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Abstract

The OpenGLTM graphics system i s a hi gh-performance,

windowsystemindependent 2D and 3Dgraphi cs i nter-

face. The technology was devel oped by Si l i con Graphi cs

andi s nowcontrol l edbythe OpenGLArchi tecture Revi ew

Board. OpenGL's GLX extensi on i ntegrates OpenGLwi th

the XWindowSystem. Thi s arti cl e descri bes OpenGL' s

functi onal i tyandhowi t i s usedwi thX. Asimpl e OpenGL

programusi ng Xl i b i s presented. OpenGL i s compared

andcontrastedwi thPEX, a 3Dgraphi cs i nterface desi gned

speci �cal l y for X. The two subsequent arti cl es i n thi s se-

ri es descri be howto i ntegrate OpenGLwi thXl i bandMoti f

programs.

1 Introduction

The OpenGL TM graphi cs systemi s a powerful sof tware

i nterface for graphi cs hardware that al l ows graphi cs pro-

grammers to produce hi gh-qual i ty col or images of 2Dand

3Dobjects. The technol ogy was devel oped by Si l i con

Graphi cs Inc. (SGI) and i s the resul t of ten years of ex-

peri ence desi gni ng producti on sof tware i nterfaces for a ful l

spectrumof graphi cs hardware.

OpenGL i s nowcontrol l ed by an industry consorti um

knownas the OpenGLArchi tectural Revi ewBoard(ARB)

currentl y composed of Di gi tal Equipment, IBM, Intel ,

Mi crosof t, and SGI. The i nterface i s l i censed to a l arge

number of computer sof tware and hardware vendors and

OpenGLimpl ementati ons are nowappeari ng on the mar-

ket.

Thi s arti cl e i s the �rst of a seri es of three arti cl es ex-

pl ai ning OpenGL to the users of the XWindowSystem.

Thi s arti cl e i ntroduces the reader to OpenGL' s features,
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parti cul arl y how they appl y to X. Thi s secti on wi l l i n-

troduce the reader to OpenGL' s phi l osophy and hi story.

Secti on 2 wi l l expl ore OpenGL' s ri ch feature set. Secti on

3 di scusses OpenGL' s i ntegrati onwi ththe XWindowSys-

temvi a the GLXextensi on. Secti on 4 presents a simpl e

OpenGLprogramfor X. Secti on 5 compares and contrasts

OpenGLto PEX, a 3Dgraphi cs i nterface desi gned speci �-

cal l y for X. Secti on 6 tel l s where to �ndmore i nformati on

about OpenGL.

The second arti cl e i n the seri es wi l l expl ai n i nmore de-

tai l howto use OpenGL in conjuncti on wi th Xl i b. The

thi rd arti cl e wi l l descri be howto use OpenGLwi thMoti f .

1.1 esign i loso

To appreci ate OpenGL i t i s useful to understand i ts de-

si gn phi l osophy. OpenGL provi des a l ayer of abstracti on

between graphi cs hardware and an appl i cati on program.

It i s vi si bl e to the programmer as a set of routi nes con-

si sti ng of about 120 di sti nct commands. Together these

routi nes make up the OpenGL appl i cati on programming

i nterface (API). The routi nes al l ow graphi cs primi tives

(poi nts, l i nes, pol ygons, bi tmaps, and images) to be ren-

dered to a f rame bu er. si ng the avai l abl e primi ti ves and

the operati ons that control thei r renderi ng, hi gh-qual i ty

col or graphi cs images of 3Dobjects can be rendered.

The desi gners of OpenGL present the graphi cs system

as a state machine [7 ] that control s a wel l -de�ned set

of drawing operati ons. The routi nes that OpenGL sup-

pl i es provi de a means for the programmer to manipul ate

OpenGL' s state machi ne to generate the desi red graph-

i cs output. Fi gure 1 shows a simpl i �ed vi ewof OpenGL' s

abstract state machi ne. Speci fyi ng OpenGL as a state

machi ne al l ows consi stent, preci se speci �cati on and el im-

i nates ambi gui ty about what a gi ven operati on does and

does not do.

The model used for i nterpretati on of OpenGL com-
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Figure 1: i gh-l evel , abstract OpenGLmachine.

mands i s client-server. Thi s i s anabstract model anddoes

not demand OpenGL be impl emented as di sti nct cl i ent

and server processes. Acl i ent-server approach means the

boundary betweena programand the OpenGLimpl emen-

tati on i s wel l -de�ned to cl earl y speci fy howdata i s passed

between the programand OpenGL. Thi s al l ows OpenGL

to operate over a wire protocol much as the Xprotocol

operates but does not mandate such an approach.

The OpenGL speci �cati on i s windowsystem indepen-

dentmeaning i t provi des renderi ng functi onal i ty but does

not speci fy howto manipulate windows or recei ve events

f romthe windowsystem. Thi s al l ows the OpenGL inter-

face to be impl emented for di sti nct windowsystems. For

example, OpenGL has been implemented for both the X

WindowSystemandWindows T.

The speci �cati on whi ch descri bes howOpenGL inter-

grates wi th the XWindowSystemi s known as GLX. It

i s an extensi on to the core Xprotocol for communi cating

OpenGLcommands to the Xserver. It al so supports win-

dowsystemspeci �c operati ons such as creati ng renderi ng

contexts, bi ndi ng those contexts to windows, and other

windowsystemspeci �c operati ons.

GLXdoes not demandOpenGLcommands be executed

by the Xserver. The GLXspeci �cati on expl i ci tl y al l ows

OpenGL to render di rectl y to the hardware i f supported

by the impl ementati on. Thi s i s possi bl e when the program

i s running on the same machine as the graphi cs hardware.

Thi s potenti al l y al l ows extremel y hi gh performance ren-

deri ng because OpenGLcommands do not need to be sent

through the Xserver to get to the graphi cs hardware.

