ensure that you fully understand how vertex arrays work. 

Frustum Culling 
One of the most basic rules in developi ng an efficient gra ph ics engine is this: Don't draw 

wha t you can't sec. For this reason, many algorithms h;lVe been developed to allow you to 

quickly ide ntify large sets of da ta that can't possibly be seen by the viewer so that they can 

be discarded instead of sending them to the graphics hardware. We don't have space to 

even scratch the surface of the various methods available, bu t we will sho \ ... you how to do 

somethi ng they almost all rely o n: view-frustum c ulling. 
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Figure 10.4 The Marbles demo. 

As you'll recall, the view frustum defines the region of the world space that you ca n sec. 
Usually, it is defined in terms of a camera, indud ing the location of the viewer, field of 
view. and so 011. In reality, this information is used to construct six planes that bound the 
view frustu lll. Anything within this frustum is visible (unless something else inside of the 
fr ustum is obstruc ting it). Anything outside of it can be discarded. 

OpenGL autolllatically rejects any triangles that fall outside of the view frustum. so you 
don't have to do it you rself for rendering to work properly. However. OpenGL docs frus­
tum culling on a per-triangle basis. Although it docs this extremely quickly and cheaply, 
when you're dealing with hundreds of thousands or even mill ions of triangles, th is cost 
adds up and degrades performance. Fortunately, you know more about your game data 
than OpenGL does, and YOLL can usc this information to make rendering more efficient. 

For example, your game generally consists of models made up of several thousand trian ­
gles. You can construc t a simple bounding volume such as;\ box or a sphere for e:)ch model 
and then test that object against the view frus tum yourself. If it is completely outside of it, 
you can discard it. With one simple check you can eliminate thousands of others. 

If the object docs not fall completely outside of the view frustum. there arc two possibili­
ties: It is either partially or completely contained by the view frustum. Co ntinuing to test 
the partially visible object will probably be more expe nsive than letting Ope nGL do it for 
yOll, so either way. you pass the object to OpenGL and move on to the next one. 
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You can imagine creating hie rarchies of boundi ng volumes, each containing many smaller 
ones. By testing the top-level volumes, you can potentially eliminate huge amounts of data 
with a single test. When you encounter volumes that are pa rtially conmint.'<i, you can move 
down the hierarchy and test the sub-vol umes, repeating the process. Event ually, the sub­
volumes witl be small enough that it'll be cheaper to have OpenG L test them for you, and 
you'll be done. 

Now that you have an idea of what frustu m cu.lling is and how yo u can leverage it to 
improve performance, it 's time to look at the details of how it 's done. 

Determining the View Frustum 
T he fi rst step is determining the eq uations for the planes that desc ribe the view frust um. 
Although it's possible to cakulate them yourself, it's eOlsier to sim ply extract thM infor­
ma tion from the current projection and modelview matrices, which you cOIn do by pass­
ing GL_PROJECTJON_MATRIX or GL_MO OELV IEW_MATRIX to gIGe t Floa tv(). But first, let's review the 

plane equation. 

As you may recall from you r geometry classes, the equat ion for a plane ca n be defined as 
fo llows: 

Ax + By + Cz + D = 0 

A, B, and C define the plane's normal vecto r, D is the d istance from the or igi n to the plane, 
and x, y, and z afe any points o n the plane. You can take any poin t and plug it into the 
plane eq uat ion, and if thc result is 0, the point lies on the plOl ne.lfthe result is greate r than 
0, the poin t is in front of the plane, and if it is negative, it is behind the plane. 

To ext ract the A, B, C, and D terms from the pro­
jection and modelview matrices, you first have to 
multiply the for mer by the latter. Then the plane 
values COl Il be found by adding or subtracting one of 
the fi rst three rows of the matrix with the fourth 
row. Table 10.4 shows which rows to usc for each 

pla ne. 

If PM con tOlins thc concatena ted projection and 
modelv iew matrix, then the left and right planes 
can be ext racted as follows: 

left.A - PM[J) + PM[O) : 
left.S - PM(7) + PH(4) : 
left.C - PH[ll) + PH[S): 
left.O - PH(15) + PH(12): 

Table 10.4 Sources for 
Plane Equations 

Plane 

"'ft 
Right 
SOl1om 

Top 

Near ,,, 

Row 

1 (negated) 

1 
2 (negated) 

l 
3 (negated) 
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righLA - PH(3] . PH(O]; 
righLB - PH(7] . PH(4); 
right.C - PH(ll] PH(B); 
righLO - PH(1S] . PH[1l); 

These val ues aren't quite ready to use yet because they need to be normalized. You do this 
by finding the length of the normal vector and then dividing A, B, C, and D by the length. 
Note that the normals will point toward the center of the view frustum. 

Testing Points 
Once you have th e plane equat ions for all six planes. the next step is to determine whether 
or not something is inside the frustum. We'll sta rt off with the simplest object to test: a 
point. A point is completely contained within the view frustum if it is in front of all six 
planes. Simply plug the x. y. and z coordinates into each of the six plane eq uations. and if 
the results are all positive, the point is inside the frustum. If even one result is negative, 
the point is outside the frustum. Here's what this would look like in pseudocode: 

function Poin t lnFrustumlpoi nt) 

I 
for each plane 

if (plane.A * point.x + plane .B • poinLy + plane.C * point.z + plane.O) ( 0 
return false 

return true 

Testing Spheres 
Points arc easy to test but aren't very useful on their own. Spheres on the other hand arc 
fa r marc useful, since they can be used as boundi ng volumes for more co mplex objects. 
Testing spheres against the view frustum is almost as easy as testing points- in fact, the 
two arc clo.~cJy related. Remember that when you test a point against a plane. you don't 
just find out whether or not the point is in front or in back of the plane; you find out how 
far it is from the plane. If yot! represent a sphere as a point and a radius, you just need to 
test to see if the distance from the point to the plane is greater than or equal to the radius. 
]fthis is true for all six planes, the sphere is within the view frustum. This is shown in the 
following pseudocode: 

function SpherelnF ru stum(spherel 

I 
for each plane 

dist - plane.A*sphere .x + plane .B*sphere.y + plane.C*sphere.z + plane.O 
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if dist <- -sphere.radlus 
return false 

return true 
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Notice that this code checks the distance against the negative radius. which means that the 
function returns fal se if the sphere is completely outside the view frustum. It returns true 
if the sphere is compictely or partially inside the view frustum. If you would like to know 
whether the sphere is completely or partially contained, you'll have to modify the algo­
rithm slightly. This is left for an exercise for the reader at the end of the chapter. 

Frustum Culling Applied 
"lb help you better understand the advantages of frustum culling and how to impicment 
it, take a look at th e FrustumCuliing demo in the directory for this chapter on th e CD. 
This demo, shown in Figure 10.5, revisits the terrain demo you've see n in previous chap­
ters. Monsters- loaded from the popular Quake 2 model format, have been added to the 
world. Altho ugh the ca mera is stationary. you can usc the left and right arrows to spin 
around in place. When each model is loaded, a bounding sphere is calculated for it . which 
is then tested against the view frustum while rendering. Frust um culling ca n be toggled 

- -~ - -_,_,,_, ",M' _ 

Figure 10.5 An example of frustum culling. 
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on and off with the space bar to see the difference it makes to the frame rate. The follow­
ing code is used to extract the view frustum: 

vo id Ext ractP lane{pl ane_t &pl ane , GLfloat *mat , i nt row } 
I 

int scale · (row < 0) ? · 1 : 1; 
row· abs{row) . I; 

1/ calcul ate pl ane coeff icients f rom t he matrix 
plane .A • mat[3 l + scale * mat[row l; 
plane .B • mat[7 l + scale * mat[row + 4]: 
plane .C • mat[ 11] + scale * mat[row + 8] : 
plane .D • mat[ 15] + scale * mat [row + 12]: 

1/ normalize t he plane 
float l engt h · sqrtf(plane .A * pl ane.A + 

plane.B * plane .B + 
plane.C * pla ne .C) : 

plane .A / - length; 
plane .B / - length: 
plane .C /- length ; 
plane .D / - length: 

voi d CGfx OpenG L:: Ca I cu I a te Frustum{ ) 

1/ get the projecti on and model view matr i ces 
GLf loat project ion[1 6] ; 
GLf loat model vi ew[1 6l: 

gl GetF l oatv{ GL_PROJ EO I ON_MATRI X, project i on) ; 
gIGetFloatv{GL_MODE LVIEW_MATRI X, modelv iew}; 

1/ use OpenGl to mult i ply them 
gl PushMatr i x{}; 
glloadMatr i xf( project i on) ; 
gI MultMatr ixf (mode lview): 
gIGetFloatv{Gl_MODE lVIEW_MATRI X, modelview); 
gl PopMa tr ix{) ; 

1/ extract each pl ane 
Ex t ractP lane(m_frust um. l. model view, 1) ; 
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ExtractPlane(lLfrustum.r, modelviell', - l} ; 

ExtractPlane(~frustum.b, modelviell'. 1 ) --
ExtractPlane(lLfrustum.t, modelviell'. -2 ) ; 
ExtractPlane(~frustu~.n, modelviell'. 3)-

-
ExtractPlane(._frustum.f , modelviell'. -3 ) ; 

The test for view frustum intersection is done with the SpherelnFrustu.() fu nct ion: 

bool SpherelnFrustulD(sphere_t sphere , frustum_t frustum) 
I 

Glfloat d1st : 
for (1nt 1 - 0: i ( 6; ++i) 

I 
dist - f rustum.planes(i ].A * sphere .center.x + 

frustum. pl anes[iJ.B * sphe re.cent er. y + 
frustum. pl anes(il.C * sphe re. center. z + 
frustum.planes[i].O; 

If (dist <- -sphere.radius) 
return false; 

return true; 

Summary 
You've no\\, learned how to use two features included with OpenGL- display lists and 
vertex arrays- to improve performance. Yo u've also seen how to reduce O penG L's work­
load by preculling large chunks of data using frustum culling. Applying th ese techniques 
should enable you 10 attain a higher frame rate. You're encouraged to continu e to explore 
algorithms that enable you to arrange your cod e and data in a more effi cient manner. 

What You Have learned 
• Display lists allow you to store precompiled lists of commands on th e graphics 

processor and are useful for representing static data . 

• Vertex arrays provide an intuitive way to store large amoun ts of data. They allow 
OpenGL to opera te more effic iently by caching transformed vertices that are used 
repeatedly. They also help avoid the overhead of repeatedly calling a large number 
of functions. 
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• Your OpenGL implementation may allow you to lock vertex arrays. which may 
allow it to process them more quickly because it knows you won't be changing 
them. 

• Interleaved arrays provide an alternative to sloring each vertex attribute in a sepa­
rate array, but they have limited usefulness. 

• Frustum culling can be used to discard large segments of non -visible geometry rel­
.ltively quickly. It is used for many higher-level geomelry occlusion algorithms. 

Review Questions 

I. Given a handle to a display list, how can you determine that it is valid ? 

2. What happens when you include a call that is not supported by display lists 
bet ween calls to gl Newli s t{) and 9 1 EndLi st( J? 

3. How do YOll enable vertex arrays? 

4. How do you specify more than one set of texture coordin,ltes when using vertex 
arrays? 

5. Why is it generally a bad idea to perform frustum culling on a per-triangle basis? 

On Your Own 

I. Modify the SpherelnFrustum(} function to return one of three values: whether the 
sphere is completely inside. completely outside, or partially inside the view frus­
tum. 



TeamLRN

CHAPTER 11 

DISPLAYING TEXT 

. 

C hances arc, at some poin t yo u'll want to render text. You might use text for 
menus, sc rccnsavcrs, character dialogue, or simply for some special effects. In this 
chapter you' ll look at some o f the more common techniques for displaying text 

through OpenCL T he techniques you' ll be looking al include bit map (onts, outline fon ts, 
and textured fo nts. Granted, most o f these techniques are operating system specific with 
Microsoft Wi ndo\vs. but we arc also going to introduce a free OpenGL fo nt library called 
glFont. 

In this chapter we'll cover: 

• Bitmap fon ts 

• Outline fonts 

• How \0 use the 91 Font OpcnG L fon t library 

Bitmap Fonts 
Bitmap font.~ offer a simple way to display 2D text on the screen. Information about the 
characters in a bitmap font is stored as bitmap images. A drawback to bitmap fonls is that 
they C<l ll become jugged and prim itive as they get larger (witho ut anti ali<lsing); however, 
an advantage to bitmap fonts is thut they provide a high performance method for render­
ing text to the screen . YOll cre<lte them through the use of the "wiggle" function J1g 1Use­
FontBitmaps(}, which generates bitmaps from font files loaded 011 yo ur system. 

Baal wglUseFontBitmaps (HOC hdc , OWORD f irst, aWaRD coun t. aWaRD 11stBase } : 

249 



TeamLRN

250 Chapter 11 • Displaying Text 

To use bitmap fonts, the first thing you need to do is to create a display list of size 96 that 
will hold the character bitmaps. You accomplish this by lIsing the gl Genli sts () function: 

unsigne d in t base; 
base · glGenlists(96 l ; 

After you've created the display list, you can create your font by using the Windows func­
tion Crea teFont(), which is defmed as: 

HFONT CreateFont( 
int nHe ight, 
i nt nWid th , 

) : 

int nEsc apement, 
i nt nOr ient ation, 
int fnWeight , 
DWDRD fdwltalic , 
DWORD fdw Under l ine, 
DWDRD fdwStr HeOu t , 
DWDRD fdwCha rSet , 
DWORD fdwOut putPrec ision , 
OWORD fdwClip Pre cis ion, 
DWORD fdwQua 1 i t y, 
DWORD fdwPi tchAndFami ly, 
LPCTST R l pszF ace 

/I logical he igh t of font 
II logical ave rage character width 
II angle of es capement 
II base ·l i ne ori enta t ion angle 
II font weight 
II italic attr ibute f l ag 
II under li ne at t r ibut e flag 
II str i keou t at t r i but e flog 
/I cha racter set identif ier 
II out put precis i on 
II cl ipping prec i sion 
II out put quali ty 
II pitch and f ami ly 
II pointe r to type fac e name str ing 

T his function returns a handle to the created Windows font object. YOll can then select 
a device context for this font object and lise the device context as a parameter for the 
wgl Use Font Bitmaps{) funct ion, as seen here: 

HF ONT hFont ; II windows fo nt 

II create a 14pt Courier font 
hFont · Cre at eFont 04 . 0. 0, 0, FW_BOLO, FALSE , FALSE, FALSE, ANSUHA RSET , 

OUT_ TT _PR EC IS, CL I P _D EFAUl T_P REC 1$ , ANTIALlA$ED_OUAl I TV . 
FF_DONTC ARE I DEFAULT_P ITCH , "Cou rier") ; 

II ver ify font creat ion 
if (!h FontJ 

return 0; 

II select a de vice context fo r t he font 
$ele ctObject(g_HDC, hFont) : 
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II prepare the bitmap font 
wgluseFontBltmaps(g~OC, 32, 96, base) ; 

Bitmap Fonts 25 1 

The preced ing block of code builds your bitm ap font display list with a J4-point Courier 
bold fo nt. 

