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Abstract

This is the second article inathree-part series aboutusing

the OpenGL TM graphics system andthe X Window Sys-

tem. Amoderatelycomplex OpenGLprogramforXispre-

sented. Depth bu�ering, back-face culling, lighting, dis-

playlist modeling, polygontessellation, double bu�ering,

andshadingareall demonstrated. Theprogramadheres to

proper Xconventions for colormapsharing, windowman-

ager communication, commandline argument processing,

andevent processing. After the example, advancedXand

OpenGL issues are discussed including minimizing col-

ormap
ashing, handling overlays, using fonts, and per-

forminganimation. The last article inthis series discusses

integratingOpenGLwiththe Motif toolkit.

1 Introduction

In the �rst article in this series, the OpenGL TM graph-

ics systemwas introduced. Along with an explanation

of the system's functionality, a simple OpenGLXpro-

gramwas presented and OpenGLwas compared to the

XConsortium's PEXextension. In this article, a more

involvedexampleof programmingOpenGLwithXis pre-

sented. The example is intendedtodemonstrate bothso-

phisticatedOpenGLfunctionalityandproper integration

of OpenGLwiththe XWindowSystem.

This article is intended to answer questions fromtwo

classes of programmers: �rst, the Xprogrammer wanting

toseeOpenGLusedinaprogramof substance; second, the

OpenGLor IRISGLprogrammer likelyto be unfamiliar

withthe more mundane windowsystemsetup necessary

whenusingthe XWindowSystemat the Xliblayer.

�Mark graduatedwith B.A. in Computer Science fromRice Uni-

versi ty and is a Member of the Technical Sta� at Si l iconGraphics.

He canbe reachedbyelectronic mai l addressedto mjk@sgi.com

The example programcalledglxdino renders a 3Ddi-

nosaurmodel usingOpenGL. Hiddensurfaces areremoved

usingdepthbu�ering. Back-face cullingimproves render-

ing performance by not rendering back-facing polygons.

Hierarchical modeling is used to construct the dinosaur

and render it via OpenGLdisplay lists. The OpenGL

tility Library (GL ) polygon tessellation routines di-

vide complex polygons into simpler polygons renderable

by OpenGL. Sophisticated lighting lends realismto the

dinosaur. If available, double bu�ering smoothes anima-

tion.

The programintegrates well with the XWindowSys-

tem. The programaccepts some of the standardXcom-

mandline options: -display, -geometry, and-iconic.

The user canrotate themodel usingmousemotion. Top-

level windowproperties speci�edbythe Inter-ClientCom-

municationConventionManual (ICCCM) areproperlyset

uptocommunicatewiththe windowmanager. Colormap

sharing is done viaICCCMconventions. Andthe proper

wayof communicatingtothewindowmanager adesire for

aconstant aspect ratiois demonstrated.

Awalkthroughof the glxdino source code is presented

inSection2. While glxdino tries todemonstrate agood

number of OpenGLfeatures andmanyof the issues con-

cerning howXandOpenGLintegrate, it is only an ex-

ample. Section3explores more of the issues encountered

whenwriting anadvancedOpenGLprogramusingXlib.

The thirdand last article inthis series discusses howto

integrateOpenGLwiththeMotif toolkit.

a l al rou

The source code for glxdino canbe foundinAppendixA.

I will refer tothe code repeatedlythroughout this section.

Figure 1 shows ascreensnapshot of glxdino.
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Figure 1: Screensnapshot of glxdino.

.

The program's initializationproceeds throughthe follow-

ingsteps:

1. Process the standardXcommandline options.

2. Openthe connectiontothe Xserver.

3. Determine if OpenGL's GLXextensionis supported.

. Findthe appropriate Xvisual andcolormap.

5. Create anOpenGLrendering context.

6. Create an Xwindowwith the selected visual and

properly specify the right ICCCMproperties for the

windowmanager touse.

. Bindthe rendering context tothe window.

8. Make the display list hierarchy for the dinosaur

model.

9. Con�gure OpenGLrenderingstate.

10. Mapthe window.

11. BegindispatchingXevents.

Comments in the code correspond to these enumerated

steps.

Intheprogram'smain routine, the�rst taskis toprocess

the supported commandline arguments. sers of the X

WindowSystemshouldbe familiar with-display which

speci�es the Xserver to use, -geometry which speci�es

the initial size and locationof the program's mainwin-

dow, and-iconic whichrequests the windowbe initially

iconi�ed. Programmers usedto the IRISGL(the prede-

cessor toOpenGL)maynot be familiarwiththese options.

While nothingrequires anXprogramtoaccept standard

Xoptions, most do as amatter of consistency and con-

venience. Most Xtoolkits automaticallyunderstand the

standardset of Xoptions

The - eepaspect optionis not astandardXcommand

line option. Whenspeci�ed, it requests that the window

manager ensure that the ratio between the initial width

and height of the windowbe maintained. Often for 3D

programs, the programmer would like a constant aspect

ratiofor their renderingwindow. InIRISGL, acall named

eepaspect is available. Maintainingthe aspect ratio of

a windowis something for the windowsystemto do so

there is no call analogous to IRIS GL's eepaspect in

OpenGL. Remember that the core OpenGLApplication

Programmer Interface (API) attempts tobe windowsys-

temindependent. IRISGLprogrammers usedtothe IRIS

GLinterfacewill needtobecomeaware of Xfunctionality

todothings that usedtobe done withIRISGLcalls.

ormallyglxdino tries to use a double bu�ered win-

dowbut will use a single bu�ered windowif a double

bu�ered visual is not available. When the -single op-

tion is present, the programwill look only for a single

bu�eredvisual. Onmanymachines withhardwaredouble

bu�eringsupport, color resolutioncanbe tradedfor dou-

ble bu�ering toachieve smoothanimation. For example,

amachine with2 bits of color resolution couldsupport

12bits of color resolutionfor double bu�eredmode. Half

the imagebit-planes wouldbe for the frontbu�er andhalf

for the backbu�er.

ext, aconnectionto the Xserver is establishedusing

pen isplay. Since glxdino requires OpenGL's GLX

extension, the programchecks that the extension exists

using gl uery xtension. The routine indicates if the

GLXextension is supportedor not. As is conventionfor

Xroutines that queryextensions, the routine canalsore-

turnthe ase error co e and ase event co e for the GLX

extension. The current versionof GLXsupports noexten-

sionevents (but does de�ne eight protocol errors). Most

OpenGLprogramswill needneither of thesenumbers. ou

canpass in as glxdino does to indicate youdonot

needthe event or error base.