Graphi cs systems are of tencl assi �edas one of twotypes:

procedural or descri pti ve. Procedural means the program-

mer i s determini ng what to drawby i ssui ng a speci �c se-

quence of commands. Descri pti ve means the programmer

sets up amodel of the scene to be rendered and l eaves how

to drawthe scene up to the graphi cs system. OpenGL i s

procedural . In a descri pti ve system, the programmer gi ves

up control of exactl y howthe scene i s to be rendered. Be-

i ng procedural al l ows the programmer a hi gh degree of

control to achi eve the best performance. It i s expected

that descri pti ve graphi cs systems wi l l be impl emented us-

i ngOpenGLas a l owl evel i nterface. SGI' s Inventor tool ki t

[ 8] i s one exampl e of such a descri pti ve graphi cs system.

An overri di ng goal of OpenGL i s to al l owthe construc-

ti on of portabl e and interoperabl e 3Dgraphi cs programs.

For thi s reason, OpenGL' s renderi ng functi onal i tymust be

implemented i n i ts enti rety. Thi s means al l the compl ex

3Drenderi ng functi onal i ty descri bed l ater i n the arti cl e

can be used wi th any OpenGL impl ementati on. Previ ous

graphi cs standards of ten al l owed subsetti ng; too of ten the

resul t was programs that coul d not be expected to work

on di sti nct implementations.

1. i s or o en

Abri ef hi story of OpenGL expl ai ns howOpenGL came

to be and what i nspi red i ts devel opment. OpenGL i s the

successor to a graphi cs l i brary known as IRIS GL (GL

stands for graphi cs l i brary) devel oped by SGI as a hard-

ware i ndependent graphi cs i nterface for use across a ful l

l i ne of graphi cs workstati ons. IRISGL[4 ] i s used bymore

than 1, 500 3Dgraphi cs appl i cati ons. IRIS GLwas devel -

oped over the l ast decade and has been implemented on

numerous graphi cs devi ces of varyi ng sophi sti cati on.

OpenGL i s not backward-compati ble wi th IRIS GL.

OpenGL has removed dated IRIS GL functi onal i ty or

repl aced i t wi th more general functi onal i ty. The rou-

ti nes and symbols compri si ng the OpenGLAPI have been

named to avoi dname space con i cts (al l names start wi th

ei ther l or ). The windowsystemdependent porti ons

of IRIS GLare not part of OpenGL. What has been pre-

served i s the spi ri t of the API. OpenGLretai ns IRISGL' s

abi l i ty to render 3Dobjects qui ckl y and e ci entl y.

OpenGL has been proposed as a graphi cs standard to

bri ng 3Dgraphi cs programming i nto the mainstreamof

appl i cati ons programming. For thi s reason, the OpenGL

ARBwas formed. The ARBl i censes OpenGLand di rects

further devel opment. urrentl y, over 20 compani es have

l i censed OpenGL and intend to rel ease or have al ready

rel eased commerci al impl ementati ons. umerous uni ver-

si ti es have al so l i censed OpenGL.

n 's unctiona it

OpenGL i s not a hi gh-l evel 3Dgraphi cs i nterface. When

you bui l d a graphi cs programusi ng OpenGL, you start

wi th a few simpl e primi ti ves. The sophi sti cati on comes

f romcombini ng the primi tives and usi ng themin vari -

ous modes. Fi gure 2 shows the avai l able geometri c prim-

i ti ves. oti ce the orderi ng of the verti ces, i n parti cul ar

for primi tives such as the I I and the

I .

To begi n a primi tive, the l e in routi ne passes i n the

primi tive type as an argument. Then a l i st of vertex co-

ordi nates are gi ven. OpenGL has a fami l y of routi nes to

speci fy vertex coordi nates. Al l the routi nes begi n wi th
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Figure 2: OpenGLGeometri c Primi ti ves.

the name l e e . The su x to a speci �c l e e

routi ne tel l s the type and number of coordi nates for the

vertex. For exampl e, l e e i ndi cates a three coor-

di nate vertex consi sti ng of oati ng poi nt val ues i s to be

generated.

An OpenGL primi ti ve i s compl eted by cal l i ng l n .

Al ong wi th the coordi nates of each vertex, per-vertex i n-

formati on about col or, materi al , normal s, edge drawing,

and texturi ng can be speci �ed between a l e in and

l n . Fi gure 3 shows an exampl e of howa pol ygonmight

be generated. oti ce how l l i s used to change the

current col or. Each vertex i s drawn accordi ng to the cur-

rent col or.

l e el ;

l e in ; en n

l l . , 1. , . ; een

l e e . , 1. , . ;

l e e . , 1. , . ;

l l . , . , 1. ; l e
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l e e 1. , . , . ;

l e e . , . , . ;

l n ;

Figure 3: Exampl e of generati ng a 3D pol ygon wi th

smooth shadi ng between verti ces.

. 1 ser i ons o ri i i es

OpenGLtends to be functi on cal l i ntensi ve. There i s not a

compl ex en e l n i i s en s com-

mand. Instead primi tives are constructed bycal l i ngmulti -

pl e OpenGL routi nes. al l i ng multi pl e routi nes gi ves the

program exibi l i ty and control over the primi tives gener-

ated.

OpenGL i s exi bl e about what format i nformati on i s

passed to i t. For exampl e, the l e e i accepts i nte-

gers whi l e l e e and l e e take si ngl e and

doubl e preci si on oati ng poi nt respecti vel y. It i s very ad-

vantageous for OpenGL to have several basi cal l y i denti -

cal routi nes whi ch accept di erent data types. It al l ows

the programmer the exi bi l i ty to deci de howto store the

data. Aprogrammer whose data i s i n i nteger format does

not want to convert i t to oati ng poi nt to pass i t to the

graphi cs system. And another programmer does not want

to convert oati ng poi nt data i nto i ntegers. onversi ons

between data types can be expensi ve. i gh performance

graphi cs hardware canbe desi gned to accept mul ti ple data

formats and total l y o l oad the task of format conversi on

f romthe host processor.

ou can start to see why i t makes sense to con-

si der OpenGL as a state machi ne. ommands such

as l l change the state of the current col or.