Now you know how to create fonts, bu t how do YOll d isplay lhem? Displaying text with 
bilmap fonls is actually easier than setting them lip. You simply call the gllistBase() and 
91 Ca 1111 5 ts() functions like this: 

char *str; 

glPushAttrlb(G~lIST_BIT); 

glL1 stBase(base . 32); 
glCal1l1st s(st rlell(str) , G~UNSIGN( O BYTE, str) ; 

gl PopAttrib(): 

After the glL1stBase() function defines the base display list lD, the gleall Li st s() function 
ca lls the display list needed based on the array of characters (the text string) passed to it. 

With all of this base code for using bitmap fonts, you can now develop a set of functions 
to use these fon ts more easi ly. Lei 's look at a simple example that displays a text string in 
the center of the window, as shown in Figure 11.1. 

Figure 11 .1 Screenshot of the BitmapFont example. 
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On the CD YOli will find the code for this example in Chapter II, in the Bi tmapFont 
folder. In the example code, we created the private mem ber variable m_fontl i st Base to store 
the display list base, along with three methods: Crea teBitmapFon t{), RenderFont{), and 
Rele as eFontO. 

The following code is for the CreateBitmapFont() method in the CGfxOpenGl class: 

uns i gne d i nt CGfx OpenG l : : Crea t eBitma pFont{ char *fontName, i nt fontSi ze) 
( 

HFONT hFon t; 
unsigned int base; 

/I wi ndows fon t 

base· glGenlists(96); /1 crea te storage for 96 characters 

if (stricmp(fontN ame. · symbol") - 0) 
( 

else 
( 

hFont • CreateFont{fon tSize. O. O. O. FICBOlD. FALSE. FALS E. FAlSe 
SYMBOl_CHARSET . OUT_ TT_P REC IS. Cll P _DfF AU L T_PRECI S. 
ANTIA LI ASED_OUALI TV . FF _DONTCARE I DtFAU L T_P ITCH. 
fontName) ; 

hFont • CreateFont{font Size . O. O. O. flCBOl D. FALSE, FA LSE. FA LSE, 
ANSUHARS £T . OUT _TT]RECI S. ell P _DEFAUl T_PREC IS. 
ANTIA LI ASED_OUALI TV . FF _DONTCARE I DE FAU L T_P ITCH. 
fontName) ; 

if (! hFontl 
retu rn 0; 

Se lectObject(hDC . hFont l ; 
wg lU seFontBitmaps(hDC . 32 . 96 . base) ; 

ret urn base; 

The CreateBitmapFont () method first generates the display list for 96 characters. It then 
checks whether the desired fon t Name is a symbol font. If it is, then the CreateBitmap Font{) 
function calls the Crea t eFont( 1 function with the SYMBOL_CHARSET value for the fdwCha rSet 
parameter. If the function is not a symbol font, then the ANSI_CHARSET value is set. After 
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setting up the bit map fo nt for use with Windows through the wgluseFontBitmaps() func­
tio n, the CreateBitmapFont() me thod returns the base ID for the character d isplay list. 

Next is the RenderFont(} method, which displays a string of tex t using the selec ted bitmap 
font at a specified raster position: 

void CGfxOpenGl::Rende rFont(int xPos . int yPos . unsigned int base. char *str) 

I 
if (( base - 0) II (!str)) 

return: 

glRasterPos2i(xPOS. yPosl; 

gl PushAt tri b( GLl I 5T_BlTl; 
gllistBase{base . 32 ): 
glCalll1sts{(in t )s t rlen{str) , GL_UN5IGNE D_BYTE . st r) : 

gIPopAttrlb () : 

The RenderFont{ 1 method is very simple in that it verifies the base ID and string it receives 
before setting the raster position and rendering the text display list. Finally, we have the 
ReleaseFont() met hod , which simply d eans up the fon t display list : 

void CGfxDpenGL::ReleaseFont(unsigned int base) 

I 
if (base !- 0) 

glDeletelists(base. 96); 

The rest of the code uses these functions to display the scrcenshot shown in Figure 1 1.1. 
The example is set up in orthographic projection. We recommend orthographic projec­
tion when Tender in g with bitmap fo nts because it enables you to specify the raSler posi­
tion coordinates in window coordinates, and you don't need to worry about the 
perspective projection affecting the raster position. 

That's all faT bitmap fonts! Let's look at another technique fo r putting tex t on the screen: 
outline fonl s. 

Outline Fonts 
Outline fon ts are very similar 10 the bitmap fonts we just discussed, but they are much 
mOTe fun to play around with! Outline fon ts define characters in a fon l as a series of lines 
and cu rves, which means they can be scaled up and down without a loss in quality. With 
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OpenGL, you can move ou tJ ine font text around the screen in 3D, give the font text some 
thickness, and essent ially turn any font on the current system into a 3D font with all the 
functio nality of other 3D objects. 

To usc outline fon ts, yo u first need to declare an array of 256 GLYPHHETRICSFLOAT variables, 
which hold information about the placement and orientation of a glyph in a character 
cell. The GlYPHHETRICSFlOAT structure is a special structure created specifically for using text 
with OpenGL It is defined as: 

typedef struct _GlYPHHETRICSFlOAT t /I gmf 
FLOAT gmfBlackBoxX ; 
FLOAT gmfBlackBoxY; 
PO !NTFLOAT gmfptGlyphOrigin ; 
FLOAT gmfCe l1lncX ; 
FLOAT gmfCe l1lncY ; 

GLYPHH ETRICS FLOAT; 

You'll pass the GLYPHMET R I CSFLOAT variable you create to the wgl UseFont Out I j nes{) funct'ion . 
This function creates a set of disp lay lists, one for each glyph of the curren t outline fon t, 
which you C<1Il usc to render text to the screen. This function is defined as; 

BOOl wglUseFontOutlines{ 
HOC hdc. 
OWORO first. 
O'ilORO count. 
awORO listBase. 
FLOAT deviation. 

FLOAT extrusion. 
int format. 
lPGlYPHHETRICSFLOAT lpgmf 

) , 

/I 
/I 
/I 
/I 
/I 
II 
/I 
/I 
/I 

device context of the outline font 
f i rst glyph to be turned Into a display list 
number of glyphs to be turned into display lis ts 
speCifies the starting display list 
specifies the maximum chordal deviation from the 
true out lines 
extrusion value in the negative·z direction 
specifies line segments or polygons In display lists 
address of buffer to receive glyph metric data 

Creation of th e outline font is essentially the same as the bitmap font \\'ith the addition of 
these two items. For instance, compare the CreateBltmapFont() function we showed earlier 
with this Crea teOut 1 i neFont{) function : 

unsigned In t Crea t eOut line FonU cha r *fontN ame . int fo ntS lze , floa t de pth) 
I 

HFONT hFon t ; II windows font 
unsigned lnt base ; 

base - gIGenl1sts(256) ; II create storage for 256 characters 

If (s trlcmp(fontName. ' symbol ' ) - 0) 



TeamLRN

Outline Fonts 255 

hFont - CreateFontlfontSize , 0, 0, 0, FW_BOlO , FALSE. FALSE. FALSE. 

else 

I 

SYHBOl_CHARSET . OUT_TT_PRECIS, CLIP_DEFAULT_PRECIS, 
ANTIALIASED_OUALITY. FF_ODNTCARE I DEFAULT_PITCH, 
fontName); 

hFont - CreateFont( f ontSize , 0, 0, 0, FW_BOLD, FALSE. FALSE. FALSE. 

if (!hFont ) 
return 0; 

ANSI_CHARSET , OUT_TT_PRECIS, CLIP_DEFAULT_PRECIS, 
ANTIAlIASED_OUAliTY, FF _DONTCARE I DEFAUl TjITCH, 
fontName) ; 

Selec tDbject(9-HOC. hFontl: 
wglUseFontDutlines{9-HOC , O. 255 , base, O.Of. depth . WGlJONT]DlYGDNS, gmfl; 

return base ; 

As you can sec, this function is very similar to the CreateBltmapFont() method we showed 
ea rlier, but there are a few differences. The first difference you might notice is the addition 
of the depth parameter, which is used by the wglUseFontOutlines () function to define the 
length of the outline fon t text along the z-axis (or essentially the depth of the font ), The 
next difference is that you create 256 display lists instead of 96. This is because you 
wa nt to provide support for all the 256 available ASCII codes. And lastly, you usc the 
wglUseFontOut 1 ines() funCiion to finalize the setup of the outline fonts fo r OpenGl. 

Di splaying outline font text is exactly the same as displaying bitmap font text. Because you 
used all 256 ASC II codes wh en initializing the outline font, here is how the display code 
would look: 

g I PushAt t rj b{ G~l I ST_BIT); 

gl L1s tBase{base) ; 
gl eall Us t s(s t rlen(str), GL_UNSIGNED_BYTE. str) : 

gI PopAttrib() ; 

On the CD included with this book you will find the Outline Font example fo r Chapter II. 
This example renders tex t as an outline font to the window and rotates it . A scrce nshot is 
show n in Figure 11.2, 
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Fi gure 11 .2 5creenshot of the OutlineFont example. 

The majority of the code for this example is the same as the BitmapFont example, so we 
will focus only on the Rende rFont() method because it is the most different: 

void CGfx OpenG L: :RenderFontU loat xPos, floa t yPos , float zPos , unsigned int base, 
char *strl 

float length· 0.0; 

if (( base"· 0) II (!str)) 
re tu rn; 

II cent er the text 
for (int idx· 0; idx < (in t) str len{str); idx++) 

I 
II f ind length of text 

length +- gmf[ st r[i dx]].gmfCell IncX; II inc rease l engt h by character's width 

glTranslatef( -l engt h/2.0f, yPos , zPosl; 
gIRotate f (m_angle , 1.0. 0.0 , 0.0); 
gI Ro ta tef(m_angle , 0.0, 1.0 , 0.0): 
gIRotate f (m_angle . 0.0. 0.0, 1. 0): 
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gIPushAttrib(G~lIST_B IT) ; 

gIL i stBase ( base); 
gl Ca llli sts (II nt )s trl en (str ) . Gl_UNSiGNED_BYTE. str) : 

gIPopAttrib(): 

Using glFont 257 

The RenderFont() method includes some code that centers the text on the poin t in space to 
which the text is being drawn. This is accomplished through a loop that goes through each 
character in the text string lhal you are displaying. Duri ng each iteration of the loop, you 
add the character's width, which you obtain from the GlYPHHETRICSFlOAT variable, to a vari­
able that stores the su m of all the characters' widths. You then translate your coordinate 
system along the negative x-axis by half the total length of the text string, resu lting in the 
text bei ng centered 011 the (xPos, yPos, zPosl point in 3D space. 

Also, the gIRota tef() calls you sec in the method arc there only for delllonstration pur­
poses and should not be in the RenderFont () method durin g normal usc. 

You can al so tex hlre map outline fonts since they are constructed of polygons. Instead of 
trying to figure out the texture coord inates on your own, you can use OpenC l 's au tomatic 
texture-coordinate generation func tionality to texture map the text. You can find more 
information o n text ure-coordinate generation in Chapter 9, "More on Text'ure Mapping." 

Using glFont 
gl Font is both a program execu table and an API with source code that takes any Windows 
TrueType font and turns it into an OpenGl texture. glFont determines the appropriate 
tex ture coord inates and displays text with correct spacing and size all an OpenGL q uadri­
lateral. Its design is not for 3D text, but rather for 2D text for usc in games and other 
graphics applications where 3D text is overkill. 

You can find gl Font on the CD included with this book, or you can get it from the gl Font 
Web site at http://sludents.cs.byu.edu/-bfishlglfont.php. 

The Executable 
The program included with gl Font is gl FonLexe, which is a simple-to-usc program for 
creating font tex tures that the gl Font API code can read and display. The process for using 
gl Font.exe is simple: 

I. Choose a fon t, using the standard Windows font dialog. Choose the size, style, and 
so o n. 

2. Specify the size of the texture to be used. Remember, the bigge r the tex ture, Ihe 
higher the font quality. 

3. Specify the range of ASCII characters to draw o nto the texture. 
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4. Ge nerate the texture. 

5. Save the texture to a GlF file. 

The Code 
Using 9 1 Font in code is almost as easy as using the gl Font executable. First you need to cre­
ate a GlFONT object: 

GLFONT font: 

Next, you need to generate an OpenGL texture object with the glGenTextllres () function 
and then usc that texture object when calling the GlFQNT: :Create() method: 

unsigned int tex; 
gl Enable (G L_TEXTU RL20) ; 
gl GenTextll res{l . &tex); 
fo nt .Crea t e{ 't imesnewroman.glf ·, t ex) : 

At this point, using gl Font is just a matter of calling the GlFONT: : Beg! n() method, display­
ing your text with GlFONT::OrawString{) , and then finishing off the text display with 
GlFDNT::End{): 

font.8eg ln() ; 
font.DrawStr ing ("Hello world!', 5, 5, 0): 
font. End(): 

A nice addition to gl Font is that you can modify the source code for displaying text as YOll 

need it. For instance, you might walll 10 display the text as a billboard for characler dia­
logue, Wi th gl Font, you just need to create another DrawStrl ng () method for GlFONT thai cal­
culates the billboard coordinates. Remember, gHont simply uses OpenGL quads for 
rendering, so you can rotate fonts, scale fonts, and tran slate fonts however you want. 
Explore and experiment! 

Summary 
In this chapter you learned how to display and position 2D text with bitmap fonts using 
the wglUseFontBitma ps() function and display lists. You also learned ho\>/ to display and 
position 3D text with outline fonts using the wglUseFont Out l lnes() function. Finally, we 
introduced the gl Font OpenGl font library, which you can usc and modify to suit your 
text rendering purposes. 

What You Have learned 
• The wglUseFontBitmaps() function generates bitmap fo nts from the font fil es loaded 

on the execution system. 
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• Display lislS can be used to render each character of a fo nt. 

• When rendering bitmap fo nts, you sho uld usc an orthograph ic perspective projec­
tion to simpl ify positioning the text. 

• The wgl UsefontOutl ines() function creates a set of display lists, one fo r each glyph 
of the current outline font. 

• The GLYPIIHH RICSf lOAT struct is used when creating outline fo nlS. This struct is 
incl uded particularly for rendering text with GpenGL. 

• You can texture map outline fonts and specify texture coordinates wi th the auto­
mat ic texture coord inate generation functionality provided with GpenGL. 

• gl font is both a program executable and an API with source code that takes any 
Windows TrueType font and turns it into an GpenGL texture. 

Review Questions 

1. What "wiggle" function is used to crea te bitmap fonts? 

2. What "wiggle" funct ion is used to create outline fonts? 

3. HO\v do you texture map outline fon ts? 

On Your Own 

1. Create a program that uses bitmap fonts, outline fonts, and the gl fon t library to 
render text. 

2. Modify the gl Font API source code to display text on a billboard polygon. 
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CHAPTER 12 

QPENGL BUFFERS 

. 

'vvr c've been discussing buffers is some form for quite some time now bul 
haven', rcally taken the time to discuss them in detaiL For inst<lncc, we've 
used the color and depth buffers in nearly every example thus far for func­

tio ns such as do uble- buffering and hidden surface removal. In this chapter. we'll extend 
beyond these basic functionalitics while also looking at two morc buffers. called the sten­
cil buffer and the accumulation buffer. 