OpenGL is designed for future extensibility. The

gl uery ersion routine returns the maor and minor

version of the OpenGL implementation. Currently, the

maor version is 1 and the minor version is 0. glxdino

does not use gl uery ersion but it maybe useful for

programs inthe future.

. .

The GLXextension overloads Xvisuals to denote sup-

ported frame bu�er con�gurations. Before youcreate an

OpenGLwindow, you should select a visual which sup-
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ports the frame bu�er features youintend to use. GLX

guarantees at least two visual will be supported. An

RGBAmodevisual withadepthbu�er, stencil bu�er, and

accumulationbu�er must be supported. Second, a color

indexmode visual witha depthbu�er andstencil bu�er

mustbeavailable. More andless capable visuals are likely

toalsobe supporteddependingonthe implementation.

Tomake it easy to select a visual, gl oose isual

takes a list of the capabilities youare requesting andre-

turns an isual n o for avisual meetingyour require-

ments. is returned if a visual meeting your needs

is not available. Toensure your applicationwill runwith

anyOpenGLGLXserver, yourprogramshouldbewritten

to support the base line requiredGLXvisuals. Also you

shouldonlyask for the minimumset of frame bu�er ca-

pabilities yourequire. For example, if your programnever

uses a stencil bu�er, youwill possiblywaste resources if

yourequest one anyway.

Since glxdino rotates the dinosaur inresponse touser

input, the programwill run better if double bu�ering is

available. Double bu�eringallows ascene tobe rendered

out of viewand then displayednearly instantly to elim-

inate the visual artifacts associated withwatching a 3D

scene render. Doublebu�eringhelps create the illusionof

smoothanimation. Since double bu�ering support is not

required for OpenGL implementations, glxdino resorts

to single bu�ering if no double bu�er visuals are avail-

able. The program's con iguration integer array tells

what capabilities gl oose isual should lookfor. o-

tice howif a double bu�er visual is not found, another

attempt is made whichdoes not request double bu�ering

bystartingafter the token. Andwhen

the -single optionis speci�ed, the code onlylooks for a

singledbu�eredvisual.

glxdino does require adepthbu�er (of at least 16bits

of accuracy) anduses theRGBAcolormodel. TheRGBA

base linevisual must support at least a16bit depthbu�er

soglxdino shouldalways �ndausable visual.

ou should not assume the visual you need is the

default visual. sing a non-default visual means win-

dows created using the visual will require a colormap

matching the visual. Since the windowwe are inter-

ested in uses OpenGL's RGBAcolor model, we want a

colormapcon�gured for using RGB. The ICCCMestab-

lishes ameans for sharingRGBcolormapsbetweenclients.

mu oo up tandard olormap is usedtoset upacolormap

for the speci�ed visual. The routine reads the ICCCM

propertyontheXserver's rootwindow.

If the property does not exist or does not have an en-

try for the speci�ed visual, a newRGBcolormapis cre-

ated for the visual and the property is updated (creat-

ingit if necessary). Once the colormaphas beencreated,

et olormaps �nds thenewlycreatedcolormap. The

workfor �ndinga colormapis done bythe get olormap

routine.

If a standard colormap cannot be allocated, glxdino

will create an unshared colormap. For some servers,

it is possible (though unlikely) a irect olor visual

might be returned (though the GLX speci�cation re-

quires a rue olor visual be returned inprecedence toa

irect olor visual if possible). Toshorten the example

code byonlyhandlingthe most likelycase, the code bails

if a irect olor visual is encountered. Amore portable

(andlonger) programwouldbe capable of initializingan

RGB irect olor colormap.

. .

Once a suitable visual andcolormapare found, the pro-

gramcan create an OpenGL rendering context using

gl reate ontext. (The same context can be used for

di�erent windows withthe same visual.)

The last parameter allows the programtorequest adi-

rect rendering context if the programis connected to a

local Xserver. An OpenGL implementation is not re-

quired to support direct rendering, but if it does, faster

rendering is possible since OpenGLwill render directlyto

the graphics hardware. Direct renderedOpenGLrequests

donot have tobe sent totheXserver. Evenwhenonthe

local machine, youmaynot wantdirect rendering insome

cases. For example, if youwant to render toXpixmaps,

youmust render throughthe Xserver.

GLXrenderingcontexts support sharingof displaylists

amongone another. Tothis end, the thirdparameter to

gl reate ontext is another already createdGLXren-

dering context. canbe speci�ed to create aninitial

rendering context. If analready existent rendering con-

text is speci�ed, the display list indexes and de�nitions

are sharedbythe tworendering contexts. The sharing is

transitivesoashare groupcanbe formedbetweenawhole

set of rendering contexts.

To share, all the rendering contexts must exist in the

sa e address space. This means direct renderers cannot

share display lists with renderers rendering through the

Xserver. Likewise direct renderers inseparate programs

cannot share display lists. Sharing display lists between

renderers canhelptominimize the memoryrequirements

of applications that needthe same displaylists.

. .

BecauseOpenGLuses visuals todistinguishvarious frame

bu�er capabilities, programmersusingOpenGLneedtobe

awareof the requiredsteps tocreate awindowwithanon-

default visual. As mentionedearlier a colormapcreated

for the visual is necessary. But the most irksome thing

toremember about creatingawindowwithanon-default

visual is that the border pixel value ust be speci�ed if

the window's visual is not the same as its parent's visual.