Subsequent verti ces use the current col or. l e in

puts OpenGL into a state to start drawing the spec-

i �ed primi tive. The multi pl e l e e routi nes l oad

up one at a time the verti ces for a gi ven primi -

ti ve. earl y al l of OpenGL' s state that can be

set by the programmer can al so be queri ed by the

programmer. The l e l ,

l cal l , for exampl e, wi l l retri eve the setti ng

of the current col or.

. o ol or o el s

OpenGLhas two di erent col or modes: and color

inde . The l l cal l has al ready been demonstrated

but not expl ai ned. Thi s cal l assumes OpenGL' s RGBA

col or mode. The routi ne takes three oati ng poi nt param-

eters between 0. 0 and 1. 0 whi ch speci fy the degree of red,

green, and blue for the current col or. For Xusers, RGBA

roughl y corresponds to the e l vi sual type whi l e

col or i ndex corresponds to s e l . The col or mode

i s �xed for a gi ven windowthe same way Xwindows are

created wi th a si ngl e, �xed vi sual .

ou shoul d be abl e to guess that the RGBin RGBA

stands for red, green, and blue. The Amay be unfami l -

i ar. It stands for alpha. The al pha value i s used when two

col ors are to be averagedtogether for bl endi ng operati ons.

Alpha represents the opaci ty of the col or. 1. 0 i s total l y

opaque whi l e 0. 0 i s total l y transparent. For exampl e, one

coul d use al pha to render a scene wi th green gl ass. The

f rame bu er can support an al pha component whi ch al -

3



l ows al pha val ues to be stored. Each pi xel i n the f rame

bu er would have an associ ated al pha val ue. The al pha

val ue i s not vi si bl e on the di spl ay. It i s just used to deter-

mine howa pi xel to be drawn i s bl ended wi th the current

pi xel val ue i n the f rame bu er. The l l nc and

l len nc routi nes control preci sel y howalpha bu er-

i ng operates. The l l command i s a vari ation on

l l whi ch takes a fourth parameter speci fyi ng al -

pha ( l l impl i ci tl y sets al pha to 1. 0).

RGBAsupports a tri - l i near pal ette for the ful l range of

col ors, making i t very useful for renderi ng real i sti c scenes.

OpenGLsupports l i ghti ng, fog, and smooth shadi ng most

e ecti vel yi nRGBAmode. Si nce a l ot of hardware has l im-

i ted col or resol uti on, an appl i cati on can request OpenGL

use di theri ng for better col or resol uti on (at the expense of

spati al resol uti on).

Many modes i n OpenGL, such as di theri ng, are en-

abl ed and di sabl ed usi ng the l n le and l is le

commands. For exampl e, di theri ng i s enabl ed by cal l -

i ng l n le I . Then drawing would be done

wi th di theri ng enabl ed. ou can thi nk of l n le and

l is le as ways to a ect the operati on of the OpenGL

state machi ne.

The col or i ndex model assumes a readabl e and wri tabl e

l i near col ormap. sual l y windowsystems speci fy howcol -

ors are al l ocated and arranged so OpenGLdoes not have

any speci �c routi nes to al l ocate col ors. For exampl e i n

X, an Xl i b col or al l ocati on routi ne such as ll c l

would be used. The lIn e fami l y of routi nes i s used to

set the current col or i ndex. The advantage of col or i ndex

i s that the col or of a gi ven pi xel val ue can be changed.

There i s a l evel of i ndi recti on between the pi xel val ues i n

the f rame bu er and the col ors on the screen.

. n i l l r ers

The drawing surface for OpenGLi s generi cal l y ref erred to

as the rame u er. In actual i ty, the f rame bu er might be

awindowcreatedbyyour computer' s windowsystemor an

i n-memory data structure (l i ke an Xpixmap). OpenGL' s

f rame bu er can l ogi cal l y be consi dered a set of bu ers.

Abu er i s l ogi cal l y just a two-dimensi onal array of val -

ues. The most important bu er i s the image bu er whi ch

contai ns the actual col or i nformation and possi bl y the al -

pha component but there are al so other types of bu ers.

A window systemmight support mul tipl e f rame bu er

con�gurati ons, each supporti ng di erent types of bu ers.

Mul ti pl e windows of di erent con�gurati ons can be di s-

pl ayed at one time though a si ngl e windowhas a �xed

f rame bu er con�gurati on. InX, vi sual s are overl oadedto

al so descri be supported OpenGL frame bu er con�gura-

ti ons.

The non-image bu ers are of ten referred to as ancillary

or hel per bu ers. Whi l e they do not contai n the image

i tsel f , they can be essenti al i n properl y generati ng the im-

age.

. .

For 3Dgraphi cs, the depth u er (al so commonly referred

to as a bu er) i s nearl y essenti al . Whi l e the screen onl y

has two dimensi ons, 3Dgraphi cs seeks to simulate a thi rd.

When 3Dprimi ti ves are rendered, they are rasteri ed i nto

a col l ecti on of ra ments. Each f ragment corresponds to

a si ngl e pi xel and i ncl udes col or, depth, and sometimes

texture-coordi nate val ues. The Xand val ues for a f rag-

ment determine where on the screen the pi xel shoul d ap-

pear. Afragment' s val ue or depth i s used to determine

how near the f ragment i s. When the depth bu er i s en-

abl ed, the f ragment i s drawnonl y i f i ts val ue i s nearer

than the current val ue for the corresponding pi xel i n the

depth bu er. When the f ragment i s drawn into the f rame

bu er, i ts val ue repl aces the previ ous val ue i n the depth

bu er. ormal l y, when the scene starts to be rendered,

the enti re depth bu er i s cl eared to the farthest val ue.

As a 3Dscene i s rendered, the depth bu er automati cal ly

sorts the f ragments bei ng drawn so onl y the nearest f rag-

ment at each pi xel l ocati on gets drawn. Things l ogi cal l y

behi nd other thi ngs are automati cal ly el iminatedf romthe

scene. Thi s i s the normal use for a depth bu er, al though

other uses are possi bl e.

. .

Another bu er supported byOpenGLi s the stenci l bu er.