In this chapter, you'll learn: 

• What the framcbuffcr is 

• \o\'hat general operations can be performed on buffers 

• How to use the alpha test, color masking, and logic DpS 

• How \0 use the depth buffer 

• How \0 use the stencil buffer 

• How to use the accumulat ion buffer 

What Is an OpenGL Buffer? 
There arc severn] buffers in OpenGL that YOli can lISC and manipulate, but just what exactly 
is a buffer? Simply put, a buffer is a set of sequential locations in memory. In OpcnGl, a 
buffer is section of memory that is used to represent some aspect of th e display. For exam­
ple, the color buffer stores RGBA data for each pixel on the screen or window. 

All the buffers in a system arc collectively referred to as the framebuffcr. So will1 OpcnGL, 
the color buffer, depth buffe r, stencil buffer, and accumulatio n buffer combine to give you 

261 
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a single framebuffer. When yo u operate on any OpenGL buffer, you arc operating on the 
framebuffer. 

Before d iscussing individual buffer types, we'U first look at a couple of operations thaI 
apply to all o f the buffers: clearing and scissoring. 

Clearing the Buffers 

The most basic operation you can perform on a buffer is to clear out the previous con­
tents. Th is is done using gIClear{) : 

voi d glCl ear {GlbHf leld ma sk); 

You've already seen th is in act ion in all of 
the demos presented so far, so it should 
look familiar. The mask parameter is the 
bitwise logical OR of a combination of the 
values listed in 1~1ble 12. 1. 

Table 12.1 Clear Mask Values 

Each buffer has a default value, and when 
yo u clear it, each clement in the buffer is 
set to that value. As wi th most areas of 
OpenGL, yo u can set the default clear 

Flag 

GUOLOR_BUFFEILB IT 

Gl..0EPTH_BUFFEI\..J IT 

GUTENC I LBUFFEI\..JI T 

GU.CCUH_BUFFER..,.B I T 

Buffer 

RGBA color buffer 

Depth buffer 

Stencil buffer 

Accumulation buffer 

values to your oW' n custom values. YOLI do so with the following AP ls: 

voi d gl C 1 earCo I or ( GLc lampf red, GLc I ampf green. GLc lampf green. GLc larapf a I pha ); 
voi d glCl earDepth (GLclampd depth ) ; 
voi d glCl earStenc t l{Gl1 nt 1) ; 

voi d glCl earAccu.{GLclampf red , GLcl ampf green, GLcl ampf green, GLclampf alpha ) ; 

The Glc 1amp types arc uscd for parameters that are internally clamped to fall within 0.0 and 
1.0. The default values for all buffers are 0, except for the depth buffer, which is 1.0, cor­
respond ing to the value that represents clements that are farth est away from the camera. 

Scissor Boxes 
OpenGL allows you to define a scissor box that limits rendering to a sub-region of the 
screen. Wh en scissoring is enabled, any pixel writes outside of the box arc ignored. This 
applies to not only color values, but depth, stencil. and accumulation buffer values as welL 
Scissoring is one of the few operations that also affect the operation of glC lear () ; when it 
is enabled, only pixels inside of the scissor box will be cleared. 

You can enable scisso ring by passing Gl_SCISSDR_T£ST to gl Enable(). The size o f the sc issor 
box is defined using; 

voi d gIScissor{GL1 nt x, Gli nt y, Glsl zei width. Glsi zei height) : 
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The x and y values correspo nd to the screen coordinates of the lower le ft corner of the box 
(the lower left corner of the screen is at (0,0». width and height arc the dimensions of the 
box in pixels. The sc issor box is set to the size of the window when a rendering context is 
first attached to it. 

The following code shows an example of setting up a scissor box such as tha t shown in 
Figure 12.1. 

9 1 Enab 1 e( Gl.SCISSOILTEST) ; 
glScissor(200. 250. 240. 180) ; 

The Color Buffer 
The color buffer stores RGBA data for each pixel on the screen. Almost everything discussed 
in thi s book relates to the color buffer in some way. There arc a few opennions in addition 
to those that we've already discussed that affect the color buffer on a per-fragment basis. 
and those will be described in this section. 

Alpha Test 
Every inco ming fragmen t has an alpha value associated with it. Even if yo u don' t specify 
it yourself, it gets set to the default value of 1. The alpha test can be used to discard frag­
ments based on their alpha value. Practical applications for this include being able to d is­
card transp,lrent components of images. 

ODD 

• 0 

+ 

Figure 12.1 An example of a scissor box. 
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For example. say you are using the image in Figure 
12.2 fo r billboarding, in which you apply the image 
as a text ure to a screen-oriented quad to cheaply 
fake a 3D cactus. When applying the texture map, 
you would want to draw o nly the pixels that make 
up the cactus. Drawing the black area around it 
would ruin the effect. Alpha testing is the best way 
to do th is. 

The first step is to initialize the texture with appro­
priate values, such as ;m alpha of 0 in the black 
areas and I everY' ... here else. The next step is to 
enable the alpha test, which you would do with: 

g l Enable(G~LPHA-TEST } ; 

Figure 12.2 An image used as a 
billboard te)(ture. 

Then you need to set up the alpha func tion. The alp ha func tion controls exactly how the 
com parison is done. It is specified by using: 

voId glAlphaFunc(GLenum func , Glclampf reference} : 

func is an enumeration spec ifying the comparison function. Valid values are listed in Table 
12.2. The incoming fragment alpha is compared against the reference value. Continuing 
with the cactus example, setting up the alpha fu nction as follows \",ould reject the black 
pixels (with an alpha o f 0) and accept everything else. 

glAlphaFunc(G~GREATER. 0.0); 

The alpha test is an easy to use tool that has many practical applications in games. 

Table 12.2 

Function 

GU EYER 
GU lWAYS 

GUESS 

GUEQUAl 

GUQUAl 

GUEQUAl 

GLGREATER 
GUOTEOUAl 

Alpha Test Functions 

Description 

Never pass, regardless of the fragment or reference alpha values. 
AlwaY5 pass, regardless of the fragment or reference alpha values. This is the default. 
Pass if the fragment alpha is less than the reference value. 
Pass if the fragment alpha is Jess than or equal to the reference value. 
Pass if the fragment alpha is equal to the reference value. 
Pass if the fragment alpha is greater than or equal to the reference value. 
Pass if the fragment alpha is greater than the reference value. 
Pass if the fragment alpha not equal to the reference value. 
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Color Masking 
OpenGL allo\"s you to d isable writing to specific color channels. This can be used to cre­
ate some interesting effects. For example, some multipass rendering algorithms require 
you to modify the depth buffe r without actually writing color val ues. Another use migh t 
be to disable writing to everything but the green channel to create a cheap night vision 
effecl. 

This is known as color maskillg. and it is controlled through the following API : 

void glColorHask(GLboolean red , GLboolean green, Glboolean blue, Glhoolean alpha) ; 

Passing GlJALSE as th e red, green, blue, or al pha pa rameter will disable writes for that chan­
nel. G~TRUE is used to ell::lb1c writes. By default, all of the dl:llllle\s ::I re enabled, as you'd 
expect. 

The color mask affects ;\11 opernt ions that may potentially mod i fy t he color buffer, incl ud­
ing clears. 

logical Operations 
OpenG L allo\"s YOll to create some interest­
ing effects by performing logical operatio ns 
between the incoming fragment and the 
value in the color buffe r. These arc executed 
as bitwise logical operations between each 
of the individual red, green, blue, and alpha 
components of the two colors. The result­
ing value is then sto red in the color buffer. 

Logic ops are enabled by passing 
Gl_COLOJUOGICOP to glEnable() . You can 
specify which speci fi c operatio n to perform 
by using: 

void glLogicOp(GLenum op); 

op ca n be any of the cnll meran ls listed in 
Table 12.3, where the fragment color is rep­
resented as s, the value in the color buffer is 
d, and the resulting color is c. The nolalion 
used corresponds 10 the C/C++ nolalion 
for bilwise operatio ns. 

Table 12.3 

Function 

GUERO 

GLAMO 

G l~MO_RmRSE 

GLeon 

GlJNO_IHYERTED 

Gl,.NOOP 

GUOR 
GLOR 

GUOR 
GUQUIY 

GUNHRT 
GLOR...REYERS£ 

GUOPY_I ~Ym£D 

GUR....I NVERTEO 
GUANO 

Gun 

Logical Operations 

Description 

, - 0 

c - s & d 

c-s & (-dJ 

, -, 
c-(-s)&d 

, - d 
C - $ • d 

c - sid 

c - - ( s Idl 
c - -( s ' dI 
c - -d 

c - s I (-d) 

C - -$ 

c-HJld 

c--(s&d) 

c - 1 (all bits set 10 1) 
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Note 

When logic ops are enabled, blending isn't performed, whether or not it is actually enabled. This is 
be<ause the two operations have very similar functionality, so using them together would be 
ambiguous. 

The Depth Buffer 
You typically use the depth buffer (also known as the z-buffer) to perform hidden -surface 
removal on the objects in the scene. The values stored by the depth buffer for each pixel 
represen t th e distance between the object and the viewpoint. As you draw primitives, the 
depth buffer is checked and updated based on the distance of each object and the current 
depth-compa rison function. 

'Ib take advan tage of depth buffering, you must fi rst be slife to request one when creating 
your window. You ca n then enable or disable depth test ing by passing GLOEPTH_TEST to 
91 Enabl e( Jig! Oi sab le ( L It 's disabled by default. 

Depth-Comparison Functions 
As mentioned , ,,,hen YOll draw yo ur scene with OpenGL, the z coordinate of each pixel on 
the screen is compared with the p revious z coordinate already stored in the depth value as 
a d istance. The function 10 determine wha t type of com pa rison you're going to usc is sct 
with the glOepthFunc () function: 

void glOepthFunc(Glenum func ) ; 

You can usc any of the values listed in Table 12.4 for the func parameter. 

Table 12.4 

Mode 

GUEYER 
GUESS 
GUOUAL 

GUEOUAL 

GURW ER 
GUOTEOUAL 

GLGEOUAL 

GULI/AYS 

Depth-Comparison Functions 

Description 

Never passes. 
Passes if the incoming z value is less than the stored z value. This is the default. 
Passes if the intaming z value is equal to the stored z value. 
Passes if the incoming z value is equal to the stored z value. 
Passes if the intaming z value is greater than the stored z value. 
Passes if the incoming z value is not equal to the stored z value. 
Passes if the incoming z value is greater than or equal to the stated z value. 
Always passes. 
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OpenGL compares the cur rent pixel 's z value with the z value stored in the depth buffer 
at th at location. If the depth-comparison function passes, then the pixel is stored in the 
color buffer. and the depth buffer is updated with the new pixel's depth. The default 
depth-comparison function is GLLE$$, which draws a pixel a ll if its z value is less than the 
z value in the depth buffer. 

Ti p 

There's a subtle difference between using a depth function of GUlWAYS and simply disabling the 
depth test. Both methods will cause all objects to be updated in the color buffer. regardless of their 
depth. The difference is that when using GLALWAY$, each object will also update the depth buffer. 
The depth buffer isn't updated when the depth test is disabled. 

Read-Only Depth Buffer 
Being able to have objects tested against the depth buffer without updating it can enable 
some useful effec t's. For example, imagine rendering an explosion as a pa rt icle system. 
Each particle is transparent, and they arc being additivcly blended , so that multipl e parti­
cles in a single loca tion will result in a brighter spot. The particles should be occluded by 
solid objects in the scene but not occlude each other. One way to achieve this would be to 
depth sort the particles and draw them in order from farthest to nearest. However, with 
thousands of particles, the cost of sorting could be high . 

By making the depth buffer read-only and rendering the particles last, you can achieve the 
same effect much more easily. Read/write acc,ess to the depth buffer is controlled with 
9 1 OepthHask(): 

void glDepthHasHGlboolean enable) ; 

A value of GL_TRUE enables writes to the depth buffer, and Gl_FAlSE makes it read-only. 
Pseudocode for the explosion effect would look like this: 

/I depth testing 1s on all of the time 
gl Enable(GLDEPTH_TEST) ; 

Draw all norma l objects in t he scene 

gl Dep thHask(GLFAlSE) ; 1/ disa ble depth writes 
Draw the explosion 
gIDepthHask(GLTRUEl: II reenable depth writes 
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Z-Fighting 

When drawing overlapping triangles with similar depth values. a visual artifact known as 
z-fighring can manifest itself. causing the triangles to flicker as the camera moves. This is an impre­
cision issue; because depth values are stored in a finite (and relatively smalO range. small errors 
introduced during their calculation can cause triangles that should be behind other triangles to 
show through them instead. 

Z-fighting usually happens when using a 16-bit depth buffer. so switching to a 24-bit depth buffer 
usually fixes the problem. However. to get a hardware-accelerated 24-bit depth buffer. you usually 
have to also request a 32-bit color buffer, which may not be possible on older systems. In addition. 
even with a 24-bit depth buffer, you may still experience z-fighting. 

The best solut ion is ohen to modify the values used for the far and near clip planes. Making the 
view frustum shorter allows for greater predsion. Furthermore, z values are mapped to the depth 
buffer in a nonlinear fashion, so that objects closer to the screen have greater precision than 
objects farther away. Therefore. increasing the distance to the near clip plane has a more dramatic 
effect than decreasing the distance to the far clip plane. For instance, doubling the near plane dis· 
tance from 1 to 2 doubles the precision of the depth buffer. 

The Stencil Buffer 
Like the depth buffer, you can usc the stencil buffer to block out portions of the screen 
from view. Ho\"ever, the Slencil buffer is a general purpose buffer that allo\"s you to do 
things that aren't possible with the color buffer and depth buffer alone. One popular 
application is in creating reflecti ve surfaces, where you restrict rendering to an irregular 
section of the screcn where the reflected geometry will appear. You'll sec an example of 
this at the end of thi s section. It is essential for many shad ow render ing tcchniques, such 
as shadow volumes. 

To usc the stencil buffer, you must fi rst make sure that your rendering \ ... indow supports 
it. Under Windo\vs, th is means setting the cS tenci 1 81 ts field of the PI XElFORHA TOESCRIPTOR when 
setting th e pixel format, like this: 

pfd. cStenc11 Bits - 8; 

This will create an 8-bit stencil buffer. Then you need to enable stenciling by passing 
GL_STENClt...TEST to glEnable() . The next step is to set up stencil function and operation. 
These define how stenciling actually works, and understanding them will allow you to 
understand what stencili ng really is. 

The stencil function allows you to specify a fu nction (which can be any of the values in 
Table 12.5), a reference value, and a mask. When a fragment is processed, the reference 
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value and the value in the stencil buffer at the current pixel arc logically AliEled with the 
mask, and the resulting values are tested using the stencil functio n. What happens next 
depends o n the stencil operation. The stencil function can be set with the following AP I: 

void gIStencl1Func(GlenLim func, GUnt reference. GlLlint mask ): 

The stencil operation defines three different actions: 

1. What to do if the stencil test fai ls. 

2. What to do if the stencil test passes but the depth test fails. 

3. What to do if both the stencil and depth tests pass, or if the stencil tests pass and 
depth testing is di sabled. 

Each of these actions can be any of the values listed in Table 12.6. The stencil operation 
can be set usi ng the following: 

void glS tencilOp{G Lenum fail, Glenum zfail . GLenum zpass) 

fan, zfall, and zpass correspond to actions 1,2, and 3 in the list above. 