Otherwise a ad atc is generated.
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Before actually creating the window, the argument

to the -geometry option should be parsed using

arse eometry to obtain the user's requested size and

location. The size will be neededwhenwecreate the win-

dow. Boththe size andlocationare neededtoset upthe

ICCCMsizehints for thewindowmanager. A�xedaspect

ratiois alsorequestedbysettingupthe right size hints if

the - eepaspect optionis speci�ed.

Once thewindowis created, et tandard roperties

sets upthe various standardICCCMproperties including

size hints, iconname, andwindowname. Then the IC-

CCMwindowmanager hints are set up to indicate the

window's initial state. The -iconic optionsets the win-

dowmanager hints to indicate the windowshouldbe ini-

tiallyiconi�ed. lloc ints allocates ahintsstructure.

Once �lledin, et ints sets upthe hint property for

thewindow.

The �nal additionto the windowis the

propertywhich indicates windowmanager protocols the

client understands. The most commonly used protocol

de�nedby ICCCMis . If this atomis

listedinthe propertyof atop-level window,

thenwhenthe user selects the programbe quit fromthe

windowmanager, the windowmanager will politelysend

a message tothe client instructingthe

client todelete the window. If the windowis the applica-

tion'smainwindow, the client is expectedtoterminate. If

this property is not set, the windowmanager will simply

asktheXserver toterminatethe client's connectionwith-

out notice to the client. By default, this results inXlib

printinganuglymessage like:

connection to : . ro en

explicit ill or ser er s utdo n .

Asking to participate in the protocol

allows the client tosafelyhandle requests toquit fromthe

windowmanager.

The property has another advantage for OpenGLpro-

grams. ManyOpenGLprograms doinganimationwill use

ending to check for pending Xevents and otherwise

drawtheir animation. But if all aclient's animationis di-

rect OpenGLrendering andthe client does not otherwise

doanyXrequests, the client never sends requests to the

Xserver. Due toaproblemin ending's implementation

onmany nixoperatingsystems, suchanOpenGLpro-

grammight not notice its Xconnection was terminated

for sometime. singthe protocol elim-

inates this problembecause the windowmanager noti�es

peratingsystems using ioc cal l s on le descriptors

usingBerkeleynon-blocking cannot di�erentiatenodatato read

fromabrokenconnection; bothconditions cause the ioc

to return ero. MT's standard implementation of i g uses

Berkeley non-blocking and ioc s. ventual ly, l ib

wi l l do an e pl ici t check on the socket to see i f i t closes but only

after a couple hundredcal l s to i g.

theclientviaamessage(tripping ending)andtheclient

is expectedtodropthe connection.

sing the protocol is goodpractice

even if you do not use ending and the Xlibmessage

does not bother you.

All these steps (besides creating awindowwithanon-

default visual) are standardfor creatingatop-level Xwin-

dow. Atop-level windowis a windowcreated as a child

of the root window(the windowmanager maychoose to

reparent the windowwhen it is mapped to add a bor-

der). ote that the properties discussedare placedonthe

t o -l evel window, not necessarily the same windowthat

OpenGL renders into. While glxdino creates a single

window, amorecomplicatedprogrammightnest windows

used for OpenGLrendering inside the top-level window.

The ICCCMwindowmanager properties belong on top-

level windows only.

AnIRISGLprogrammer not familiarwithXwill prob-

ably�ndthese details cumbersome. Most of theworkwill

be done for youif youuse atoolkit layeredontopof Xlib.

owa windowandanOpenGLrendering context ex-

ist. InOpenGL(unlike Xlib), youdo not pass the ren-

dering destination into every rendering call. Instead a

givenOpenGLrendering context is bound to a window

using gl a e urrent. Once bound, all OpenGL ren-

dering calls operate using the current OpenGLrendering

context andthe current boundwindow. Athreadcanonly

be boundto one windowandone rendering context at a

time. Acontext can only be bound to a single thread

at a time. If youcall gl a e urrent again, it unbinds

fromthe oldcontext andwindowand thenbinds to the

newly speci�ed context andwindow. oucan unbinda

threadfromawindowandacontext bypassing for

the context and one for the drawable.

.

The task of �guring out howto describe the 3Dobect

youwishto render is called o el n . Muchas aplastic

airplane model is constructed out of little pieces, a com-

puter generated3Dscene must alsobe built out of little

pieces. Inthecaseof 3Drendering, thepieces aregenerally

polygons.

The dinosaur model tobe displayedis constructedout

of a hierarchyof displaylists. Rendering the dinosaur is

accomplishedbyexecutingasingle displaylist.

The strategy for modelingthe dinosaur is to construct

solid pieces for the body, arms, legs, and eyes. Figure

2 shows the 2Dsides of the solids to construct the di-

nosaur. Makingthese pieces solidis donebye t ru n the

sides (meaningstretchingthe 2Dsides intoathirddimen-

sion). By correctly situating the solid pieces relative to

eachother, they formthe complete dinosaur.

The work to build the dinosaur model is done by

the routine named ma e inosaur. A helper routine



Figure 2: 2Dcomplex polygons used to model the di-

nosaur's arm, leg, eye, andbodysides.

extrude olid rom olygon is usedtoconstruct eachsolid

extrudedobect.

. .

The polygons inFigure 2are irregular andcomplex. For

performance reasons, OpenGLdirectly supports drawing

onlyconvexpolygons. The complexpolygons that make

upthe sides of the dinosaur needtobe built fromsmaller

convexpolygons.

Since rendering complex polygons is a commonneed,

OpenGLsupplies aset of utilityroutines inthe OpenGL

GL librarywhichmakeit easytot essel l at e complexpoly-

gons. Incomputer graphics, tessellationis the process of

breakinga complexgeometric surface intosimple convex

polygons.

TheGL libraryroutines for tessellationare:

glu e ess - create anewtessellationobect.

glu ess all ac - de�ne acallbackfor atessellationob-

ect.

glu egin olygon - beginapolygondescriptiontotessel-

late.

glu ess ertex - specifyavertex for the polygontotes-

sellate.

glu ext ontour - markthebeginningof another contour

for the polygontotessellate.

glu nd olygon - �nishapolygonbeingtessellated.

glu elete ess - destroyatessellationobect.