Li ke the depth bu er, the stenci l bu er can be used to

el iminate certai n pi xel s f rombei ng drawn. The stenci l

bu er acts i n much the same way as a cardboard stenci l

used wi th a can of spray pai nt. ou can draw values

i nto the stenci l bu er usi ng the normal OpenGL render-

i ng primi ti ves. Then a stenci l test can be de�ned and

stenci l i ng enabl ed.

One possi bl e use of the stenci l bu er i s i n a i ght sim-

ul ator. Imagine that the vi ewoutsi de the pl ane i s to �t

i nto an i rregul arl y shaped windshi el d. The renderi ng of

the vi ewoutsi de the pl ane shoul d not i nterf ere wi th the

renderi ng of the i nstruments i nsi de the cockpi t. If the

windshi el d area i s drawn in the stenci l bu er, then a sten-

ci l test can be set up to make sure the windshi el d vi ewi s

onl y drawnwhere the windshi el d stenci l has been drawn.

There are many other uses for stenci l bu ers.

. .

et another bu er supported by OpenGL i s the accumu-

l ati onbu er [ 2] whi chcan be used for anti al i asi ng, moti on

bl ur, simulati ng photographi c depth of �el d, and render-

i ng sof t shadows f rommul tipl e l i ght sources. ou do not

render di rectl y i nto the accumul ati onbu er. Instead, you

render a seri es of images, accumulati ng each i nto the ac-

cumulati on bu er, combini ng the images. Then the accu-
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mulated image can be dumped back i nto the image bu er

for di spl ay. The e ect i s much the same as the one a pho-

tographer gets f rommul ti ply exposi ng a pi ece of �lm.

Moti onbl ur i s one use. Imagine drawing a scene several

times wi th each f rame corresponding to a sl i ghtl ydi erent

poi nt i n time. By accumulati ng the f rames (wi th decayed

i ntensi ty for earl i er f rames), youcan achi eve an e ect sim-

i l ar tomoti onbl ur si nce sti l l objects are sharp but moving

objects are bl urred by thei r accumulati on i n sl i ghtl y di f -

f eri ng l ocati ons.

. .

Doubl e bu eri ng means havi ng two sets of image bu ers,

one rontvi si bl e bu er andanother ac non-vi si bl e bu er.

nl i ke simpl e 2D, 3Dimages may take substanti al l ymore

time to generate. And depth, al pha, and accumul ation

bu ers al l mean that the image bei ng drawn at any mo-

ment might be qui te di erent f romthe �nal image. It

wouldbe qui te di stracti ng for the vi ewer to see each scene

whi l e i t was under constructi on and would destroy the

i l l usi on of a smoothl y animated scene. Doubl e bu eri ng

al l ows for one image to be rendered whi l e another i s bei ng

di spl ayed.

OpenGLsupports thi s noti on. The l e rou-

ti ne can be used to determine to what bu er primi ti ves

shoul d be drawn. Awindow systemspeci �c routi ne i s

avai l able to make the back bu er vi si bl e.

Doubl e bu eri ng i s of ten achi evedby renderi ng the non-

vi si bl e image bu er i ntomemoryandthen qui ckl ycopyi ng

the bu ers contents to screen memory. Abetter al terna-

ti ve i s to bui l d hardware that actual l y supports two sets

of image bu ers. Then the cost of a bu er swap can be

extremel y l owsi nce no data has to be copi ed. Instead, the

vi deo control l er can just change to scanning image pi xel s

out of the other bu er.

. .

Stereo i s simi l ar to doubl e bu eri ng i n that more than one

image bu er i s supported. Instead of f ront and back, l ef t

and ri ght are provi ded (though general l y stereo and dou-

bl e bu eri ng are combined, requi ri ng four image bu ers).

Speci al stereo vi deo hardware al ternates betweenscanning

out the l ef t and ri ght bu ers every screen ref resh. Gog-

gl es synchroni ed wi th the verti cal ref resh of the screen

al ternatel y open and cl ose L Dshutters so the l ef t eye

sees the l ef t f rame and the ri ght eye sees the ri ght f rame.

By careful l y drawing the scene twi ce wi th sl i ghtl y di er-

ent perspecti ve i nto the l ef t and ri ght bu ers, the vi ewer

experi ences an opti cal i l l usi on of 3D.

Whi le doubl e bu eri ng i s common on graphi cs work-

stati ons, stereo requi res speci al hardware and tends to be

rather expensi ve so many OpenGL impl ementati ons may

not support stereo.
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Figure 4: Stages of vertex transformati on.

. i e i ng

One of the most di cul t i ni ti al hurdl es i n l earni ng 3D

graphi cs programming i s howto properl y set up a vi ew.

It i s very easy to get a bl ack screen because the vi ewing

for the scene i s not properl y i ni ti al i ed.

3Dcomputer graphi cs uses matri x transformati ons to

properl y ori ent, vi ew, cl i p, and map the model to the

screen. OpenGL' s vari ous stages i n mapping verti ces i n

object coordi nates i nto pi xel s i n windowcoordi nates are

pi ctured i n Fi gure 4.

An OpenGL programmer i s responsi bl e for l oadi ng the

modelviewand proectionmatri ces. The model vi ewma-

tri x determines how the verti ces of OpenGL primi tives

are transformedto eye coordi nates. The projecti onmatri x

transforms verti ces i n eye coordi nates to cl i p coordi nates.

A number of OpenGL routi nes deal wi th manipulat-

i ng these matri ces. The l i e routi ne i s cal l ed

wi th an argument of I or I

to determine what i s the current modi�able matri x.

Then l I en i may be cal l ed to set the currentl y

modi�able matri x to the i denti ty matri x. Then rou-

ti nes such as l e , l nsl e , and l c le

may be cal l ed to manipulate the currentl y modi�abl e

matri x. l i l oads a speci �c matri x and

l l i mul tipl i es the current matri x by some

speci �ed matri x and store the resul t as the current ma-

tri x. nderstandi ng exactl yhowthese di erent commands

shoul dbe properl y used i s beyondthe scope of thi s arti cl e.