Table 12.5 Stencil Functions 

Function 

GLNEVER 
GUESS 
GUEQUAt 
GLGREATER 
GLGEQUAl 
GUOUAt 
GLNOTEQUAL 
GLALWm 

Table 12.6 

Function 

GUEEP 
GUERO 
GUEPLACE 
Gum 
GLDECR 
GU NV ERT 

Description 

Always fails. 
Passes if the reference value is less than the value in the stencil buffer. 
Passes if the reference value is less than or equal to the value in the stencil buffer. 
Passes if the reference value is greater than the value in the stencil buffer. 
Passes if the reference value is greater than or equal to the value in the stencil buffer. 

Passes if the reference value is equal to the value in the stencil buffer. 
Passes if the reference value is not equal to the value in the stencil buffer. 
Always passes. This is the default. 

Stenci l Operations 

Description 

The value in the stencil buffer is not changed. 
The value in the stencil buffer is set to O. 
The value in the stencil buffer is set to the reference value. 
The value in the stencil buffer is increased by 1. 
The value in the stencil buffer is decreased by 1. 
Inverts the bits in the stencil buffer value. 
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An Example of Stencil Testing 
You now know how the stencil test works on a low level, but let's look at an example to 
better understand it. The Marbles demo from Chapter 10, " Up Your Performance," used 
the stencil test to create a reflection of the marbles on the floor o f the box. This was done 
in the following function: 

void CGfxOpenGl::DrawRef lection{} 

I 
gill ght h( GlJI GHTO. GLPDSIT ION . NEG_lIGHT_PDSITION 1: 
gIDepthHask(G~FAlSE); 

gl Enab 1 e(GL_STENC! ~TEST) ; 

gIStenclIFunc(GUlWAYS. 1. QxFFFFFFFF ) ; 
glSt encl10p(Gl_REPlACE. Gl]EPlACE. GL_REPlACE) ; 

Dra wBoxBot tom(): 

gIDepthMask(Gl_TRUE); 
gIStenci1Func(G~EOUAl. I. OxFFFFFF FF ) ; 
gl Stenci10p(G~KEEP. GlJEEP. GlJEEP): 

Dra wHarbles (G~ TRUE); 
gl Dis ab 1 e(G~STENCI ~TEST) ; 

gl Light h(G~LIGHTO. G~POSI TION . LIGHT]OSI TION): 

To set up the stencil test, this code first enables it and sets the stencil function to always 
pass with a reference value of l. The mask used will not mod ify the reference or stencil 
buffer valucs at all. The Slencil operation is set to GL]EPlACE fo r all possibili ties. so any­
thing that gets rendered will set the stencil buffer to the reference valu e. 

After selling up the stencil test, the bottom of the box is rendered. When the stencil buffer 
was clea red (out side of this code), the entire stencil buffer wa s set to O. After the call to 
DrawBoxBottom(), the stencil buffer will be set to 1 (the reference value) at the pixels where 
the box bottom was drawn and 0 everyw·here else. 

Then the stencil function is changed to GL_EOUAL, but the reference value is left at 1. Now 
fragments will pass the stencil test only when the stencil buffer is 1 at the current pixel 
location. So when the call to DrawHarbles{) is made. it will only be drawn in the region 
where the box bottom is located. By setting all stencil operatio ns to GL.JEEP, we're ensur­
ing that the contents of the stencil buffer wo n't get modified by anything currently being 
d rawn. 
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That's all there is to using the stencil buffer. The stencil lest is useful in games fo r renec­
tions, decals, and shadow volumes, among other things, so you'll defi ni tely be using it. 

Tip 

To ensure that you get a hardware·accelerated stencil buffer, it's recommended that you use a 32· 
bit color buffer along with a 24-bit depth buffer and g·bit stencil buffer. Color depths other than 32 
may cause the stencil buffer to operate in software mode, which is extremely slow. Similarly, the 
depth buffer and stencil buffer are typically interleaved in memory, so using 24 bits for the depth 
buffer and 8 bits for the stencil buffer allows for optimal performance. 

The Accumulation Buffer 
The idea of the accumulation buffer is that you draw multiple images into the color buffer, 
one at a lime, and th en aCClI I1I11/tlle each image into the accumulation bu ffer. After you've 
aCCllmulated all the images, you put them back onto the color buffer to be displayed on 
the screen. You can create some cool effects with this buffer, including Illotion blur, depth­
of-fi eld effects, scene antialiasing, and soft shadows. 

As with other buffer types, to be able to actuall y use the accumulation buffer, you have to 
request one when you set up the pixel forma t. This is done by setting the cAecum 
bits field. The accumulation buffer typicaUy req uires mo re sto rage per pixel than other 
buffers, with 64 bits being a common value. This is to help maintain range and precision 
when acculllu lating multiple samples. 

OpenGL provides a single function to work on the accumuJalion buffer: 

void gIAccu.(Glenum op , Glfloat va lue): 

The op pa rameter specifics the operation to be performed, and the va lue parameter specifics 
a number that will be used for the operation. Table 12.7 shows the available operations. 

Table 12.7 

Operation 

GLACC UH 

GUOAO 

GLAOO 

GLHULT 

GLRETURN 

Accumulation Buffer Operations 

Description 

Obtains RBGA vatues from the cotor buffer, multiplying them by va I ue and then 
adding them to the existing contents of the accumulation buffer. 
Obtains RBGA vatues from the cotor buffer, muttiplying them by ~a I ue and replacing 
the existing content<; of the accumutation buffer. 
Adds the va lue parameter to each existing vatue in the accumutation buffer. 
Muttipties the vatue of each pixet in the accumutation buffer by VII ue. 
Muttipties the vatue of each pixet in the accumutation buffer by va I ue and sends the 
result to the (otor buffer. 
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To use the accumulation buffer for motion blur, you acc umulate several images repre­
senti ng the trail of the blur by using the glAcculR() function like this: 

gl Accum( G~ACCUH. 1. Off N): 

where N is the number of images being accumula ted. This acts as a decay factor between 
the images. E.1ch time this line is called, the object's image will be fa inter than the previ­
ous image. After you're finished accumulating your images in to the accumulation buffer. 
you call the glAccum() function again to copy the conten ts back into the color buffer: 

glAccum(Gl_RETURN. l. 0) : 

Until recently, the accumulation buffer was not well supported in co nsumer-level graph­
ics ha rdwa re, so if you usc it in a game, it may not run well on older computers. Fo rtu ­
nately, there arc alternatives for many specific effects that can be more efficient than lIsing 
the accum ulation buffer. 

Example: Using the Accumulation Buffer 
A simple demo showing two uses of the accumulation buffer can be found on the CD in 
the fo lde r for this chapter in the Accum directory. This demo, shown in Figures 12.3 and 
12.4, actually contains two demos, one showing motion blur and the other showi ng soft 
shadows. The demo starts off with the motion blur. You can change to the soft shadows 
demo by pressing the S key and then change back to motion blur with the M key. Let's 
look at the relevant portions o f this demo. 

Figure 12.3 Two spheres rendered with motion blur. 
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Fig ure 12.4 Soft shadows. 

The bulk of the work for motion blur is done in the following function: 

~oi d CGfxOpenG L: : Rende rMot i onB 1 ur () 

I 
gl C I ea r( Gl_COLOR_BUFFE R_B IT I GL_O£PTH_BUF FE R_B IT} : 
gl load I dent i ty{ } : 

gl uLoo kAt(O .O, 0.0, 10 .0, 0.0, 0.0, 0.0, 0.0, 1.0 , 0.0): 

Glfloa t angle · m_ang l e: 
f or ( in t i · 0: i < SPH ERCNUM_SAMPLES : Hi ) 

I 
Ora wSpheres(ang l e) : 
ang l e -. SPHERCBLU~ARC IS PHE R E_NU~UAMPLES: 

if (i- O} 

gl Accum( GL_LOAD , I . Of ISPHERE_NUM_SAMPLES) ; 
el se 

gI Accum{G L_ACC UM, I .Of /S PH ERE_NUM_SAMPLES} : 

gl Accum(GL]ETURN , 1.0) : 
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During each iteratio n through this loop, the spheres arc rotated back a bit fart her along 
thei r path. Because the color buffe r isn't being cleared between each iteratio n. the images 
grad ually build up. At the end, the), are accumulated into the depth buffer with a factor 
based o n the to tal number of iterations. Spheres drawn du ring the first several iterations 
will be accumulated multiple times, so they will be brigh ter than the ones accumulated 
near the end. Finally. the results arc copied back into the frame buffer. 

You'll notice that on the first iteration, the color buffer is accumu lated via GLlOAO, which 
allows us to skip dearing the accumulation buffer allhe beginning of the frame. 

The main rendering function for the soft shadow po rtion of the demo looks like this: 

void CGfxOpenGl: :RenderSoftShadow() 

I 
gl C 1 earl GL_COLOILBUFFER_B IT I GLDEPTH_BUFFER_BIT I GL_ACCU~BU FFER_B IT ) : 
glLoadlden t lty{); 
gluLookAt(5.D, B.D. 10.0 , 0.0. 2.0, 0. 0, 0.0. 1.0, 0.0) : 

for (Int 1 - 0: 1 ( SHAOOWJjUM_SAMPLES: ++0 

I 
SetShado\fjMatri x{ m_shadowMatri x, LI GHT]OS[i]. FLOOR_PLANE) : 
II draw the shadow 
glPushHatrlx(); 

9 1 Cl earl GLCOLOIUUFFElLBIT I GLOEPTH_BUFFER_BIT) : 
9 1 Enab 1 e(GL_LIGHTING); 
glL1ghtfv(GLlIGHTO, GLPOSITION, lIGHT]OS[O]) : 
OrawFloor() : 

g101sable(GLLIGHTING1; 
gl 01 sabl e(GL_OEPTH_TEST) ; 

glCo lor4f(0.0. 0.0, 0.0, l.Ofl ; 

II project the cone through the shadow matrix 
g l HultHatrlxf{~shadowHatrixl: 

OrawCone() : 

glEnabl e(GLDEPTH_TEST) ; 
glPopHa t rlx(}: 
gl Accum( GLACCUH. 1. Of ISHADOW_HUM_SAMPLES) : 

glAccum(GLRETURN , l. 0) : 
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glLigh t fv(GlJIGfHO , Gl]OSITION, llGHT] OS[O]) : 

/1 draw the cone normally 
gl Enab 1 e(Gl.lIGHTI NG); 
gIColor3f(O. lf, O.2f. O.8fl ; 
OrawCone() ; 
gl 01 sab 1 e(Gl.lIGHTlNG) ; 
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This is slightly more complex due to the projective shadow code, but again we'll focus on 
the for loop. E.1ch time through the loop, a different light positi on is used. These positions 
vary slightly from each other, allow us to jitter the light position. Th is allo\ ... s us to simu­
late a light sou rce that has vol ume (which is how lights in the real world work, as opposed 
to the infinitely sTllall points supported by OpenGL's lighting model). A shadow projec­
tion matrix is calculated using the new light position, and then the cone is projected onto 
the floor plane and drawn as a black shadow. The results arc accumulated with a factor 
based on the total number of samples. 

Both the plane and shadow arc drawn every iteration, but the plane remains stationary 
whi le the shadow moves slightly due to the jittered light source. The result of this is that 
the plane is drawn normally, but the shadow is dark in the center because the center pix­
els were rendered during ewry iteration, while the pixels nea r the edge of the shadow var­
ied with each light position. 

Summary 
The framebuffer. composed of the color, depth. stencil, and accumulation buffers. plays a 
cen tral role in OpenG L rendering. The color buffer is what ultimately gelS seen. but the 
depth and stencil buffers both playa role in determining which pixels actually get drawn, 
and the accumulation buffer can be used in conjunction with the colo r buffer for a num ­
ber o f multipass rendering effects. Each buffer has several states associated \."ith it that YOll 

can control to achieve exactly the results you want. 

What You Have learned 
• All the buffers arc collectively referred to as the framebuffer. 

• Buffers can be cleared using glC lear( ). Each buffer has a clear value that you can 
control. 

• You can define a scissor window using glSc i ssor () th'lt limits rendering to a subre­
gion of the display. 

• The alpha test can be lISed to cause fragments to be rejected based o n their alpha 
values. 
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• gIColorHask() allows you to d isable writes to specific color channels. 

• Source and destinat ion pixels can be combined using bitwise logical operations 
defined with g1Logi cOp( J. 

• gl Co 1 orHask () allows you to d isable writes to specific color channels. 

• The depth buffer is used to remove hidden surfaces via a depth function you can 
change to fi t your needs. gl DepthHasl::() can be used to make the depth buffer read­
only. 

• The stencil buffer provides you with fine-grained control of what regions of the 
screen can be rendered to. 

• The accumulation buffer is useful for several multipass rendering tech niques. 

Review Questions 

1. What arc the defa ult clear val ues for the four buffers desc ribed in this chap ter? 

2. How is alpha testing di ffe rent from alpha blending? 

3. What happens to blending when logic ops are enabled? 

4. True or false : Setting the depth function to Gl_AlWAYS has the same effect as dis­
abling the depth test. 

5. How is the mask parameter in 91 Stencil Func O lLsed? 

6. Wh ich acc umulation function can be used to avoid clearing the accumulation 
buffer every frame? 

On Your Own 

1. 10 better understand the alpha test, create a simple program that uses it. Specify a 
smooth shaded quad wi th an alpha value of 0 in the lower left corner, 0.5 in the 
top left and bottom right corners, and I in the top right corner. Have your pro­
gram cycle through several alpha reference values. Alternatively, create an image 
like that shown in Figure 12.2. Set the alpha value for the black regions to 0 with a 
value of 1 every\vhere else. Set the alpha test to reject the b];\ck pixels, and apply 
the tex ture using GLREPlACE. 
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CHAPTER 13 
I 

I 
THE ENDGAME 

T he endgame. This is the cnd, and we have a game for you. We've covered quite a 
bi t of OpcnCL in this book, and now it's time to put OpcnGL to work. On the CD 
in Chapter 13. you will find a chess game that we h:lVe affectionately called Chess. 

which follO\vs in the spirit of the computer chess game hit BauleChess. In th is chapter we 
arc going to talk a little bit about the technical design as well as cover how we used 
OpcnGL in the game. We invite you to modify the game code and make additions if you 
would like. Usc your imagination! 

In this chapler we will cover: 

• Chess game technical design 

• How OpenCL is used in Clress 

The Design 
We had one rule \vhcn design ing the chess game: keep things simple. We wanted to sepa­
rate d:lla processing from rendering as much as possible, and we wanted to keep the code 
portable in case you decide to copy it to another operating system. The result is a pretty 
solid design thnt we hope is expandable enough for you to modify and make changes as 
you see fit. 