These routines are used inthe example code to tessellate

the sides of the dinosaur. otice at the beginningof the

programstatic arrays of 2Dvertices are speci�ed for the

dinosaur's body, arm, leg, andeye polygons.

To use the tessellationpackage, you�rst create a tes-

sellation obect with glu e ess. An obect of type

triangulator is returned which is passed into

the other polygontessellationroutines. oudonot need

atessellationobect for everypolygonyoutessellate. ou

might needmore thanone tessellationobect if youwere

trying to tessellate more thanone polygonat a time. In

the sampleprogram, asingle tessellationobect is usedfor

all the polygons needingtessellation.

Once youhave a tessellationobect, youshouldset up

callbackroutines usingglu ess all ac . The waythat

the GL tessellation package works is that you feed in

vertices. Thenthe tessellationis performedandyour reg-

isteredcallbacks are calledtoindicate the beginning, end,

andall thevertices for theconvexpolygonswhichcorrectly

tessellate the points youfeedtothe tessellator.

Lookat the extrude olid rom olygon routine which

uses theGL tessellationroutines. Tounderstandexactly

why the callbacks are speci�ed as they are, consult the

OpenGLReferenceManual . Thepoint tonotice is how

asingle tessellationobect is set uponceandcallbacks are

registered for it. Thenglu egin olygon is usedto start

tessellating a newcomplexpolygon. The vertices of the

polygonare speci�edusingglu ess ertex. The polygon

is �nishedbycallingglu nd olygon.

otice the code for tessellatingthepolygonlies between

agl e ist andgl nd ist; these routines beginandend

the creationof adisplaylist. The callbacks will generate

gl ertex calls specifying the vertices of convexpoly-

gons needed to represent the complexpolygonbeing tes-

sellated. Once completed, a display list is available that

canrender the desiredcomplexpolygon.

Consider theperformancebene�ts of OpenGL's polygon

tessellator comparedwithagraphics systemthat supplies

apolygonprimitivethat supports non-convexpolygons. A

primitivewhichsupportedcomplexpolygons wouldlikely

needtotessellate eachcomplexpolygononthe 
y. Calcu-

latingatessellationis not without cost. If youweredraw-

ing the same complexpolygonmore thanonce, it is bet-

ter todo the tessellationonlyonce. This is exactlywhat

is achieved by creating a display list for the tessellated

polygon. But if youare rendering continuouslychanging

complexpolygons, the GL tessellator is fast enoughfor

generatingvertices onthe 
yfor immediate-mode render-

ing.

Havingatessellationobect not directlytiedtorender-

ingis alsomore
exible. our programmight needtotes-

sellate a polygonbut not actuallyrender it. The GL 's

systemof callbacks ust generate vertices. ou can call

OpenGLgl ertex calls to render the vertices or supply
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your own special callbacks to save the vertices for your

ownpurposes. The tessellationalgorithmis accessible for

your ownuse.

TheGL tessellator alsosupports multiplecontours al-

lowingdis oint polygons or polygons withholes tobe tes-

sellated. The glu ext ontour routine begins anewcon-

tour.

The tessellationobect is ust one example of function-

ality inOpenGL's GL librarywhich supports 3Dren-

deringwithout complicatingthe basic rendering routines

in the core OpenGLAPI. Other GL routines support

rendering of curves and surfaces using on- niformRa-

tional B-Splines ( RBS) andtessellating boundaries of

solids suchas cylinders, cones, andspheres. All the GL

routines are astandardpart of OpenGL.

. .

After generating the complexpolygondisplaylist for the

sides of a solid obect, the extrude olid rom olygon

routine creates another display list for the edge of the

extrudedsolid. The edge is generatedusinga

primitive. Alongwiththe vertices, normals are calculated

for each quad along the edge. Later these normals will

be usedfor lightingthe dinosaur. The normals are com-

putedtobe unit vectors. Havingnormals speci�edas unit

vectors is important for correct lighting. Analternative

wouldbe touse gl na le whichensures

all normals are properlynormalizedbefore use inlighting

calculations. Specifyingunit vectors tobeginwithandnot

usinggl na le saves timeduringrender-

ing. Be careful whenusingscalingtransformations (often

set upusing gl cale) since scaling transformations will

scale normals too. If you are using scaling transforma-

tions, gl na le is almostalwaysrequired

for correct lighting.

Oncetheedgeandsidedisplaylists arecreated, thesolid

is formedbycallingthe edgedisplaylist, then�llinginthe

solidbycallingthe side displaylist twice (once translated

over by the widthof the edge). The ma e inosaur rou-

tine will use extrude olid rom olygon to create solids

for eachbodypart neededbythe dinosaur.

Then ma e inosaur combines these display lists into

a single displaylist for the entire dinosaur. Translations

are usedtoproperlypositionthe displaylists toformthe

complete dinosaur. The body display list is called; then

arms andlegs for the right side are added; thenarms and

legs for the left side are added; then the eye is added(it

is one solidwhichpokes out either side of the dinosaur's

heada little bit oneachside).

. . -

Acommon optimization in 3Dgraphics is a technique

knownas ac - ace cul l n . The idea is totreat polygons

as essentially one-sided entities. Afront facing polygon

needs to be rendered but a back-facing polygon can be

eliminated.

Consider the dinosaur model. Whenthe model is ren-

dered, the backside of the dinosaur will not be visible. If

the direction eachpolygon faced was known, OpenGL

couldsimplyeliminateapproximatelyhalf of the polygons

(the back-facingones) without ever rendering them.

otice the calls to gl ront ace when each solid dis-

play list is created in extrude olid rom olygon. The

argument to the call is either or meaning

clock-wiseandcounter-clockwise. If thevertices forapoly-

gonare listedincounter-clockwiseorder andgl ront ace

is set to , then the generated polygon is consid-

ered front facing. The static data specifying the vertices

of the complexpolygons is listedincounter-clockwise or-

der. Tomake the quads inthe quadstrip face outwards,

gl ront ace is speci�ed. Thesamemodeensures

the far side faces outward. But gl ront ace is

neededtomake sure the front of the other side faces out-

ward(logicallyit needs to be reversed fromthe opposite

side since the vertices were laidout counter-clockwise for

bothsides since theyare fromthe same displaylist).