The �nal step i n establ i shi ng a vi ewof your model i s

the viewport transformati on. It determines howthe scene

gets mapped onto the computer screen. The l ie

routi ne speci �es the rectangl e i n the windowof i ntowhi ch

the �nal image i s to be mapped. By defaul t, the enti re

windowi s used. l ie i s commonly i nvoked when

anOpenGLwindowi s resi ed.

. er e res

There are a l arge number of OpenGLfeatures worthmen-

ti oni ng but thei r ful l i ntroducti on i s beyond the scope of

thi s arti cl e.

ust speci fyi ng 3Dprimi ti ves and determini ng howto
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map themto the screen i s not enough to achi eve real i s-

ti c images. OpenGL al so supports a number of l i ghting

model s that simul ate the e ects of l i ghti ng on primi ti ves.

Li ght sources can be de�ned and materi al properti es can

be speci �ed to achi eve real i sti c l i ghti ng e ects.

So far pol ygons have been descri bed as basi cal l y shaded

or at surfaces. But OpenGL al l ows pol ygons to be ren-

dered whi ch have a 1Dor 2Dtexture mapped onto the

pol ygon. For exampl e, the surface of a desk coul d be tex-

turedwi thawoodgrai nimage for greater real i sm. Texture

mapping can greatl y enhance the vi sual impact of a scene

wi thout i ncreasi ng the geometri c compl exi ty.

Pol ygons are the basi c primiti ve for much 3Drender-

i ng but OpenGLal so supports bi tmaps and images. And

OpenGL provi des eval uator commands for the e ci ent

renderi ng of curves and surfaces.

Because 3Drenderi ng eventual l y appears on a screen

wi th l imited resol uti on, OpenGL provi des vari ous tech-

ni ques to el iminate jaggi es resul ti ng f romal i asi ng prob-

l ems. OpenGL provi des anti al i asi ng support for poi nts,

l i nes, and pol ygons. Techni ques usi ng the al pha, stenci l ,

or accumulati onbu ers canal sobe used tominimi e al i as-

i ng probl ems.

omputer images of tenappear unreal i sti cal l ysharpand

wel l -de�ned. OpenGLsupports fog to provi de an e ect

that simul ates atmospheri c e ects. a e, mi st, smoke,

and pol l uti on can al l be simul ated. When fog i s enabl ed,

objects farther away begi n to fade i nto the speci �ed fog

col or.

sers of 3Dwant to do more than just see 3Dimages;

they want to i nteract wi th them. OpenGL supports a

selectionmechani smthat al l ows the user to pi ck anobject

or objects drawn to a certai n regi on of the screen. And

eedac can be used to obtai n the resul ts of renderi ng

cal cul ati ons.

Often a sequence of OpenGL commands are rendered

repeatedl y. OpenGL supports di spl ay l i sts whi ch al l ow

commands to be compi l ed for l ater executi on. Di spl ay

l i sts can even cal l other di spl ay l i sts al l owing hi erarchi es

of di spl ay l i sts. For networked 3Dappl i cati ons, di spl ay

l i sts can greatl y minimi e the protocol bandwidth needed

andincrease performance. The l e is and l n is

are used to create a di spl ay l i st. Acreated di spl ay l i st can

be executed usi ng the l ll is routi ne.

One thi ng to keep i n mind about OpenGL i s that the

features descri bed above are not i sol ated functi onal i ty.

Each feature can be combined wi th others for advanced

e ects. For exampl e, l i ghti ng, fog, di spl ay l i sts, texture

mapping, and doubl e bu eri ng can al l be used simul tane-

ousl y.

. e i r r

The core OpenGL API focuses on renderi ng functi onal -

i ty but there are a number of tasks common to many

3Dprograms that are not stri ctl y rel ated to renderi ng.

For thi s reason, the OpenGL standard al so provi des the

OpenGL ti l i ty Library (GL ). The GL routi nes (al l

pre�xed wi th l ) fal l i nto one of the fol l owing areas:

Manipul ati ng images for use i n texturi ng.

Transforming oordi nates.

Pol ygon tessel l ati on.

Renderi ng spheres, cyl i nders, and di sks.

on- ni formRati onal B-Spl i ne ( RBS) curves and

surfaces.

Descri bi ng errors.

The GL i s a separate but standard l i brary that any

OpenGLappl i cati on can use.

n 's u ort

GLXi s an o ci al part of the OpenGL standard for sup-

porti ng the XWindowSystem. It provi des addi ti onal rou-

ti nes (pre�xed by l ) for i nterfaci ng OpenGLwi th X. It

al so de�nes a wi re protocol for supporti ng OpenGLas an

Xserver extensi on. The GLXwi re protocol al l ows work-

stati ons f romdi erent vendors to i nteroperate usi ng 3D

graphi cs the same way the Xprotocol provi des 2Dgraph-

i cs i nteroperabi l i ty. Some of the i ssues about i ntegrati ng

XandOpenGLare di scussed by arl ton [ 3 ] .

GLXal l ows renderi ng i ntoXwindows andpi xmaps. An

Xserver can support di erent vi sual s to descri be the di f -

f erent types of windows supported by the server. For the

core Xprotocol , a vi sual speci �es one (or more) depths for

the f rame bu er and howpixel val ues are mapped to col -

ors on the screen. Xtreats a drawabl e as basi cal l y a 2D

array of pi xel s, but OpenGL has a much more sophi sti -

cated vi ewof a drawabl e' s f rame bu er capabi l i ti es. GLX

overl oads the core Xnoti on of a vi sual by associ ati ng ad-

di ti onal i nformation about OpenGL' s f rame bu er capa-

bi l i ti es. In addi ti on to an image bu er, OpenGLsupports

vari ous types of anci l l ary bu ers. For exampl e, a win-

dowmight al so have a stenci l bu er and a depth bu er.

Modes such as stereo and doubl e bu eri ng are al so sup-

ported. Mul ti pl e di erent f rame bu er con�gurati ons can

be supported by a si ngl e Xserver by exporti ng multi pl e

vi sual s.