If you do a search on the Internet for "programming chess games," you will likely find Web 
pages that descr ibe popular chess da ta structures and algorithms like "bitboards," move 
generations. and evaluation func tions. In the spirit of keeping things simple. we didn' t 
want to spend pages upon pages describing popular chess programming practices. so we 
did things ou r o\ ... n way. In addition . we decided to keep the chess game 1\"'0 player. leav­
ing the addition of chess art ific ial intelligence as an exercise for yOll . 

277 
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Figure t3.1 is a diagram showing 
all of the classes we usc in the 
ga me, along wit h their dependen­
cies, similar to a minimized ver­
sion of a class diagram in the 
Unified Modeling Language 
(UML). The WlnHa ln class we have 
defi ned in the figure refers 10 Ihe 
lI inHa in() function and supporting 
fUllctions for main loop execu­
tion. Table 13.1 includes the rest 
of the classes. 

Now let's look at how these classes 

I 
I 

$ -
I 

IClot lIi, l , 
ICI .. ,...,.I 

, 
[ a.l2O ... 1 

talk to each other \.,.ith sequence Figure 13.1 Classes and their dependencies in the game. 

diagram by starti ng from the top 
with initializa tion in \rjl nMain() . A sequence diagram is shown in Figure 13.2 for the ini­
tialization sequence. First we initialize the high-resolution timer, CH1ResTlmer, which will 
be used during the main loop for determining the delta time between frames. Next the 

Table 13.1 Chess Game Classes 

Class 

CGhOpenGt 

CChessGaae 

CTextureHgr 

CChessBoard 

CC hes sPiece 

CMD20ata 

CMD2!nstance 

CTargai lllage 

CHIResTlaer 

CYector 

CPl ane 

Description 

The OpE'llGl lendering das~ The majority of OpenGllenciering functionality is here. 

The core chess game functionality. Stores the chessboald. all chess pieces, piece 
model loading. piece movement, capturing. and the chess game state machine. 
A texture management cla'S~ loads textures and provides access to them through a 
simple interface 101 binding OpenGl textures. 
A class representing the chessboard and its current state. 
A struct representing a chess piece. storing color, position on the board, an "in play" 
flag. and the piece model. 
A factory class for M02 models. loads the M02 model data and spawns 
(M02Instances. 

An instance 01 an M02 model. 
The Targa image class used for textures. 
Encapsulates high-resolution timer functionality that allows us to render with frame­
rate independence. 
A ]0 vectOl math class. 
A plane math class. 
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Figure 13.2 Initialize sequence diagram. 

CChessBoard class is initialized, allowing the chessboard to be set up and all of the pieces to 
be positioned correctl y and their models loaded. 

Fi nally. we "allach" the CChes sGame class pointer to the CGfxOpenGl class. \vhich needs to know 
about the data slOrcd in CChessGame in o rder to render the chessboard and pieces correctly. 

Next we have the mai n game loop, whose sequence diagram is shO\vn in Figure 13.3. The 
CGfxOpenGl class is used as the entry point into the rest of the game software. It is here that 
we call the Update() method o f the CChessGame class, where we then proceed to update chess 
piece model animations, piece movements, captures, the game board. and the overall 
game sta te. 

After performing the data update for the current frame, we the n render it with the 
Render( ) method of CGfxOpenGl. Let's take a look at this method . 

" 

Figure 13.3 Update sequence diagram. 
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Using OpenGl in the Game 
The Render() method in the CGhOpenGl class is the entry poi nt for all rendering function­
alit y in the game. 

void CGhOpenGl: :Rende r() 
I 

gIClearColor(O.Of, 0.0. 0.0. 0.0); 
gl Cl earl Gl.COlOR_BUFFEILBIT I Gl_OE PTH_BU FFER_BIT 

Gl.STENCIl.BUFFER_BIT) ; 

gILoad ldentity(); 

jf (m3u rrent View - WHITE ) 

else 

gl uLoo kAt (rfLwh i te Vi ewPos . x, m_Wlh i teVi eWi Pos .Y. 
rfLwh ite Vi ewPos .z. 4. 0. 0.0. 4.0, 0.0, 1. 0. O. O) : 

glu Loo kAt( rfLb lac k.V iewPos .x. m_bl ackV ieWiPos.y . 
rfLblac kViewPos .z. 4.0, 0.0. 4. 0, 0.0. 1.0. 0.0): 

In this first block of code. you can sec that we clear the color, depth, and stencil buffer bits, 
load the identity matrix, and set the camera position based on the current player. We dear 
the stencil buffer bit because we use the ste ncil buffer to properly render piece reflec tio ns 
on the chessboard. 

/I render the wood table 
gIDisable(Gl_DEPTH_TEST} ; 
RenderTable(): 
gIEnahle(Gl.DEPTH_TEST) ; 

In this section we draw the background wood table with the RenderTable() method. The 
backgro und table is drawn primarily fo r aesthetic purposes, but since we arc drawing 
piece reflections 011 the chessboard. we need to disable depth test ing while drawing iti oth ­
erwise, th e piece refl ections will not look correct as the background table will mix into the 
reflected piece rendering. 

II prepare to Wl rite to t he stenci l buffer by tu rni ng off 
/I wr 1tes to the color and dept h buffer 
gICo lorMas k(G L FA LS[' GLFAlS£. GL_FALSE. GL_FALSEl; 
gl DepthMask( GL F ALSE) ; 

/I setup the stencil func and op to place a 1 in the stencil buffer 
1/ everywhere we ' re about to draw 
glEnable(Gl.STEHCll_TEST); 
glStenc11Func(Gl-"lWAYS. 1. OxFFFFFFFF); 
gl Stenc11 Op( GLREPlACE. GLREPlAC E. Gl_REPlACE}; 
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1/ render the chess boa rd surface. Since t he dept h and 
1/ color buffers are disa bl ed, 
II on ly the st enc il buffer wi l l be modified 
RenderChessBoard(l ; 

II turn co lor and dept h buffers back on 
glColo rMasHGl_TRUE, GL_TRU E, GL_T RUE, GL_TRUE} ; 
gl DepthMask{GL_TRUE} ; 
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1/ from th is point on . on ly draw where stenci l buff er i s set to I 
gl Stenci I Func(GL_EQUAl , 1, Dx FF FFFFFF }; 

II don' t modify t he contents of t he stencil bu ff er 
gl Stenci IOp( GLJHP. GLJE EP, GLJEEP l ; 

The preceding section of code is responsible for setting up and rendering the chessboard 
to the stenci l buffer. The stencil buffer is used as a cu tout for determining what is actually 
rendered to the screen. 

1/ draVl reflecte d chess pi eces f irst 
gl Pus hMa t r i x( l ; 

gISca l ef (l .O, ' 1.0, 1. 0}; 
Ren derPieces() ; 

glPopHatrh{) ; 

II dra Vl chessboa rd and se l ect ion squa re with blendi ng 
glEna ble(GL_BlENDl : 

RenderSelections(); 
gl B I end Func (GL_SRCALPHA, GL_ONCMI NUS_DST _AL PHA ) ; 
RenderChessBoa rd ( ) : 

gl Di sa b 1 e( GL_BlEN D 1 ; 

1/ tu rn off st enci l testing 
gl Di sa b 1 e( GLSTENC I L_TESTl ; 

With stencil testing enabled, we draw the reflected pieces and th e chessboard. The stencil 
testing prevents anything rendered at this step from being drawn outside the bounds of 
the chessboard that we rendered onto the stencil buffer. 

1/ dr. VI pieces no rmally 
gl PushHa t r i x(} ; 

gIColo r4f{ 1.0. 1.0 , 1. 0, 1.0} ; 
RenderPieces() : 

glPopHatrh{) ; 
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And fi nally. \" ilh ste ncil test­
ing disabled. we render (he 
chess pi eces normally. The 
result is a set of chess pieces 
rdlecting off a marble-look­
ing chessboard silting on a 
table. as shown in Figure 13.4. 

Summary 
The rest of the code for the 
chess game deals with piece 
movement algorithms. model 
rendering and loading, and 
the various state machines 
involved. We invite you to Figure 13.4 A screenshot of the chess game. 
browse the SOUTce code in 
detail, experimen t wi th it, 
learn from it, and even make yo ur own derivative! 

More than anything, we hope you've learned a 101 aboul OpenGL from th is book and you 
enjoy lIsing OpenGL as much as we have. Just remember, in loday's world of 3D graphics, 
anything is possible! 

What You Have learned 
• The chess game is designed to be easily portable . 

• The chessboard is rendered to the stencil buffer to aid in rendering the chess piece 
reflections properly. 

Review Questions 
No review questions for this chapter. 

On Your Own 

I. Right now the chess game docs not verify check or checkmate. Add this functional ­
ity to the chess game. 

2. The chess game docs not have a menu, nor docs it display any statistics during the 
game. Write code to display the curren t player, "White" o r " Black," on the screen, 
and add functionality for a basic menu. 

3. In its current form, the game switches between o nly two views. Add code to view 
doscups of piece capture moves, rotate views of the chessboard, and zoom the view. 
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APPENDIX A 

ANSWERS TO REVIEW 

QUESTIONS AND EXERCISES 

Chapter 1 

Review Questions 

1. 1992 

2. At the time of writing (early 2(04). OpcnG L's latest release is 1.5. 

3. The OpcnGL Archite<: lural Review Boa rd. 

On Your Own 

-- 1 -

I 

'-,-1 -

.... -

1. glColo r3f( l.O. 0.0, 0.0) should be used for all tr iangle vertices, and 91(010r3f( 0.0, 
0.0. 1.0) should be used for all polygon vertices. 

Chapter 2 

Review Questions 
I. A rendering context connects OpenGL to a window. 

2. w g l GetCur r ent (onte~t{) 

3. A PIXE LFORMATOES( R] PTD R is a stfllct that defines the characteristics and behavior of 
the OpcnCL rendering context. 

4. 91 Cl ea reo1 or() clears the background color of the OpenCL window. 

5. The OEVMODE strucl is required to sct up fu llscrecn mode. 

On Your Own 

1. The following should be changed: gl (1 ea rCol or(1 . O. 1. O. 1. O. 1. 0 1; and 
glColo r3f( 1.0. 0.0. 0.01 ;. 

285 
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Chapter 3 

Review Questions 

1. Pass GL_LI NE_SMOOTH to gl I sEna b l ed ( ); gI l sfnab I ed( Gl_LI NE_SMOOTH l. 

2. glE nable(G l_CU lL_FACf} ; 

3. OpenGL draws the first three vertices as a single triangle; after that, it takes every 
vertex specified and combines it with the previous two vertices to create another 
triangle. In general, every set of n triangles YOli can reduce to a triangle strip 
reduces the number of vertices from 311 to n + 2. 

4. The first three vertices define a triangle, and each subsequent vertex defines a new 
triangle with the previous vertex and the first vertex. Fans allow you to draw n tri ­
angles while specifying only /I + 2 vertices. 

5. a. Three coordinate vertex with float data type 

b. Two coordinate vertex with in teger data lype, passed as an array 

c. Four coordinate vertex with double data type 

d. Three coordinate vertex with float data type, passed as an array 

e. Two coordinate vertex with short data type 

On Your Own 

1. Answers may vary. 

void DrawCirc l eApp roximation(doub le ra dius , int numberOfSidesl 
I 

/1 if edge only , use li ne strips ; othe rwise , use polygons 
if (edgeOnly) 

gIBegin(Gl_l INE_STRIP}; 
else 

gIBegin(Gl]OlYGON) ; 

/1 calculate each ver tex on the cir cle 
for (in t vertex · 0; ve rtex ( numberOfSides ; vert ex++ ) 

/I ca lcula te the ang le of the cur rent ve rtex 
II (ver tex fJ * 2 * PI) / fJ of sides 

f loat ang le - (f loatlvertex * 2.0 * 3.141 59 / numberOfSides; 

// draw the cu rrent vertex at the co rrect radius 
gl Vertex3 f {cost{ angl e )*radi us , 0.0, s i nf ( angl e }*rad ius}; 



TeamLRN

Answers t o Review Questions and Exercises 287 

1/ if drawi ng edge on ly, t hen need to complet e t he l oo p wi t h f ir st vert ex 
if (edgeOn ly) 

glVer tex3f( radius, 0.0, 0.0) : 

gl End(); 

Chapter 4 

Review Questions 

1. glTra nslatef( 29 .0, 3.0 , 15 .0) ; 

2. gIRo tatef( 45 .0 , 1. 0, 0.0, 0.0); 

3a. gIScalef{3 .0, 3.0 , 3.0) ; 

3b. glScale f( 0.5, 0.5 , 0.5); 

4. Modclview matrix stack, projection matrix stack, texture matrix stack, color 
matrix stack 

5. gl Loa dldentity() 

6. Save and restore the current matrix on the matrix stack. 

On Your Own 

1. Answers may vary. 

vo id PositionAnd Ro t ateU loat xPos , fl oat yPos , floa t l POS , float xAng l e , 
float yAngle, f loat zAngle) 

I 
gl PushMatri x() ; 

II position the cube 
glT ransl atef( xPos , yPos , zPos) ; 
II perf orm the rot ations 
gl Rot atef (xAng l e , 1. 0, 0.0, 0.0) ; 
gl Rota tef( yAng le , 0.0, 1.0,0. 0) ; 
gl Rot atef (zAng le, 0.0, 0.0, 1.0) ; 

II dr aw the cube 
DrawCube (); 

gl PopMa tr i x(): 
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Chapter 5 

Review Questions 

1. All OpenGL implementations are required to provide at least eight lights. You can 
find out how many are available by passing GL_HAX_Ll GHTS to gl Get{ l. 

2. By passing an array holding the colors to gl Fog{) with GLJ OILCOLOR. 

3. glEnable(GL_CO LOR_MATERIAL) ; 

gl Col orMat e r i a 1 (GL_FRONT_AND_B ACK, GL_SPECU LAR); 

4. False. It can be taken advantage of by using the secondary color. 

5. b. GL_AL PH A_SATU RATE 

On Your Own 

I. Answers may vary. 

• Add an emissive property to the cube's material. 

II set up the cube ' s mater ial 

GLfloat ernmis ive[] · I 0. 2f , 0.2f, 0.2f , 1.0) ; 
gl Ma te r i a 1 h (G L_F RONT_AN O_BAC K, GL_EM I SS ION , elMli si ve) ; 

• Add attenuation to the red light. 

II set up static red light 

gl Light f ( GL_L I GHTl , GL_CONST ANT_A TTENUATlON , O. 5f) ; 
gl Li ght f( GL_LI GHTl, GL_LINEAR_ATT ENUA lION, 0. 1 f) ; 

• Make the beam of the flashlight more focused. 

II set up the fl ash light 

glLlght f (G L_L I GHTO , GL_SPOT_EXPON ENT , 128.0); 

• Add a transparent sphere surrounding the cube, and set the material for it using 
color tracking. 