When the static OpenGL

state is set up, gl na le is usedtoenable

back-face culling. As withall modes enabledanddisabled

usinggl na le andgl isa le, it is disabledbydefault.

ActuallyOpenGLis not limitedtoback-face culling. The

gl ull ace routine canbeusedtospecifyeither the back

or the front shouldbe culledwhenface cullingis enabled.

Whenyouare developingyour 3Dprogram, it is often

helpful todisableback-faceculling. Thatwaybothsides of

everypolygonwill be rendered. Thenonce youhaveyour

scene correctly rendering, youcango backandoptimize

your programtoproperlyuse back-face culling.

Donot be left withthe misconceptionthat enablingor

disablingback-face culling(or anyother OpenGLfeature)

must be done for the duration of the scene or program.

oucanenable anddisable back-face cullingat will. It is

possible todrawpart of your scene withback-face culling

enabled, andthendisable it, onlytolater re-enable culling

but this time for front faces.

.

The realismof a computer generated3Dscene is greatly

enhancedbyadding lighting. Inthe �rst article's sample

program, gl olor was used to add color to the faces

of the 3Dcube. This adds color to rendered obects but

does not use lighting. Inthe example, the cubemoves but

the colors donot varythe waya real cube might as it is

a�ectedbyreal worldlighting. Inthis article's example,

lightingwill be usedtoaddanextradegree of realismto

the scene.

OpenGLsupports asophisticated3Dlightingmodel to

achieve higher realism. Whenyoulookat a real obect,
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its color is a�ected by lights, the material properties of

the obect, andthe angle at whichthe light shines onthe

obect. OpenGL's lightingmodel approximates the real

world.

Complicatede�ects suchas the re
ection of light and

shadows are not supported byOpenGL's lightingmodel

thoughtechniques andalgorithms are available to simu-

late such e�ects. Environment mapping to simulate re-


ection is possible using OpenGL's texturing capability.

OpenGL'sstencil bu�ers andblendingsupport canbeused

tocreate shadows, but anexplanationof these techniques

is beyondthe scope of this article. (See the topics inthe

�nal chapter of the en ro ra n u e).

. .

The e�ects of light are complex. InOpenGL, lighting is

dividedintofour di�erent components: emitted, ambient,

di�use, and specular. All four components can be com-

putedindependentlyandthenaddedtogether.

Emittedlight is the simplest. It is light that originates

fromanobect andis una�ectedbyanylightsources. Self-

luminous obects canbemodeledusingemittedlight.

Ambient light is light fromsome source that has been

scatteredsomuchbythe environment that its directionis

impossible to determine. Evena directed light suchas a


ashlightmayhavesomeambient light associatedwithit.

Di�uselight comes fromsomedirection. Thebrightness

of the light bouncingo�anobect depends onthe light's

angle of incidence withthe surface it is striking. Once it

hitsasurface, the lightis scatteredequallyinall directions

so it appears equallybright independent of where the eye

is located.

Specular light comes fromsome directionandtends to

bounce o�the surface inacertaindirection. Shinymetal

or plastic obects have ahighspecular component. Chalk

or carpet have almost none. Specularity corresponds to

the everydaynotionof howshinyanobect is.

Asingle OpenGL light source has a single color and

some combinationof ambient, di�use, andspecular com-

ponents. OpenGLsupportsmultiplelightssimultaneously.

Theprogrammer cancontrol themakeupof alight as well

as its position, direction, and attenuation. Attenuation

refers tohowalight's intensitydecreases as distance from

the light increases.

. .

The example uses two lights. Both use only the di�use

component. Abright, slightlygreen-tinted os t onal light

is to the right, front of the dinosaur. Adim, red-tinted

rect onal light is coming fromthe left, front of the di-

nosaur. Figure 3 shows howthe dinosaur, the lights, and

theeye-point are arranged. Apositional light is locatedat

some�nitepositioninmodelingspace. Adirectional light

+X axis

+Z axis

+Y axis (out of page)

bright,
green−tinted
light (10,4,10)

    green dinosaur
         with red eye
centered at (0,0,0)

dim, red−tinted
light at infinite
distance on
vector (1,−2,1)

eye at (0,0,30)
looking at dinosaur

Figure3: Arrangementof lights, eye, anddinosaur inmod-

elingspace.

is consideredtobe locatedin�nitelyfar away. singadi-

rectional light allows theOpenGLtoconsider the emitted

light rays tobe parallel bythe time the light reaches the

obect. This simpli�es the lightingcalculations neededto

be done byOpenGL.

Thelig t ero osition andlig t ne osition static

variables indicate the positionof the twolights. ouwill

notice each has not three but four coordinates. This is

because the light locationis speci�ed inho o eneous co-

ordinates. The fourth value divides the X, , and

coordinates to obtain the true coordinate. otice how

lig t ne osition (the in�nite light)has the fourthvalue

set tozero. This is howanin�nite light is speci�ed.

Thedinosaur canrotate aroundthe axis basedonthe

user's mouse input. The ideabehindthe example's light-

ingarrangement iswhenthedinosaur is orientedsoits side

faces tothe right, it shouldappear greendue tothebright

light. Whenits side faces leftward, thedinosaur shouldap-

pear poorlylightedbut the redin�nite light shouldcatch

the dinosaur's redeye.

Section9of the programinitializationshows howlight-

ing is initialized. The gl na le turns on

lighting support. The lights' positions and di�use com-

Actual ly al l coordinates are logical ly manipulated by penG

as three-dimensional homogeneous coordinates. The -

' s Appendi G brie ye plains homogeneous co-

ordinates. Amore involveddiscussionof homogeneous coordinates

andwhy they are useful for computer graphics can be found in

oleyandvan am .



ponents are set using via calls to gl ig t using the

and parameters. The lights are

eachenabledusinggl na le.