Al l OpenGLimpl ementati ons for the XWindowSystem

must support at l east one RGBAvi sual and at l east one

col or i ndex vi sual . Both vi sual s must support a stenci l

bu er of at l east 1 bi t anda depth bu er of at l east 12 bi ts

The requi red RGBAvi sual must have an accumul ati on

bu er. The al pha component of the image bu er i s not

requi red for the RGBAvi sual (but i nput al pha i s sti l l used

i n al l renderi ng cal cul ati ons). Many implementations wi l l

suppl y manymore than two vi sual s.
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The GLXAPI suppl i es tworouti nes, l e n i and

l se is l, to hel p programmers sel ect an appro-

pri ate vi sual . Once the appropri ate vi sual i s sel ected, cal l

e e in wi th the sel ected vi sual to create the win-

dow.

GLXsupports o -screen renderi ng to pi xmaps. Fi rst

create a standard Xpixmap of the desi red depth usi ng

e e i . Then cal l l e e i wi th

the desi red OpenGL vi sual . A new drawable of type

i i s returned whi ch can be used for drawing

OpenGLinto the pi xmap.

Torender usi ngOpenGL, anOpenGLrenderi ng context

must be created. The l e e n e routi ne creates

such a context. An opti on to l e e n e al l ows

the programmer to speci fy that di rect renderi ng to the

hardware shoul d be done i f supported by the impl ementa-

ti on.

Before renderi ng, a renderi ng context must be bound

to the desi red drawable usi ng l e en . OpenGL

renderi ng commands impl i ci tl yuse the current bound ren-

deri ng context and one drawable. ust as a program

can create mul ti ple windows, a programcan create mul -

ti pl e OpenGL renderi ng contexts. But a thread can

onl y be bound to one renderi ng context and drawabl e

at a time. Once bound, OpenGL renderi ng can begi n.

l e en can be cal l ed agai n to bi nd to a di erent

windowand or renderi ng context.

The GLX streamof commands i s consi dered di sti nct

f romthe streamof Xrequests. Sometimes youmay want

tomixOpenGLandXrenderi ng i nto the same window. If

so synchroni ati on can be achi eved usi ng the l i

and l i routi nes.

To swap the bu ers of a doubl e bu ered window,

l e s can be cal l ed. X fonts can be con-

verted i nto per-gl yph OpenGL di spl ay l i sts usi ng the

l se n routi ne.

A i a sin

Appendi x A contai ns the source code for a simpl e

OpenGL program. Thi s exampl e demonstrates what i s

i nvolvedwhen programmingOpenGLwi thXl i b. The pro-

gramcreates a windowand draws a 3Dcube (mi ssi ng two

faces) and al l ows the user to rotate the cube around the

X, , and axes usi ng the mouse buttons.

Besi des demonstrati ng howto properl y establ i sh an X

windowfor OpenGLrenderi ng, the exampl e demonstrates

the use of doubl e bu eri ng, di spl ay l i sts, and establ i shi ng

the proper vi ewing parameters.

. 1 ni i l i i on

The fol l owing descri bes the steps i nvolved i n setti ng up

a windowto render OpenGL into i t. The numbers l i sted

correspond to numbers i n the comments of the OpenGL

programin Appendi x A.

1. As i n al l Xprograms, en is l shoul d be cal l ed

to open a connecti on to the Xserver.

2. Make sure the OpenGLGLXextensi on i s supported

by the Xserver.

3. Before creati ng the window, the programneeds to

sel ect an appropri ate vi sual . The GLX routi ne

l se is l makes i t easy to �nd the ri ght vi -

sual . In the exampl e, an RGBA(and True ol or) vi -

sual wi th a depth bu er i s desi red and i f possi bl e, i t

shoul d support doubl e bu eri ng.

4. reate an OpenGL renderi ng context by cal l i ng

l e e n e .

5. reate a windowwi th the sel ected vi sual . Most X

programs always use the defaul t vi sual but OpenGL

programmers wi l l need to be comfortabl e wi th us-

i ng vi sual s other than the defaul t. e e in

i s cal l ed.

6. Bind the renderi ng context to the window usi ng

l e en . Subsequent OpenGL renderi ng

commands wi l l use the current windowand render-

i ng context.

7. To di spl ay the window, in shoul d be cal l ed.

8. Set the desi redOpenGLstate. In thi s exampl e, depth

bu eri ng i s enabl ed, the cl ear col or i s set to bl ack, and

the 3Dvi ewing vol ume i s speci �ed.

. Begi n di spatchi ng Xevents.

Button presses change the angl e of rotati on for the ob-

ject to be vi ewed and cause a redraw. Expose events al so

cause a redraw(wi thout changi ng the rotati on). Window

resi es cal l l ie to ensure the OpenGL vi ewport

corresponds to the maximumdimensi ons of the window.

. ene e

The e routi ne does al l the OpenGL renderi ng. The

code i s sl i ghtl y compl i cated by constructi ng a di spl ay

l i st to draw the cube. The �rst time e i s cal l ed,

l e is and l n is are used to construct a di spl ay

l i st for the object to be rendered. Subsequent redraws cal l

the di spl ay l i st i nstead of renderi ng the object each time.

reati ng a di spl ay l i st potenti al l y al l ows improved per-

formance si nce the commands can be compi l ed for faster

executi on. In the case of OpenGL across a network, di s-

pl ay l i sts save havi ng to send al l the commands to render

the scene whenever the windowi s redrawn.

The commands to render the object consi st of four

3Drectangl es of di erent col ors. oti ce the rectangl es
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Figure 5: Screen snapshot of l si le wi th two other

simpl e 3DOpenGLprograms.

are generated by �rst cal l i ng l e in and

ended wi th l n . Each rectangl e i s speci �ed by four

l e e cal l s that speci fy the four vertexes of each

rectangl e. The l l i nvocati ons tel l what col or each

rectangl e shoul dbe rendered. Fi gure 5 shows howthe pro-

gramlooks.