/I after the cu be has been drawn 
glEnable(GL_CO LOR_HATERIAL) ; 
gI Colo r4f( 0.8f , 0. 6f, C.Of, 0.7f) ; 
glEnable(GL_BLEN O) ; 
gl Bl end Func (GL_SRCAL PHA, GL_ONCMI NUS_SRCAL PHA); 
gl uSphe re{m_pSphere , CUB E_SI ZE, 64 , 32) ; 
gI Disable(GL_B LE ND) ; 
gl Oi sab 1 e{ GL_CO LOfl.HA TE RJA L) ; 
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Chapter 6 

Review Questions 

1. glRaster POSi{ 150, 75); 

glBi t map{l6 , 16 , 0.0, 0.0, 0.0 , 0.0, m_bitmapData); 

2. glDrawPi xels 

3. gICopyPi xeIs 

4. gIPi xeIZoom(Z,Of. 2.0f ); 

On Your Own 

1. Answers may vary. 

flinc l ude <stdlib.h> 
~oid Dr awRandomBitmaps(unsigne d char *bitma pData) 

for (in t i dx • 0: ldx < 100: idx++ ) 

Chapter 7 

gl Raste rPos2;(rand{) % WINDOW_WI DTH, rand{) % WINDOW_HEIGHT!: 
glBitmap{8, 8, 0.0, 0.0 , 0.0 , 0.0, bitmapO.ta) : 

Review Questions 

1. Using gl Ena bl e(GL_TEXTURE_2 D); 

2. Texture objects used to represent texture data and parameters. Each texture object 
has a state associated with it. They are accessed through an ID or handle. 

3. glTexlmage 2D{G L_TEXTURC2D, 0, GL_RGBA , 64 , 64 , 0, GL_RGBA, GL_UNS IGNED_B YTE, 
data) ; 

4. Base Level: 128 X 128. Other Levels: 64 x 64, 32 x 32, 16 x 16,8 x 8, 4 X 4, 2 x 2, 
I x I 

5. GL_REPEAT 

6. True. 
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On Your Own 

1. Answers may vary. 

gl En able(G L_T EXTU RE _20) ; 
gl GenTextu res(l . &myTexture) : 
glBindText ure(G L_TEXTURE_20 . myText ure) : 
gl UBu i ld20Mi pmaps(G L_Tt xrURC20 . GL_RGBA . 256. 256 . GL_RGBA . GL_UNS 1GNEO_BYTt . 
data): 

glBindText ure(G L_TE XTURE_20 . myTexture) : 
gl Beg i n(GL_POlYGON) : 

glTexCoo rd2f( 0.O f. 0.0f) : glVertex3f (-0.5f . 0.5 f. 0.5f) ; 
glTexCoo rd2f (l.Of. O.Of) : glVertex3f (0.5 f. 0.5f. 0.5fl: 
glTexCoo rd2f (l.Of. 1.0f) : glVertex3f (0.5 f. 0.5f. · O.Sf) ; 
glTexCoo rd2f( O.Of. 1.0f) : glVertex3f (-0.5f . 0.5 f. ·O.5f): 

glE nd() : 

2. Answers will vary. 

Chapter 8 

Review Questions 

1. An extension that has been officially endorsed by the OpenGL Architectural 
Review Board. These extensions tend to be very widely supported. 

2. Presently, Windows headers and libraries for OpenGL only support OpenGL 1.1, 
so OpenGL 1.2, 1.3, 1.4, and I.S features have to be accessed via extensions. 

3. By checking the extensions string for the name of the extension. Alternatively, you 
can try obtaining a pointer from wg lGet ProcAddress() , with a null pointer indicating 
failure . 

4. Any time you are accessing core functions using function names that do not 
include the extension suffiX. 

On Your Own 

1. Answers will vary. The program should make usc of glGetSt ring(Gl_EXTtNS ION S) and 
wg 1 GeU xtens i onsStr i ng( 1. 
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Chapter 9 

Review Questions 

1. Creating a new texture requires memory to be allocated, which can be slow. 

2. There is one for every supported texture unit. 

3. GLOBJ ECT_LIN EAR and GL_EYE_LIN EAR both make usc of planes defined through 
GL_OBJ ECT_PlANE and Gl_EYE_ PLAN E, respectively. 

4. You enable a texture unit by assigning a complete, valid texture image to it and 
enabling the corresponding texture target. You disable the unit by disabling all tex­
ture targets for it. 

5. GL_COMBINE 

On Your Own 

1. Answers may vary. GL_ADD adds the incoming fragment RGB with the texture 
RGB and multiplies the incoming fragment alpha by the texture alpha . This can be 
done via combiners as follows: 

gl Tex£nvH GL_ T£XT URE_ENV. Gl_HXTURE_ENV_MO DE. Gl_COMB I NO : 
gl TexEnvf( GL_ TEXTURCENV, GL_COMBI NCRGB, GL_A DD ); 
gl TexE nvf (Gl_ TEXT URE_ EN V • GL_CDMB! NE_A LPHA . GumDUlA TE J; 
gl T exEnvf (Gl_ TEXTURC EN V. GL_SOURCEO_RGB, GL]REVIOUS) ; 
gl Tex£ nvH Gl_ TEXT URE_EN V • GL_SDURCEO_A LPHA . GL_PREV IOU$ J; 
gl TexE nvf( GL_ TEXT URE_EN V , Gl_SOURCO_RGB, GL_TEXTURE) ; 
gl Tex£ nvf (GL_ TEXT URE_ EN V . GL_SOURCEl_A LPHA . GL_T EXTU RE ) ; 
gl T exEnvf (Gl_ TEXTURCENV. GL_OPERAN DO_R6B. GL_SRCCOlORJ : 
gl TexE nvf (Gl_ TEXTURE_EN V • Gl_OPERAN DO_AL PHA. Gl_SRCA LPHA) : 
gl TexEnvf( Gl_ TE XTURE_EN V , GL_OPERAN Dl_R6B. Gl_SRCCOLORJ: 
gl TexE nvH Gl_ TEXT URE_ EN V • GL_OPERAN Dl _AL PHA. Gl_SRCA LPHA): 

Chapter 10 

Review Questions 

I. Bypassingitto gllsList{) . 

2. It is executed immediately and is not stored as part of the list. 

3. By passing the appropriate flags to gl Ena bl eCI i entState{) . 

4. You must first change the currently active texture unit by calling glClientActhe · 
Textu re( l. You can then use glTexCoordPOint er() normally to assign an array oftex­
ture coordinates. 
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5. The cost of doing per-triangle fr ustum culling on the CPU generally exceeds the 
cost ofletting the graphics hardware do it for yo u. 

On Your Own 

1. Answers will vary. 

1/ returns I if the sphere is in the frus t um , . \ if it's part ially wit hin the 
f rustum , of 0 if it ' s completely outside 
int SpherelnFrustum(sphere_t sphere , frus tum_t f rustum) 
{ 

GLfloat dist ; 
GLuint numOutside - 0: 
for (int i ·0: i < 6: ++ i) 
{ 

dist .. frustum.planes[i) .A * sphere .center.x + 
f rustum. planes[i].B * sphere .cente r .y + 
f rustum. planes [i].C * sphere .cente r .z + 
f rustum. planes[i].D: 

if (dist <- · sphere . radi us) 
return 0: 

if (dis t > radius ) /1 sphere is doesn ' t intersec t th is pl ane 
numOut side++: 

if (6 -

re turn 
else 
return · 1; 

numOuts i de) 
1 . • 

Chapter 11 

Review Questions 

1. wg l UseFont Bitmaps{) 

2. wgl UseFontOut lines () 

3. Ou tline fonts may be textured by using th e automatic text ure coordinate genera­
tion feat ure of OpenG L. 
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On Your Own 

1. Answers will vary. The program should usc wg ] UseFont 6i tma ps (l. wg] UseFontOu t 1 i nes ( ), 
and the gl Font library to render texl. 

2. Answers will vary. The program should modify the gl Font library source code by 
adding a new DisplayText( l method that draws text on a billboard polygon at a 
given 3D position. 

Chapter 12 

Review Questions 

1. The depth buffer is 1.0, everything else is O. 

2. Alpha testing is used to accept or reject fragments based on the alpha value. Alpha 
blending combines the incoming fragment with the pixel in the color buffer using 
the alpha value, but it does not typically reject fragments . 

3. Blending is disabled internally. 

4. False. See the Tip in the section titled "Depth-Comparison Functions." 

5. It is logically ANDed with both the stencil reference value and the value in the stencil 
buffer before the two values are combined. 

On Your Own 

1. Answers will vary. 

Chapter 13 

Review Questions 

1. No review questions for this chapter. 

On Your Own 

1. Answers will vary. 

2. Answers will vary. 

3. Answers will vary. 



TeamLRN



TeamLRN

APPENDIX B 

FURTHER READING 

· 

T his book cove red the corc topics YOli need to understand to begin developing 
games and gra phics applications with OpenGL, but your journey has just begun. 
This appendix lists Web sites and books that yo u may find useful in expanding 

your knowledge. 

Online Resources 
There's no bener way to keep up 10 da le on the rapidly changing world of technology than 
the Internet. We've collected a list of the most important Web sites covering game devel­
opment and OpenCL 

Game Development 
There are dozens-if not hundreds- of Web sites dedjcatcd to game development. The 
o nes listed here arc the cream of the crop. 

GameDev.net 

http://www.gamcdcv.nci 

Co- founded and opera ted by the authors of this book, GameDcv.nct is the leading online 
resource for game developers. Fealures include lhousands of art icles, active and helpful 
community (or ums, books and software reviews, daily news, and a place to upload and 
showcase your games. 

295 
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Garage Games 

http://W\V\\·.ga ragega mes.co m 

Founded and operated by the developers o f the Tribes franchise, Garage Ga mes offers 
affordable too ls to game developers, including the popular Torqlle game engine. based on 
Tr ibes 2 technology. 

Game Development Search Engine 

hI t p:f fwvvw. gdse.com 

The GDSE includc. .. news and a handpicked selection of links 10 hundreds of smaller ga me 
development sites. coupled with a powerful search engine. 

Game Tutoria ls 
h t t p:f fwww.gamet utorials.com 

G;une Tutorials con tains dozens of short tutorial programs covering game development 
and OpenGL topics. The tutorials tend to be light on explanation, bu t if you want to see 
how something is done in code it's a fantastic resource. 

Flipcode 
h t tp:f Iwww. fli pcode.com 

More graphics o riented than GameDev.net and not as frequently updated. but still con­
tains many good articles and a communi ty of knowledgeable developers. 

Gamasutra 

http://www.gamasutra.com 

Produced by the people who run the Game Developers Conferen ce and publish Game 
Developer Magazine, this site offe rs articles and other co ntent taken from both the maga­
zine and the conference. 

Developer Pages 

h t t p:f f develope r. nv id ia .com 
hit p:llww\'J. a t i. coml developer 

Both NVIDIA and AT! maintain sites containing a vast array of white papers, presenta­
tions. and demos covering many advanced graphics and game programming topics, many 
of them using Ope nGL. 
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OpenGL 
OpenGL has an ac tive and enthusiastic online communi ty of game and graph ics pro­
grammers. A quick search of the Internet wiU turn lip hundreds- if not thousands-of 
pages contain ing OpcnGL information , but we've distilled the best of them here. 

OpenGL.org 

h II p:llwww.opengl.org 

OpenGL.org is the oflicial site of the OpenGL ARB. Besides regular OpcnG L-rclated news, 
they maintain several FAQs full of helpful information. 

NeHe Productions 

http://nehe.ga medev. net 

Jeff Molofee hns worked hnrd to mnke NeHe one of the top OpenGL resources on Ihe 
Web. In addition to more than 40 original OpenGL tutorials, he's collected all impressive 
suile of demo progr.lms displaying the capabililies of OpenGL. He also routinely posts 
links and descriptions of new OpenGL online resources. 

De/phi3D 

hI I p:llwww.delphi 3d.net 

Although all the demos arc written in Delphi, this site has some of the most useful arli­
des and demos covering advanced OpenGL topics. 

Books 
Whether you're looking for resources 10 meel the prerequisites for reading this book or 
ready to expand your knowledge, the books listed here should prove valuable. 

c++ 
Accefemled C++: Practical Progmmming by Extllnple 
And rew Koenig, Burbam E. Moo, Addison-Wesley, 2000 

C++ Primer Jrd £,1. 
Sianley Lippman, Add ison-Wesley, 1998 

Windows Programming 
Programming Windows 
Cha rles Petzold, Microsoft Press, 1998 
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3D Math 
Matllematics for 3D Game Programming & Comp'ller Graphics 2nd Ed. 
Eric lengyel, Charles River Media, 2003 

3D Math Primer for Graphics (lmi Gtlme Developmetlt 
Fletcher Dunn, Ian Parberry, Wordware, 2002 

OpenGL 
OpetlGL Programming Guide 4tl1 Ed. 
Woo, Neider, Davis, Shreiner, Addison-Wesley, 2003 

OpetlGL Extetlsions Guide 
Eric lengyel, Charles River Media, 2003 

Graphics Programming 
Retd-Time Retlderitlg 
Tomas Akenine-Moller, Eric Haines, A.K. Pc-lers, 2002 

Game Development 
Game Programmitlg Gems 1,2,3 
Marc Deloura (editor), Dante Treglia (editor), Charles River Media, 2000, 2001, 2002 

Core Tedltliqll es tltld Algorithms in Game Programming 
Daniel Sanchez-Crespo Dalmall, New Riders, 2003 

Gtmle Scripti tlg Mastery 
Alex Varanese, Premier Press, 2002 

Al Techtliques for Game Programmitlg 
Mat Buckland, Premier Press, 2002 
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I 
WHAT'S ON THE CD 

.... . 

T he CD included with this book contains resources intended to bc used in con­
junction with the text. It includes an auto- installer, so all you have 10 do is insert 
the CD into your CD player and the installer will launch itself. 

The co ntents of the CD arc detailed in this appendix. 

Source Code 
MOSI imporlantly. thc CD includes the full source code for all n f the demos used through­
out the book. These are arranged by chapter. with each project having its o\ ... n directory 
within thc chapter directory. 

GLee 
Many of the example programs starting in Chapter 8 use the GLee library by Ben Wood­
hou se for managing extensions. We've included the latest version of it on the CO. 