The attenuation of the green light is adusted. This

determines howthe light intensityfades withdistance and

demonstrates howindividual lighting parameters can be

set. It wouldnot make sense toadust the attenuationof

the redlight since it is anin�nite light whichshines with

uniformintensity.

either ambientnor specular lightingare demonstrated

in this example so that the e�ect of the di�use lighting

wouldbe clear. Specular lightingmight havebeenusedto

givethe dinosaur's eye aglint.

Recall whenthe edge of eachsolidwas generated, nor-

malswere calculatedfor eachvertexalongthe quadstrip.

Anda single normal was givenfor eachcomplexpolygon

side of the solid. These normals are used in the di�use

lightingcalculations todetermine howmuchlight should

be re
ected. If yourotatethedinosaur, youwill notice the

color intensitychanges as the angle incidence for the light

varies.

Alsonotice the calls togl ade odel. OpenGL's shade

model determines whether 
at or smoothshadingshould

be usedonpolygons. The dinosaur model uses di�erent

shadingdependingonwhether aside or edge is beingren-

dered. There is a good reason for this. The

mode is used on the sides. If 
at shadingwere used in-

steadof smooth, eachconvexpolygoncomposingthe tes-

sellatedcomplexpolygonsidewouldbeasinglecolor. The

viewer couldnotice exactlyhowthe sides has beentessel-

lated. Smoothshading prevents this since the colors are

interpolatedacross eachpolygon.

But for the edgeof eachsolid, is used. Because

the edge is generated as a quad strip, quads along the

stripshare vertices. If we useda smoothshadingmodel,

eachedge betweentwoquads wouldhaveasingle normal.

Some of the edges are very sharp (like the claws in the

handand the tip of the tail). Interpolating across such

varyingnormalswouldleadtoanundesirable visual e�ect.

The�ngers wouldappear roundedif lookedat straight on.

Instead, with
at shading, eachquadgets its ownnormal

andthere is nointerpolationsothesharpangles areclearly

visible.

.

In3Dgraphics, v e n is the process of establishing the

perspective andorientationwithwhichthe scene should

be rendered. Like aphotographer properlysettinguphis

camera, anOpenGLprogrammer shouldestablishaview.

Figure shows howthe viewis set up for the example

program.

In OpenGL, establishing a viewmeans loading the

pro ection and model-view matrices with the right

contents. To modify the pro ection matrix, call

Eye−point
(0,0,30)

Near plane
(1 unit from eye)

Far plane
(40 units from eye)

Origin
(0,0,0)

One to one
aspect ratio

40 degree
field of view

Figure : Static viewfor glxdino.

gl atrix ode . Calculating the right

matrixbyhandcanbe tricky. The GL libraryhas two

useful routines that make the process easy.

GL 's glu erspecti e routine allows youtospecifya

�eldof viewangle, anaspect ratio, andnear andfar clip-

ping planes. It multiplies the current pro ectionmatrix

with one created according to the routine's parameters.

Since initiallythe pro ectionmatrixis anidentitymatrix,

glxdino's glu erspecti e call e�ectively loads the pro-

ectionmatrix.

Another GL routine, glu oo t, canbe used to ori-

ent the eye-point for the model-viewmatrix. otice

howgl atrix ode is used to switch to

the model-viewmatrix. sing glu oo t requires you

to specify the eye-point's location, a location to look

at, and a normal to determine which way is up. Like

glu erspecti e, glu oo tmultiplies thematrixit con-

structs fromits parameters with the current matrix.

The initial model-viewmatrix is the identitymatrix so

glxdino's call to glu oo t e�ectively loads the model-

viewmatrix.

After theglu oo t call, gl us atrix is called. Both

the model-viewand pro ection matrices exist on stacks

that can be pushed and popped. Callinggl us atrix

pushes acopyof the currentmatrixontothe stack. When

arotationhappens, this matrixis poppedo�andanother

gl us atrix is done. This newlypushedmatrixis com-

posedwitharotationmatrixtore
ect thecurrent absolute

orientation. Every rotationpops o� the topmatrixand

replaces it withanewlyrotatedmatrix.

otice that the lightpositions arenot set until after the

model-viewmatrixhas beenproperlyinitialized.

Because thelocationof theviewpointa�ects thecalcula-

tions for lighting, separate the pro ection transformation

in the pro ection matrix and the modeling and viewing

transformations inthe model-viewmatrix.
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.

owthe windowhas beencreated, the OpenGLrenderer

has been bound to it, the display lists have been con-

structed, andOpenGL's state has been con�gured. All

that remains is to request the windowbe mappedusing

ap indo andbeginhandlinganyXevents sent to the

program.

When the windowwas created, four types of win-

dowevents were requested to be sent to our applica-

tion: xpose events reportingregions of thewindowtobe

drawn, utton ress events indicatingmouse buttonsta-

tus, ey ress events indicatingakeyboardkeyhas been

presed, otion oti y events indicatingmousemovement,

and on igure oti y events indicatingthewindow's size

or positionhas changed.

Xevent dispatching is usuallydone inanin�nite loop.

Most Xprograms donot stopdispatchingevents until the

programterminates. ext ent can be used to block

waitingfor anXevent. Whenanevent arrives, its type is

examinedtotell what event has beenreceived.

. .

Foran xpose event, the exampleprogramust sets a
ag

indicatingthewindowneeds tobe redrawn. The reasonis

that xpose events indicate a single sub-rectangle inthe

windowthat must be redrawn. The Xserver will senda

numberof xpose events if acomplexregionof thewindow

has beenexposed.

For anormal Xprogramusing2Drendering, youmight

beabletominimizetheamountneededtoredrawthewin-

dowbycarefullyexaminingtherectangles for each xpose

event. For 3Dprograms, this is usuallytoodi cult tobe

worthwhile since it is hardtodetermine what wouldneed

tobe done to redrawsome sub-regionof the window. In

practice thewindowis usuallyredrawninits entirety. For

the dinosaur example, redrawing involves calling the di-

nosaur displaylist withthe right view. It is not helpful to

knowonlyasub-regionof thewindowactuallyneeds tobe

redrawn. For this reason, anOpenGLprogramshouldnot

beginredrawinguntil it has receivedall the expose events

most recentlysent tothe window. This practice is known

as e ose co ress on andhelps toavoidredrawingmore

thanyoushould.

otice that all that is done to immediatelyhandle an

expose is to set the need edra 
ag. Then ending is

usedtodetermine if there are more events pending. ot

until the streamof events pauses is the redra routine

reallycalled(andthe need edra 
agreset).