If the window i s doubl e bu ered, l e s i s

cal l ed on the window. By defaul t renderi ng to dou-

bl e bu ered windows takes pl ace i n the non-vi si bl e back

bu er. Swapping bu ers wi l l qui ckl y swap the f ront and

back bu ers avoidi ng any vi sual arti facts (the contents of

the back bu er shoul d consi dered unde�ned af ter a swap).

In e ect, the renderi ng of each f rame can be done behi nd

the scenes.

l l s i s cal l ed to ensure that the OpenGLrenderi ng

commands are actual l y sent to the graphi cs hardware. A

ushi s impl i ci tl ydone by l e s so the l l s

i s onl y needed expl i ci tl y i n the si ngl e bu ered case.

o arin n to

OpenGL i s not the onl y means for extendi ng the XWin-

dowSystemto support 3D. PEX[ ] i s an extensi on de-

vel oped by the X onsorti umto add 3Dcapabi l i ti es to

X. The currentl y avai labl e versi on i s 5. 1. Afuture rel ease

known as PEX6. 0 i s i ntended to address many of PEX

5. 1' s probl ems but i ts speci �cati on i s not yet �nal i ed. An

in-depthanal ysi s of PEX5. 1 andOpenGL1. 0 i s presented

by Akin [ 1 ] . ere we di scuss some of the most prominent

di sti ncti ons.

. 1 se s n sel i nes

One thi ng that makes PEX di cul t to compare to

OpenGL i s that PEXal l ows much of i ts functi onal i ty to

be opti onal l y implemented. PEXcl assi �es i ts functi onal -

i ty i nto one or more of three subsets: the immedi ate mode

subset, the structure subset, or the P IGS workstati on

subset. (P IGS i s a 3Dgraphi cs standard and stands for

Programmer' s i erarchi cal Interacti ve Graphi cs System. )

The PEXspeci �cati one plicitlyal l ows implementations to

support one, two, or al l three subsets. The resul t i s that

an appl i cati on cannot depend on any gi venPEXserver to

suppl y the subset functi onal i ty the appl i cati on might de-

pend on. Thi s probl emi s commonly referred to as sub-

setti ng.

OpenGLmandates that that al l i ts renderi ng functi on-

al i tybe supported. Even advanced features such as depth

bu eri ng, fog, l i ghting, anti -al iasi ng, and texturi ng must

be supported i n all impl ementati ons.

But sti l l al l OpenGL implementations are not total l y

i denti cal . Renderi ng functi onal i ty i s not a compl ete pi c-

ture of OpenGL' s capabi l i ty. Renderi ng performance wi l l

depend on the implementation. And frame bu er capabi l -

i ti es wi l l vary between implementations. Di erent depths

of anci l l ary bu ers wi l l be supported; stereo and doubl e

bu eri ng hardware may or may not actual l y be present;

a f rame bu er may or may not support the al pha compo-

nent. But despi te the possi bi l i tyfor vari ati on, OpenGLfor

the XWindowSystemdoes mandatethat twovi sual s (one

RGBA, the other col or i ndex) wi l l be present wi th f rame

bu er capabi l i ti es su ci ent for most common3Dappl i ca-

ti ons. Stenci l anddepth bu ers must be supported for the

two requi red vi sual s. And anaccumul ati onbu er must be

supported for the RGBAvi sual . These requi red vi sual s

guarantee al l OpenGL impl ementations have a standard

basel i ne of both renderi ng and frame bu er functi onal i ty

whi ch appl i cati ons can rel y on bei ng present.

. rogr i ng n er es

There i s an essenti al di erence betweenPEXandOpenGL

in howthe two graphi cs systems are speci �ed. OpenGL

i s fundamental ly speci �ed as an appl i cati on programming

i nterface. Li ke the XWindowSystem, the fundamental

speci �cati on for PEXi s a wi re protocol .

In PEXthe choi ce of programming i nterface i s l ef t to

the programmer. In X11R5 a P IGS styl e API was sup-

pl i ed but thi s API for PEXhas not gai ned much accep-

tance. urrentl y the PEXcommuni ty i s standardi i ng the

PEXl i b API whi ch more readi l y exposes the wi re proto-

col . But PEXimpl ementati on dependenci es are al so ex-

posed, l eavi ng the programmer to work around functi on-

al i tymi ssi ng due to subsetti ng i n PEXimpl ementati ons.

Wi thOpenGLthere i s a si ngl e API whi chpromi ses tobe

standard even across di eri ng windowsystems (such as X

and T) andthe ful l functi onal i tyof the API i s avai labl e i n
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al l OpenGLimpl ementati ons. The GLXspeci �cati ondoes

provide a wi re protocol for network-transparent operati on

but the wi re protocol i s not the fundamental speci �cati on

of OpenGL.

. en eri ng n i on l i

PEXandOpenGLboth support basi c 3Drenderi ng func-

ti onal i ty. Both al l ow3Dand 2Dl i nes and pol ygons to be

rendered usi ng standard model i ng and vi ewing methods.

PEX (depending on the impl ementati on) and OpenGL

al so support pi cki ng, l i ghti ng, depth cuei ng, and hidden

l i ne and surface removal .

There are a number of sophi sti cated renderi ng features

supported byOpenGLthat PEXcompl etel y l acks. Alpha

bl endi ng, texture and envi ronment mapping, anti al i asing

(though some PEXimpl ementati ons suppl y i t as a non-

standard extensi on), accumul ati on bu er methods, and

stenci l bu eri ng are al l mi ssi ng f romPEX.

PEXdoes support f eatures not avai l abl e i n OpenGL.

PEXhas extensi ve text support for stroke fonts whi ch are

ful l y transformabl e i n 3D. B-Spl i ne surfaces and curves

are supported di rectl y by PEXwhi l e OpenGL supports

RBS functi onal i ty vi a routi nes whi ch are part of the

GL l i brary. PEXcan support cel l arrays but the func-

ti onal i ty i s sel domimpl emented. Markers and quadri l at-

eral meshes are supported by PEXas a renderi ng primi -

ti ve; nei ther are supported as primi ti ves byOpenGL. PEX

supports sel f - i ntersecti ng contours and pol ygon l i sts wi th

shared geometry, whi l e OpenGLdoes not.