299 
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Bonus Chapters 
There were many chapters from Opel1GL Gallle Programming covering topics that are not 
covered in this volume and that we don't intend to cover in future volumes. These chap­
ters have been included on the CD in Adobe Acrobat format to supplement the material 
presented here. The chapters included are 

Using Windows with OpenGL 

An Overview of 3D Graphics Theory 

OpenG L Quadrics 

Curves and Surfaces 

Using DirectX: Direct lnput 

Using DirectX Audio 

Working with 3D Models 

Making a Game: A Time to Kill 

Bonus Game 
In addi tion to the game included in Chapter 13, "The Endame," we're including the so urce 
code for the game from OpcnGL Gmlle Programming entitled A Time 10 Kill. 
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A 
accumulation buffer, 271- 275 

example of, 272- 275 

jitter of light position, 275 

operations, 271 

active tcxtun' units, 209- 210 
AGP bus, 14! 

alpha tests for color buffer, 263- 264 
alpha values, 100. See lIi50 blcnding; Targa files 

for color buffer, 263- 264 
for Disk Blender, 127- 128 

am bient light, !OS, !OS 
global ambient light. 119 

ambient materials, III 
Americall McGee 's Alice, 20 I 

answers to review questions and exercises, 285-293 
antiai ias ing 

lines, 48 

points, 44 

polygons, 55 

API, working with, 8 
archi tect ure of OpcnGL, 7- 9 
arny-bascd da ta, 228 
artificial intelligence, 5 
ATI,7 
attenua tion, 108- 109 

drawbacks of, 109 
attribute groups, 64 

B 
bibliography, 295-298 

binding texture objects, 153- 154 

bi lmap fonls, 249-253 
display lists for, 250 

bitmaps, \33- 138 

data, spccifying, 134 
drawing, 135-136 
example of, 136-1 38 
positioning, 134-135 

blend equations, 125-126 
blcnd factor, 122- 123 

for fog, 128-129 
blending, 121- 128. See a/so blend fuctor 

blend equations, 125-126 
constant blend color, 127 
depth buffer and, 124 
Disk Blender, 127- 12l! 
separate blend functions, 125 
transparency and, 123- 124 

book resources, 297- 298 
borders of texture map, 156 
bound texture objects, 153- 154 
buffers . See nl50 color buffer; depth buffer 

accumulation buffer, 27 1- 275 
dearing, 262 
defined,261- 262 
scissor boxes, 262- 263 
stencil buffer, 268-271 

Bungie Software's Hnlo, 4 

c 
c++ resources, 297 
Carmack, John, 4 
CD information, 299-300 

bonus information in, 300 
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CGfxOpenGL class, 27 
implementation of, 27- 29 

CheckExtensionO function, 189-190 
chess game 

dasS{"s for, 278 

designing game, 277- 279 
OpenGL, using. 279- 281 
update sequence diagram, 279 

clamping, 151 
GL_CLAMP wrap mode,I71 
GL_CLAM P _TO_BORDER wrap mode, 172 
GL_CLAMP _TO_EDGE wrap mode, 172 

classes for chess game, 278 
clearing buffers, 262 
color buffer 

accumulation buffer, 271- 275 
alpha test for, 263- 264 
bits pcr pixel in, 19 
logical operations with, 265-266 
with stencil buffer, 271 
textures, copying, 198- 201 

color masking, 265 
color matr ix stack, 82 
color-index mode, 100 
colors, 99- 102. See also blending; lighting; shading 

alpha value, 100 
color-indcx modI.', 100 
interleaved arrays and, 237 
material colors, 112- \!3 
primary color, specifying, 100- 10 I 
rendcring, 30 
RGBA modI.'. \00 
secondary color, tracking, 101 - \02 
sctting colors, 100-101 
for specular highlight, 120 
texture combiners and, 214 
tracking materials, 114- \ 15 
vertex arrays and, 230-23 1 

commands in display lists, 223 
constan t blend color, 127 
contouring, texture coord inates fo r, 203 
coordinate transformations. See transformations 
copymg 

pixels. 141- 142 
tcxtures from color buffer, 198-201 

CreateBitmapFontO fun ction, 252- 253 
CreateOutiineFont() fun ction, 254-255 

CreateWindowEXO function, 27 
cross product for normals, calculating, 116 
cube maps, 160-161, 206- 208 
culling polygons, 54 
cursors for fu[J -scre.:n mode, 32- 33 

D 
dcleting 

display lists, 215-226 
rendering contcxt, 15 
tex ture objects, 154 

Dell , 7 
Delphi3D, 297 
depth 

comparison functions, 266-267 
for fog, 130 
transparency and, 124 

depth buffer, 266- 268 
bitmaps, 135 
code enabling, II 
dcpth-comparison func tions, 266-267 
rcad-only dcpth buffer, 267 
with stcncil buffer, 271 
transparency and, 124 
z-fighting, 268 

designing game, 277- 279 
des tination fragments, 122 
des troying display lists, 225-226 
Developer Pages, 296 
development of games, 4-6 

DEVMODE structU fC, 31- 33 
diffuse light, lOS, 108 
diffuse maps, 208 
diffuse materials, I I I 
directional lights, 107- \08 
disabling. SeeenablingldisabJing 
Disk Blender, 127- 128 
display lists, 221 - 226 

for bitmap fonts. 250 
commands for, 223 
creating, 222 
dcstroying, 225- 226 
exccuting, 223- 224 
gleaJlLists() types. 224 
Marbles demo, 239- 241 
for outline fonts, 254 
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texture mapping and, 226 
warnings on usc of, 224-225 

DisplayO routine, 11- 12 
Doom, 4, 6 

DrawCube() fun ction, 75 
DrawPlancO fun ction, 77 

for textures, 165- 166 
DrawRobotO function, 86-87 
DrawTerrainO function, 179-181 
dynamic lighting, 106 

E 
edge flags, interleaved arrays and, 237 
Elec tronic Arts and Rogue Entertainment 's 

AmericlllI McGee's Alice, 201 

dements of game, 4-6 

emissive light , 105 
emissive materials, 114 
enabling/disabling 

states, 36-37 
vertex arrays, 228- 229 

enumerants. See extensions 
environment mapping, 205-208 

cube maps, 206- 208 
errors 

OpenGL error codes, 38 
querying error flags, 38 

Evans & Sutherland, 7 
exercise answers, 285-293 
extensions, 7, 185-196. See II/50 GLee 

anatomy of, 185-188 
demos of, 195 

entry point of function. obtaining 190- 191 
enumerants, 188 

declaring enU!llerants, 191 
functions, 187 

entry point, obtaining, 190- 191 
name strings, 186-187 

checking name strings, 189- 190 
\VGL extension string names, 192 

parsing extension strings, 189- 190 
prefixes, meaning of, 187 
specifications for, 188 
texture combiners, 113- 218 
tokens defined by, 188 
using extensions, 188- 191 
\VGL extensions, 191- 192 

eye coordinates, 69- 70 

F 
face culling for polygons, 54 
fans, triangle , 57- 59 
fixed fun ction pipd ine, 9 
flags 

array type flags, 229 
with full -screen mode, 32 
pixel format flags, 18 

flashlights, 110- 111 
fla t shading, 102- 104 
Flipcode, 296 
flipping images, 142 
fog, 128-131 

coordinates for, 130 
demo for, 13 1 
with Gue, 194 
interleaved arrays and, 237 
vertex arrays and, 231 

fonts 
bitmap fonts for, 249-253 
glFonc 257- 258 
outline fonts, 253- 257 

foreshortening effec t, 88 
fractals, 228 
fra gments. Sec a/50 blending 

defined,121 
frames in CGfxOpenGL class, 27 
frustum culling, 241- 247 

application of, 245-247 
determining view frustum, 243- 244 
plane equations for, 243-244 
points, testing, 244 
spheres, testing, 244- 245 

frustums. See {l/SO frustum culling 

asymmetrical frustums, 89 
for perspective projections, 88-89 
z-fighting and, 268 

full-scrcrn OpcnGL, 31- 33 

Index 303 

fun ctions. See II/SO extensions; spl."cific functions 
for statl." machine, 35-39 

G 
Gamasutra, 296 
game development 

book resources, 297 
online rl."sources , 295-297 
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Game Development Search Engine (GDSE), 296 
game logic, 5 
Game Tutorials, 296 
GameDev.net, 295 
Garage Games, 296 
GD! (Graphics Device Interface), 14 
geforce, checking s tring fo r, 37 
GL_ADD,I77 
giAreTextucesResidentO func tion, 154 
glArmyElementO function, 234 
glBeginO function, 40-41 
gIBindTextuce() function, 153- 154 
GL_BLEND, I77 
glCallListsO fun ction, 224 
GL_CLAMP wrap mode, 171 
GL_CLAMP _TO_BORDER wrap mode, 172 
GL_Cl.A.'vI P _TO_EDGE wrap mode, 172 
glCiearColorO fun ction, 29 
glColorO fun ction, 100--101 
giCopyPixdsO funct ion, 141- 142 
glCopyTcximageO fun ction, 199 
GL_ DECAL,176 
glDrawAr raysO fu nction, 231- 232 
giDrawElementsO fun ction, 232- 233 
gIDrawPixcls() fun ction, 139-140 
gIDrawRangeE!emcnts() funct ion, 233- 234 
giEdgeFlatO function, 55 
GLcr, 192- 194 

CD resources, 299 
with coce extensions, 194 
initializing, 193 
setting up. 193 
using, 193-194 

gIEnd() function, 41 
glFogO fu nction, 129 
glFont, 257- 258 
glFrontFaccO fun ction, 54 
glFrustumO function, 89 
glGcnListsO function, 222 
giGenTcxtucesO function, 153 
glGetErrorO function, 38 
gtGelStringO fun ction, 37 
glHintO function, 39 
glinterleavedAr mrs() function, 236- 237 
glisEnabledO fun ction, 37 
glLightO function, \07 
glLightModelO function, 118- 120 

glListNameO function, 224 
glLoadldentityO fu nction, 70 

for projections, 87 
glMaterialO function, 112 
GL_r.lIRRORED_REPEAT wrap mode, 173 
GL....MODULATE,176 
giMuitiDnwArraysO fun ction, 231 - 232 
giMult iDrawE!ements() function, 233 
giNormalO functio n, 115- 116 
global ambient light, 119 
global fl ags for full -screen mode, 32 
giobal variables for window application, 20 
giOr thoO fun ction, 88 
glPixd ZoomO function, 142 
giPointParameterO functions, 45 
giPoiygonModeO function, 52 
glPopAltribO fun ct ion, 64 

glPopMatrixO function, 83- 84 
giPushAltribO fun ction, 64 
giPushMatrixO function, 83- 84 
giRasterPos() fun ction, 134-135 
glReadPixdsO function, 141 
GL_REPEAT wrap mode, 170- 171 
GL_REPLACE, 176 
glRotateO fun ction, 30. 77 

for viewpoint, 93- 94 
glScaleO function, 80- 8\ 
giShadeModel O function, 103 
giTexCoordO function, 151 - 152 
glTexEnvO function, 21 4 
giTexlmageID() fun ction, 159 
giTeximage2 D() function, 155- 159 
glTexParameterO fUll ction, 161- 162, 169 
giTexSublmageO function, 198 
giTranstateO function, 30 

for viewpoint, 93- 94 
GLU libra ry, 7 

mipmaps and, 167- 168 
viewport, setting, 93- 94 

giuLookAtO functio n, 92- 93 
GLUT, 9 
code using, 10- 12 
giVertexO functio ns, 41-42 
Goucaud shading, 102 
graphics,S. See "Iso images 

programming resources, 297 
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H 
Hilio (Bungie Software), 4 
hDC, 14 
headers for Targa fil es, 144 
headlights, 110- 111 
height 

for full -screen mode, 32 
for textures, 156 

heightfidd terrain, 178-IS1 
mesh, building, 178- 181 
skyboxes, working with, 179 
water level. drawing, lSI 

Hewlett -Packard,7 
hiding polygon edges, 55 
high-level render ing, 7 
hints for OpcnGL, 39 
history of OpcnGL, 7 

IBM,7 
id Software, 4, 6 
ident ity matrix, 71 

specifying, 96 
images, 138-1 42. Sce 11150 Targa files 

drawing image data, 139- 140 
flipping images, 142 
magnifying images, 142 
reducing images, 142 
screen, reading pixels from, 141 
storage of pixels, managing, 142- 143 
types ofpices, 139- 140 

infin ite viewpoints, 119 
[nitO func tion, 27 
in itialization 

in CGfxOpenG L class, 27 
MainWindowProcO function in, 23- 24 

input,5 
Intel, 7 
in terleaved arrays, 235- 237 
Internet. See II/SO Web sites 

resources on, 295- 297 
in terpolation combiner, 2 16-218 

J 
jitter of light posit ion, 275 

L 
libraries. See II/50 GLU library 

related libraries, 9-10 

Index 305 

lighting, 104-121. See nlso materials; normals; posi-
tional lights; spotlights 

attenuation, 108-10':1 
default color for, lOS 
demo for, 120 

directional lights, 107- lOS 
eight lights, availabi lity of, 106 
flashlights, 110- 111 
moving lights, 110- 111 
positional lights, 107- IOS 
properties, assigning, 106-107 
in real world, 104- 106 
rotating lights, 110- 1 II 
sources of light, 106-109 
three lights, using, 121 

lighting model , I1S- 120 
global ambient light, 11 9 
one-sided lighting, 11 9 
specular color, setting, 120 
specular highlight and, 11 9 
two-sided lighting,l!9 

lines 
antialiasing Jines, 48 
example, hold the line, 49-52 
modifying width of, 47 
stipple pattern, spcrifying, 48-49 

Linux platform. Sce II/50 Glee 
examples in book, running, 2 1 

local coordinate system, 6S 
local viewpoints, 119 
locking vertex arrays, 238-239 
logical operations wi th color buffer, 265-266 
low-level rendering routines, 7 

M 
magnification 

of images, 142 
parameters for filter, 173-174 
in tex ture filtering, 16 1- 162 

Main\VindowProc() function, 23- 24 
mapscalc, 178-179 
Marbles demo, 239- 241 
market growth, 3--4 
mask parameter for stippling polygons, 56 
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materials, 111-115 
color tracking, 114--115 
colors, 112-1 13 
defining materials, 112 
emissil'e materials, 114 
shininess, 113-114 

mat rices, 73-87. See also modclview matrix; rota-
tion; scaling; translation 

as column major, 95 
custom matrix. creating. 95-97 
loading a matrix, 95-96 
multiplying matrices, 96 
RobotExample.84--87 
texture matrix stacks, 201 - 202 
tr,lIlsposing, 96-97 

matrix stacks, 74, 82--84 
for projcctions, 87 
pushing matrices onto. 83 
RobotExample.84- 87 

~f3trox. 7 
menus,S 
mesh for heighlfield terrain, 178-181 
Microsoft Developer Network (MSDN). H 

minification 
mipmaps and. 167 
parameters for filter, 173-174 
in texture filtering, 16 1- 162 

mipmaps, 166-168 
au tomatic generation of, 168 
and GW library, 167- 168 
minification filter and, 162 
sub-images with, 199 

modeling libmries, 7 
modeling t. ... ~ nsformalions, 68--69, 71-73 
models 

r('setting model matrix. 30 
with vertex arrays, 228 
vertex ,1rr<IYS and loading, 228 

modcJview matrix, 74 
def,lull, resetting 10, 74 
normals and, 117 
stack,82-83 

modcJview transformat ions, 68--69 
Molofee, Jeff, 297 
mouse input control for heightfie1d terrain, 179 
moving lights, 110-111 
multiplying matrices, 96 

multitexturing, 175, 208-218 
tcxture combin ... rs. 213-218 
tcxture coordinates in, 210-2 13 
tcxtur ... units. 208-210 
...... rt ... x arrays and, 237-238 

N 
name slrings. See extensions 
N ... He Productions, 297 
networking,S 
normalization process, 117- 118 
normals, 115-118 

calculating, 116-117 
unit normals, 117-118 
in vertex arrays, 230 

NVIDIA, 7 
N" idia GeForcc cards, 37 

o 
I D textures , 159 
online resources, 295-297 
OpenGI. 

architecture, 7-9 
book resources, 297 
desniption of. 6-10 
history of, 7 
onlin ... resources. 297 
" ... rsion 1.5,7 