The redra routine does three things: it clears the im-

age anddepthbu�ers, executes the dinosaur displaylist,

andeither calls gl ap u ers onthe windowif double

bu�eredor calls gl lus . The current model-viewmatrix

determines inwhat orientationthe dinosaur is drawn.

. .

The Xserver sends a on igure oti y event to indicate

a windowresize. Handling the event generally requires

changingthe viewport of OpenGLwindows. The sample

programcalls gl ie port specifying the window's new

widthandheight. Aresize also necessitates a screen re-

drawsothe code falls through tothe expose codewhich

sets the need edra 
ag.

When you resize the window, the aspect ratio of the

windowmaychange (unless youhave negotiateda �xed

aspect ratiowiththewindowmanageras the- eepaspect

optiondoes). If youwant the aspect ratio of your �nal

imagetoremainconstant, youmightneedtorespecifythe

pro ectionmatrixwithanaspect ratiotocompensate for

thewindow's changedaspect ratio. The exampledoes not

dothis.

. .

The example programallows the user to rotate the di-

nosaur whilemovingthe mouse byholdingdownthe �rst

mouse button. We record the current angle of rotation

whenever a mouse button state changes. As the mouse

moveswhilethe�rst mousebuttonis helddown, theangle

is recalculated. Arecalc odel ie 
agis set indicating

the scene shouldbe redrawnwiththe newangle.

When there is a lull inevents, the model-viewmatrix

is recalculatedandthenthe need edra 
ag is set, forc-

ing a redraw. The recalc odel ie 
ag is cleared. As

discussedearlier, recalculatingthe model-viewis done by

poppingo�thecurrent topmatrixusinggl op atrix and

pushing ona newmatrix. This newmatrixis composed

witharotationmatrixusinggl otate tore
ect thenew

absolute angleof rotation. Analternativeapproachwould

be to multiply the current matrix by a rotationmatrix

re
ectingthe change inangle of rotation. But sucharela-

tive approachtorotationcanleadto inaccurate rotations

due toaccumulated
oatingpoint round-o�errors.

. .

Because the atomwas speci�edonthe

top-level window's list of windowmanager protocols, the

event loopshouldalso be ready to handle an event sent

by the windowmanager asking the programto quit. If

glxdino receives a lient essage event with the �rst

dataitembeingthe atom, theprogram

calls exit.

InmanyIRISGLdemonstrationprograms, the Escape

keyis usedbyconventiontoquit theprogram. Soglxdino

showsasimplemeans toquit inresponse toanEscape key

press.

9



Ad anc d lib and n

The glxdino example demonstrates a good deal of

OpenGL's functionality and howto integrate OpenGL

withXbut there are a number of issues that program-

mers wantingtowrite advancedOpenGLprograms for X

shouldbe aware of.

.

Already a method has been presented for sharing col-

ormapsusingtheICCCMconventions. MostOpenGLpro-

grams donot use the default visual andtherefore cannot

use the default colormap. Sharing colormaps is therefore

important for OpenGLprograms tominimize the amount

of colormaps Xservers will needtocreate.

Often OpenGL programs require more than one col-

ormap. Atypical OpenGLprogrammaydoOpenGLren-

dering in a subwindowbut most of the program's user

interface is implementedusingnormal X2Drendering. If

the OpenGLwindowis 2 bits deep, it wouldbe expen-

sivetorequire all the user interfacewindows alsotobe 2

bits deep. Amongother things, pixmaps for the user in-

terfacewindowswouldneedtobe32bits per pixel instead

of the typical 8 bits per pixel. So the programmayuse

the server's (probablydefault) 8 bit seudo olor visual

for its user interface but use a2 bit rue olor visual for

its OpenGLsubwindow. Multiple visuals demandmul-

tiple colormaps. Many other situations mayarise when

anOpenGLprogramneeds multiple colormaps withina

single top-level windowhierarchy.

ormallywindowmanagers assume the colormapthat

atop-level windowandall its subwindows needis the col-

ormapusedbythe top-level window. Awindowmanager

automaticallynotices the colormapof the top-level win-

dowand tries to ensure that that colormap is installed

whenthe windowis being interactedwith.

With multiple colormaps used inside a single top-

level window, the windowmanager needs tobe informed

of the other colormaps being used. The Xlib routine

et olormap indo s canbe usedtoplace astandard

propertyonyour top-level windowto indicate all the col-

ormaps usedbythe top-level windowandits descendants.

Be careful about usingmultiple colormaps. It is possi-

ble a server will not have enough colormapresources to

support the set of visuals andtheir associatedcolormaps

that youdesire. nfortunately, there is no standardway

to determine what sets of visuals and colormaps can be

simultaneously installed when multiple visuals are sup-

ported. Xlibprovides twocalls, ax maps creen and

in maps creen, but these do not express hardware

con
icts betweenvisuals.

Here are some guidelines:

If ax maps creen returns one, youare guaran-

teeda single hardware colormap. Colormap
ashing

is quite likely. oushouldwrite your entire applica-

tiontouse asingle colormapat atime.

If an8bit seudo olor visual anda2 bit rue olor

visual aresupportedonasinglescreen, it is extremely

likelyadi�erent colormapfor eachof the twovisuals

canbe installedsimultaneously.

If ax maps creen returns anumber higher than

one, it is possiblethat thehardwaresupportsmultiple

colormaps for the samevisual. Arule of thumbis the

higher the number, the more likely. If the number is

higher thanthe total number of visuals onthe screen,

itmustbe true for at least onevisual (but youcannot

knowwhichone).

Hopefullymultiple hardware colormaps will becomemore

prevalent and perhaps a standard mechanismto detect

colormapandvisual con
icts will become available.

.