Doubl e bu eri ng and stereo support are bui l t i nto

OpenGL (though not al l impl ementati ons wi l l support

doubl e bu ered or stereo vi sual s) whi l e PEXrel i es onpro-

pri etary support or not yet nonstandardi ed Xextensi ons

for doubl e bu eri ng and stereo.

. i s l i s s

PEXand OpenGL both provi de a means to store com-

mands for l ater executi on. In PEX(for impl ementati ons

that support the structure or P IGSworkstati onsubsets),

edi tabl e structurescan be created and edi ted. Astructure

contai ns graphi cs primi tives suchas a pol ygon. Structures

may al so contai n cal l s to execute other structures al l ow-

i ng themto be arranged i n a hi erarchi cal fashi on. P IGS

supports structures so PEXdoes so too. Enti re 3Dmodel s

canbe constructed out of a hi erarchy of structures so that

a redrawrequi res onl yretraversi ng the structure hi erarchy.

OpenGL does not support structures i n the same way

PEXdoes. Instead display lists can be constructed whi ch

contai nsequences of OpenGLcommands. Li ke structures,

a di spl ay l i st can contai n a command to execute another

di spl ay l i st, e ecti vel y al l owing di spl ay l i sts to be com-

bi ned i nto arbi trary networks. nl i ke structures, OpenGL

di spl ay l i sts are not edi tabl e. Once one i s created, i t

i s seal ed and cannot be changed (except by destroy and

recreati ng i t). Thi s wri te-onl y nature al l ows optimi ati ons

to be performed on di spl ay l i sts unavai l able to structures.

The commands i n the di spl ay l i st can be optimi ed for

faster executi on.

Even though di spl ay l i sts cannot be edi ted, thi s shoul d

not be consi dered a di sadvantage. The same e ect as edi t-

i ng can be achi eved by rewri ti ng di spl ay l i sts cal l ed by

other di spl ay l i sts.

Di spl ay l i sts and structures both minimi e the amount

of transfer overhead when running PEXor OpenGLover

a network si nce the commands i n a structure or di spl ay

l i st can be executed repeatedl y by onl y cal l i ng the di s-

pl ay l i st by name. The commands themsel ves need to be

transferred across the wi re onl y once.

. or i l i

Whi l e PEXwas desi gned to be vendor-i ndependent and

portabl e, the subsetti ng al l owed by the PEXstandard al -

l ows impl ementati ons of greatl y varyi ng functi onal i ty to

cl aimto be standard PEXimpl ementati ons. The fact

that PEXexpl i ci tl y al l ows mul ti ple subsets perhaps i ndi -

cates the PEXstandard may be too l arge to implement

ful l y and compl etel y i n a timel y fashi on. Anyone who has

been di sappoi ntedby the functi onal i ty of the X11R5 sam-

pl e implementation understands the probl em.

OpenGL does not al l ow any subsetti ng of renderi ng

functi onal i ty and therefore can expect much greater ap-

pl i cati onportabi l i ty. The need for i nteroperabi l i ty testi ng

for OpenGLi s greatl y reduced because OpenGLdemands

more consi stent implementations.

ei ther OpenGL nor PEXi s pi el e act. Thi s means

nei ther speci �cati on i s compl etel yexpl i ci t about what pi x-

el s must be modi�edbyeachrenderi ng operati on (the core

Xprotocol i s l argel y pi xel exact). Pi xel exactness i s not a

total l y desi rabl e f eature for 3Dsi nce much 3Dgraphi cs i s

done wi th oati ng poi nt where numeri cal errors make ex-

actness nearl y impossi bl e. But the OpenGL speci �cati on

i s muchmore ri gorous thanPEXabout what i s consi dered

conformant behavi or. ot onl y does thi s make confor-

mance test desi gn easi er, but OpenGL programmers can

have hi gh con�dence thei r scene wi l l be rendered accu-

ratel y on al l compl i ant OpenGL impl ementati ons.

The OpenGLrel ease ki t i ncl udes a sui te of conformance

tests to veri fy renderi ng accuracy. o comprehensi ve test

sui tes are yet avai l able to val i date PEXimplementations.

. i n o s e e en en

PEXi s very ti ghtl ycoupl edto the XWindowSystem. ot

onl y was i t desi gned i n the context of Xbut i ts semanti cs

depend on Xnoti ons of drawables, events, and executi on

requi rements.



But Xi s not the onl y si gni �cant windowsystemon the

market. For thi s reason, OpenGLwas desi gned to be win-

dowsystemindependent. Thi s means i ts API can al so be

used wi th Windows Tand future windowsystems. Ap-

pl i cati on devel opers wi shi ng to devel op 3Dappl i cati ons

for both XandWindows machines wi l l appreci ate havi ng

a consi stent model for 3Dacross the twowindowsystems.

indin ut or

The best pl ace to �nd more i nformati on about graphi cs

programming usi ng OpenGLi s the OpenGLTechni cal Li -

brarypubl i shedbyAddi son-Wesl ey. urrentl y avai l abl e i s

the OpenGLReference Manual [ 6 ] and the OpenGLPro-

gramming Guide [ 5 ] . The �rst vol ume contai ns compl ete

descri pti ons of al l the OpenGLrouti nes i ncl udi ng the GL

andGLXrouti nes. The second vol ume i s an excel l ent i n-

troducti ontoOpenGLincl udi ngal l i ts advancedrenderi ng

features.

Those wi th Internet access can obtai n OpenGL doc-

umentati on and sampl e programsource code by usi ng

anonymous to s i.c . PostScri pt documentati on

for al l the routi nes that are part of the OpenGL, GL ,

andGLXAPIs may be obtai ned. Exampl e code f romthe

OpenGLProgramming Guide (i ncl udi ng the aux l i brary)

i s al so avai l able.

Of course the best way to l earn OpenGL i s to program

wi th i t. Systems supporti ng OpenGL are currentl y shi p-

pi ng f roma number of workstati onhardware and sof tware

vendors. heck wi th your vendor for avai labi l i ty.
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