OpenGI. Arehite<turc Review Board (ARB). 7 
OpenGL buffers. Su buffets 
OpenGL Utility Library (G W ). See GLU library 
OpenGL.org, 297 
orthographic project ions, 73, 87--88 

for bitmaps, 138 
example of, 90-91 

outline fo nts, 253-257 
display lists for. 254 

p 
packed data fo rmats, 156-158 
perspective project ions, 73, 88--89 

example of, 90-91 
photons, 104 
pipelines 

fixed function pipeline, 9 
programmable pipeline. 9 
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pixel formats, 16-20 
color buffer, bits per pixel in, 19 
dwFlags, sclling, 18 
nSize field, selling, 17- 18 
for rendering context, 14 
sclling, 19-20 
I)'J)C of data, selling, 18 
for window appliallioll, 21- 23 

pixt:1 maps, 139 
PIXElFO RMATDESCRIPTOR structure, 17 
pixels. See Iliso bitmaps; blending; images; pixel for -

malS 
copying, 141 - ]42 
forfos, 128 
managing storage of, 142- 143 
scissor boxes and, 262- 263 
screen, re.lding from, 141 
texture pixel formats., 157 

pixmaps, 139 
pointlighls, Sl't' posi tional lights 
points. See IlIso polygons 

antiaiiasing points, 44 
distance and, 45 
example of code, 46-49 
frustum culling, testing points in, 244 
modifying point sile, 43 
parameters for, 45 
3D, drawing points in, 42-47 

poi)1;on winding, 54 
polygons. See Illso materials; normals; texture 

mappmg 
antiaiiasing,55 
with arbitrary number of \'crticC'S, 60 
attribute groups for, 64 
f<.lce culling, 54 
hiding edgC'S of, 55 
mode example, 53 
quadr ihller~Js, 5~0 

stippling, 56 
triangles, 56-59 

position;\[ lights, 107- 108 
attenuation and, 109 
for spotlights, 109 

PrcparcO function, 27 
for bitmaps, 137 
for Robot.Examplc, 85 
for scJling, 81 

primary color, sp«ifying, ]00-10 I 

primitivC'S. Sec Ii/50 points 
defined. 39-40 
TrianglesQuads eJCample. 60--63 

priorities of tcx1UTe objcclS, 155 
programmable pipeline, 9 
projection matrix stack, 82 
projections., 68-69, 73, 87-9 1 

example of, 90-91 
orthographic projections, 87-88 
perspt"Ctivc projections, 73, 88-89 
viewport, setting, 89-90 

Index 307 

projective texturing, texture coordinates for, 203 
properties of light, assigning, 106-107 

Q 
quadrilaterals, 5~0 

TrianglesQuads example, 60-63 
QUllke, 4 

qucryll1g 

R 

numeric sta tes, 36 
string values, 37 

radiosity.IOI 
raster coordinates, setting, 135 
ras ter graphics, 133. See Illso bitmaps; imagC'S 
secondary color and, 102 
read-only depth buffer, 267 
real -world ligh ting, 104-106 
rectangles, quadrilaterals for, 59 
reducing images, 142 
reflections, texture coordinates for, 203 
RenderO function, 27, 30 

for bitmaps, 137-138 
for chess ga me, 279-280 
for scaling, 111-82 
for textures, 165-166 
for translation, 76-77 

RcndcrFontO function, 253, 257 
rendering 

color, sett ing, 30 
scenes in CGfxOpenGl class, 27 
with textures, 162 

rendering context, 14 
creating, 14 
current rendering context, creating. 15 
ddeting, 15 
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rendering context (colltinlud) 
resources for, 15 
storing handle to, 16 
viewport with, 89- 90 

rendering pipeline, 8 
RenderTablcO function, 280 
repeating, 151 

GL_MI RRORED_REPEAT wrap mode, 173 
GL_ REPEAT wrap mode, 170- 171 

ReshapeO routine, 11 
resident textures, 154 
resizing of window, 23- 24 
resources 

book resources, 297- 298 
graphics programming resources, 297 
online resources, 295- 297 
for rendering context, 15 

review ques tion answers, 285-293 
RGBA mode, 100 
RoootExample, 84-87 
rotation, 77- 79 

5 

arbi trary axis, rotation around, 78 
of bi tmaps, 135 
example. 7&-79 
lights, 110- 111 
with modeling transformation, 7 1- 73 
multiple axes. rotation around. 78 

scaling, 80-82 
with modeling transformation, 7 1- 73 
normals and, 117- 118 

scissor boxes, 262- 263 
SDL (Simple Direct Media Layer), 10 
SetupPixdFormat() function, 22- 23 
SctupProjectionO function, 27 
shadcrs, 9 
shading, 102- 104 

example, 104 
flat shading, 102- 104 
smooth shading, 102, 103 

shininess of materials, 113- 114 
ShowCursorO function, 32- 33 
shrinking objects, 80 
shutdown 

in CGfxOpenGL class, 27 
MainWindowProcO function in, 23- 24 

ShutdownO function, 27 

Sikora, Michael, 4 
Silicou Graphics, Inc. (SGi), 7 
simplistic game architecture, 5 
skyboxes, 179 
smooth shading, 102, 103 
smoothing groups for normals, 117 
sounds,S 
source code on CD, 299 
source fragments, 122 
specular highl ight, 113- 114 

color, setting, 120 
local viewpoint and, I 19 

specular light , 105, 108 
specular lIIaterials , III 
sphere mapping, 205 
spotlights, 109- 11 1 

direction of, 110 
focus of, 110 

squares, quadrilatemls for, 59 
state machine, 35-39 

enabling/disabling states, 36-37 
nUllleric states, querying, 36 
string values, querying, 37 

static lights, 106 
moving, 110 

stenci l buffer, 268- 271 
for chess gallic, 281 
chess game, stencil testing for, 281 
example of stencil testing, 270- 271 
func tions, 269 
operations, 269 

stipple pattern 
for lines, 48-49 
for polygons, 56 

string values, querying, 37 
strips, triangle, 57- 59 
style settings for full -screen 1II0de, 32 
sub-images, working with, 197- 198 
Sun Microsystems, 7 
swimming, 166 

T 
Targa files, 143- 147 

format for, 143- 145 
header information, 144 
image origin, 145 
loading, 145- 147 
types of, 144 
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ta~ct parameter, 39 
terrain 

multitextu red terrain exampll', 210-213 
rendering. 178-181 
texture coordinate gClleration for, 103 

texds, 161 - 162 
text 

bitmap fonts for, 249--253 
glFont, 257- 258 
outlint' fonts. 253- 257 

tl'xture binding, 153-154 
tl'xture combiners, 213-218 

argument spccification for, 215 
functions for, 214 
glTexEnv() funct ion, 214 
interpolation combin<'r, 216--218 

tl'xture eoordinat<'s, 151- 152 
environment mapping, 205-208 
genl'ration of, 202- 208 
GL_CLAMI' wrap modc, 171 
GL_CLAMI' _TO_BORDER wrap mode, 172 
GL..CLAMP _TO_EDGE wrap modI', 172 
GL..MIRRORED_ REPEAT wrap modI', 173 
GL_ REPEAT wrap Inodc, 170-171 
in multitext uring, 2 I 0-213 
parametcrs for gcncrating, 203 
intexturc matrix stack. 201- 202 
wrap modes for, 170-173 

texture environments, 174- 178 
spccifying, 175-178 

texture filtering. 161- 162 
texture mapping, 149- 182. See also magnification; 

minification: mipmaps; multitexturing 
backward compatibility of, 155 
basic texture example, 163- ] 66 
color buffer, copying from, 198- 201 
cube maps, 160- 161, 206--20S 
data types for tcxtures, 156--15S 
ddcting tcxture objects, 154 
diffuse m~ps, 208 
display lists and, 226 
environment mapping, 205-20S 
internal forma ts, 156, IS7 
minification filter values, 162 
mul titexturing, 175 
ID textures, 159 
overvicw of, ] 50 
packed data formats, 156-1587 
parameters for textures, 169--174 

pixel formalS fo r, 157 
priorities of texturc objcc1S, 155 
rendering with textures, 162 
rnidenttextures, 154 
spccifying textures, 155-161 
sub-images, working with, 197- 198 
subsuipts, use of, 176 
terrain rendering,17S-181 
texture binding, 153-154 
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texture fIlvironmcnl paramClers, 174--178 
texture filtering, 161- 162 
3D textures, 159--160 
tiled cffcct, creating, 170 
2D textures, 155-159 
using texture maps, 152-166 
wrap modes, 170 

texture matr ix stacks, 11 2, 201 - 202 
texture objccts, 152- 153 

with tcxturc units, 209-2 10 
wi t display lists, 226 

texture units, 174,208-210 
3D 

book resources, 297 
games, 4 
glCopyTcxlmagcO function and, 199 
lines, drawing, 47-52 
points, drawing, 42-47 
poln;ons. drawing, 52~ 
textures, 159- 160 
triangln, drawing, 56-59 

3DLabs,7 
tiled effcct for texturcs, 170 

Gl_MIRRORED_ REPEAT WF.lp lIIodc, ] 73 
tokens, extensions defining, 188 
transformat ions, 67-73. See II/50 projcctions 

eye coordinates, 69-70 
order of, 68 

translation, 75-77 
example, 76 
with modeling transformation, 71- 73 

transparency 
blending and, 123-124 
distance from vicwer, sorting by, 124 

transposing matrices, 96--97 
triangles, 56-59 

fans, 57- 59 
str ips, 57- 59 
TrianglesQuads example, 60-63 
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2D 
orthographic projections for, 88 
textures, 155- 159 

two-sidetl light ing, 119 
twtgICreate/Context( ) function, 14 

u 
Unified Modeling language (UML), 278 
unit normals, 117- 118 
unit vectors, 117 
user interface, 5 

v 
vendor of extensions, 186- 187 
vertex arral's, 226-241 

advantages of, 227 
array-based data, 228 
color arrays, specifying, 230-231 
enabling, 228-229 
flags, list of, 229 
fog coordinates, specifying, 231 
glArral'ElementO function, 234 
gIDrawArrays() function, 231- 232 
glDrawElementsO function, 232- 233 
glDrawRangeElementsO function, 233- 234 
gllnterleavcdArrays( ) function, 236- 237 
glMultiDrawArrays() function, 231 - 232 
gIMultiDrawElements() func tion, 233 
interleaved arrays, 235-237 
locking. 238- 239 
Marbles demo, 239- 24 1 
multiple arrays, drawing, 232 
and multitexturing, 237-238 
normals, 230 
range of values, working with, 233- 234 
working with, 229-235 

vertex cache, 227 
vertices. See "Iso lines; points 

functions, 41-42 

of triangles. 57 
view frustum , se tting up, 88-89 
viewing transformations, 68-69, 70-7 1 

custom routines, crea ting, 94-95 
viewpoints 

custom routines, creating, 94- 95 
glRotateO func tion for, 93- 94 

glTranslateO function for, 93- 94 
glulookAtO fun ction for, 92- 93 
infinite viewpoints, 119 
local viewpoints, 119 
manipulating, 91- 95 
specular highlight and, 119 

viewport transformations, 68-69, 73 
for projection, setting, 89-90 

volume textu res, 150 

w 
Web sites 

for Microsoft Developer Network (MSDN), 24 
for resources. 295-297 
Wotsit's File Formats, 144 

WGL. See ,,/so rendering context 

for bitmap fonts, 249 
extensions, 191 - 192 
introduction to, 13-16 

wgIDeletcContext( ) fun ction, 15 
wglMakeCurrent(j fun ction, 15-16 
width 

frustum, setting up. 89 
for full -screen mode, 32 
line width, modifying, 47 
of texture map, 156 

winding setting for polygons, 54 
window applications 

CGixOpenGL class. 27 
example of, 20-30 
MainWindowProcO function in resizing, 

23-24 
SetupPixclFormat(j function, 22- 23 
WinMainO function. 27 

Windows platform. See "/50 GLee 
book resources, 297 

extensions under, 186 
WinMainO function , 27 

for chess game, 278 
Wolfenstein 3D, 4 
Woodhouse, Ben, 192 
Wotsi t's File Formats, 144 

z 
z-buffer. See depth buffer 
z-fighting, 268 
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License Agreement/Notice 01 Limited Warranty 

By opening the sealed disc container in this book, you agree to the following terms 
and conditions. If, upon reading the following license agreement and notice of limited 
warranty, you cannot agree to the terms and conditions set forth, return the unused 
book with unopened disc to the place where you purchased It for a refund. 

License: 
The enclosed software is copyrighted by the copyright holder(s) indicated on the software 
disc. You are licensed to copy the software onto a single computer for use by a single user 
and to a backup disc. You may not reproduce, make copies, or distribute copies or renl or 
lease the software in whole or in part, except with written permission of the copyright hold­
er(s). You may transfer the enclosed disc only together with this license, and only if you 
destroy all other copies of the software and the transferee agrees to the terms of the 
license. You may not decompile. reverse assemble, or reverse engineer the software. 

Notice of Limited warranty : 
The enclosed disc is warranted by Course PTR to be free of physical defects in materials 
and workmanship for a period of sixty (60) days from end user's purchase of the book/disc 
combination. During the sixty-day term of the limited warranty, Course PTR will provide a 
replacement disc upon the return of a defective disc. 

Limited Liability: 
THE SOLE REMEDY FOR BREACH OF THIS LIMITED WARRANTY SHALL CONSIST 
ENTIRELY OF REPLACEMENT OF THE DEFECTIVE DISC. IN NO EVENT SHALL 
COURSE PTR OR THE AUTHOR BE LIABLE FOR ANY OTHER DAMAGES. INCLUDING 
LOSS OR CORRUPTION OF DATA, CHANGES IN THE FUNCTIONAL CHARACTERIS­
TICS OF THE HARDWARE OR OPERATING SYSTEM, DELETERIOUS INTERACTION 
WITH OTHER SOFTWARE, OR ANY OTHER SPECIAL, INCIDENTAL, OR CONSEQUEN­
TIAL DAMAGES THAT MAY ARISE, EVEN IF COURSE PTR ANDIOR THE AUTHOR HAS 
PREVIOUSLY BEEN NOTIFIED THAT THE POSSIBILITY OF SUCH DAMAGES EXISTS. 

Disclaimer of Warranties: 
COURSE PTR AND THE AUTHOR SPECIFICALLY DISCLAIM ANY AND ALL OTHER 
WARRANTIES, EITHER EXPRESS OR IMPLIED, INCLUDING WARRANTIES OF MER­
CHANTABILITY. SUITABILITY TO A PARTICULAR TASK OR PURPOSE. OR FREEDOM 
FROM ERRORS. SOME STATES DO NOT ALLOW FOR EXCLUSION OF IMPLIED WAR­
RANTIES OR LIMITATION OF INCIDENTAL OR CONSEQUENTIAL DAMAGES. SO THESE 
LIMITATIONS MIGHT NOT APPLY TO YOU. 

Other: 
This Agreement is governed by the laws 01 the Stale of Massachusetts without regard to 
choice of law principles. The United Convention of Contracts for the International Sale 01 
Goods is specifically disclaimed. This Agreement constitutes the entire agreement between 
you and Course PTR regarding use of the software. 