If youarewritingananimated3Dprogram, youwill prob-

ablywant double bu�ering. It is not always available for

OpenGL. ou have two choices: run in single-bu�ered

mode or render to a pixmap and copy each newframe

tothe windowusing opy rea.

ote that when you use gl oose isual, booleans

are matched exactly (integers if speci�ed are considered

minimums). This means if youwant to support double

bu�eringbut be able to fall backto single bu�ering, two

calls will be needed togl oose isual. If anOpenGL

applicationhas sophisticated needs for selecting visuals,

gl et on ig canbe calledoneachvisual to determine

the OpenGLattributes of eachvisual.

.

Xhas aconventionfor supportingoverlaywindowviaspe-

cial visuals 2 . OpenGLcansupport rendering intoover-

layvisuals. Evenif anXserver supports overlayvisuals,

youwill needtomake sure those visuals are OpenGLca-

pable. The gl oose isual routine does allowyouto

specify the frame bu�er layer for the visual youare in-

terested inwith the attribute. This makes it

easier to�ndOpenGLcapable overlayvisuals.

IRISGLprogrammers are usedtoassumingthe trans-

parent pixel in an overlayvisual is always zero. For X

and OpenGL, this assumption is no longer valid. ou

shouldquerythe transparent modeandpixel speci�edby

the propertytoensureportabil-

ity.

IRISGLprogrammers are alsousedtoconsideringover-

layplanes as being built-in to IRISGLwindows. The

Xmodel for overlayplanes considers anoverlaywindow

tobe aseparate windowwithits ownwindowID. Touse

overlays as one does in IRIS GL, you need to create a
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normal plane window, thencreate a childwindowinthe

overlayplanes withthe child's originlocatedat the origin

of the parent. The child should be maintained to have

the same size as the parent. Clear the overlaywindowto

the transparent pixel value to see through to the parent

normal planewindow. Switchingbetweenthe overlayand

normal planes windows requires agl a e urrent call.

It is likelythat the overlayvisuals will not support the

same frame bu�er capabilities as the normal plane vi-

suals. ou should avoidassuming overlaywindows will

have framebu�er capabilities suchas depthbu�ers, sten-

cil bu�ers, or accumulationbu�ers.

.

In IRISGL, rendering into an Xwindowusing core X

renderingafter IRISGLwas boundtothe windowis un-

de�ned. This precludedmixingcore XrenderingwithGL

rendering in the same window. OpenGLallows its ren-

dering to be mixedwith core Xrendering into the same

window. ou should be careful doing so since Xand

OpenGLrenderingrequests are logicallyissuedintwodis-

tinct streams. If you want to ensure proper rendering,

you ust synchronizethe streams. Callinggl ait will

make sure all OpenGLrendering has �nishedbefore sub-

sequent Xrendering takes place. Calling gl ait will

make sure all core Xrenderinghas �nishedbefore subse-

quent OpenGLrendering takes place. These requests do

not require aprotocol roundtriptothe Xserver.

The core OpenGL API also includes gl inis and

gl lus commands useful for rendering synchronization.

gl inis ensures all renderinghas appearedonthescreen

whentheroutinereturns (similarto ync). gl lus only

ensures the queuedcommandswill eventuallybe executed

(similar to lus ).

RealizethatmixingOpenGLandXis notnormallynec-

essary. ManyOpenGLprograms will use a toolkit like

Motif for their 2Duser interface component anduse adis-

tinct Xwindowfor OpenGLrendering. This requires no

synchronizationsinceOpenGLandcoreXrenderinggoto

distinct Xwindows. OnlywhenOpenGLandcore Xren-

deringare directedat the samewindowis synchronization

of renderingnecessary.

AlsoOpenGLcanbe usedfor extremelyfast 2Das well

as 3D. Whenyoufeel aneedtomixcore XandOpenGL

rendering intothe samewindow, consider renderingwhat

youwoulddo incore XusingOpenGL. ot onlydo you

avoidthe synchronizationoverhead, but you can poten-

tially achieve faster 2Dusing direct rendered OpenGL

comparedtocore Xrendering.

.

Graphics programs often need to display text. ou can

use Xfont rendering routines or you can use the GLX

gl se ont routine tocreate displaylists out of Xfonts.

either of thesemethods of font renderingmaybe 
ex-

ible enoughfor aprogramdesiringstrokeor scalable fonts

or having sophisticated font needs. In the future, an

OpenGL font manager will be available to meet these

needs. Inthe meantime, youcanuse gl se ont or X

font renderingor roll your ownfont support. Aneasyway

todothis is toconvert eachglyphof your font intoadis-

playlist. Rendering text inthe font becomes amatter of

executing the displaylist corresponding to eachglyphin

the stringtodisplay.

.

OpenGLsupports immediatemode renderingwhere com-

mands canbegeneratedonthe
yandsent directlytothe

screen. Programmers shouldbe aware that their OpenGL

programsmightbe runindirectly. Inthis case, immediate

mode rendering couldrequire agreat deal of overheadfor

transport tothe Xserver andpossiblyacross anetwork.

For this reason, OpenGLprogrammers shouldtrytouse

displaylists whenpossible tobatchrendering commands.

Since the displaylists are storedinthe server, executinga

displaylist has minimal overheadcomparedto executing

the same commands inthe displaylist immediately.

Display lists are likely to have other advantages since

OpenGLimplementations are allowedtocompilethemfor

maximumperformance. Be aware you can mix display

lists and immediate mode rendering to achieve the best

mixof performance andrendering
exibility.

onclusion

The glxdino example demonstrates the basic tasks that

must be done to use OpenGL with X. The program

demonstrates sophisticatedOpenGLfeatures suchas dou-

ble bu�ering, lighting, shading, back-face culling, display

list modeling, andpolygon tessellation. And the proper

Xconventions are followedto ensure glxdino works well

withother Xprograms.

The glxdino example programand the hints for ad-

vancedOpenGLprogrammingshouldprovideagoodfoun-

dationfor understandingandprogrammingOpenGLwith

Xlib. The next article will explain howto integrate

OpenGLwiththeMotif toolkit.
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