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Abstract

Extensionsto thetexture-mappingsupportof theabstractgraphics
hardwarepipelineandtheOpenGLAPI areproposedto bettersup-
port programmableshading,with a unified interface,on a variety
of futuregraphicsacceleratorarchitectures.Ourmainproposalsin-
cludebettersupportfor texturemapcoordinate generationandan
abstract,programmablemodelfor multitexturing.

As motivation, we survey several interactive renderingalgo-
rithmsthattargetimportantvisualphenomena.With hardwareim-
plementationof programmablemultitexturing support,implemen-
tationsof theseeffects that currently take multiple passescanbe
renderedin onepass. The generalityof our proposedextensions
enableefficient implementationof awiderangeof otherinteractive
renderingalgorithms.

Theintermediatelevel of abstractionof ourAPI proposalenables
high-level shadermetaprogrammingtoolkitsandrelativelystraight-
forwardimplementations,while hidingthedetailsof multitexturing
supportthat arecurrentlyfragmentingOpenGLinto incompatible
dialects.

CR Categories: I.3.1 [Computer Graphics]: Hardware
Architecture—GraphicsProcessors;I.3.7 [Computer Graphics]:
Three-DimensionalGraphicsandRealism—Color, shading,shad-
owing, andtexture.

Keywords: Hardware accelerationand interactive rendering,
BRDFs,shadows,shadinglanguages,illumination,OpenGL.

1 Intr oduction

Severalmultipassalgorithmshavebeenproposedrecentlyto imple-
ment photorealisticand/orphysically-basedrenderingalgorithms
with hardware acceleration. Algorithms exist for global illumi-
nation,local lighting modelswith arbitraryanisotropicreflectance
distributions and normal/tangentinterpolation,and simulationof
arbitrarylenssystems.Unfortunately, themultipassnatureof these
algorithmscanresultin relatively disappointingperformance.

Multipassalgorithmssuffer a severeperformancepenaltyif the
geometrymustbesentthroughthepipelinemorethanonce.Effec-
tively, theutilizationof thegeometrystageof thepipelineis divided
by thenumberof passes,sincefor many multipassalgorithms,the
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geometryof eachpassis identical.This is a serious problemasfor
many applicationsexisting accelerationarchitecturesaregeometry
transformationor geometrybandwidthlimited.

In addition,multipassalgorithmscanconsumea greatdealof
memorystoring framesof intermediateresults,a problemwhich
will only becompoundedwhensignedhigh-precisionframebuffer
andtexturemapcolorformats,neededfor moreadvancedrendering
effects[20, 21], areavailable. Tiling the framebuffer canhelp to
addresstheseproblems,but only at a costin softwarecomplexity,
andpossiblyin overall performance.

In orderto improve the performanceof high-qualityhardware-
acceleratedrenderingandreducethegeometrytransformationand
bandwidthbottleneck,more shouldbe doneon eachpass. The
tradeoffs are similar to the RISC vs. CISC tradeoffs in CPU de-
sign. However, in graphicsacceleratordesignthereare multiple
dimensionsin which complexity could be addedor reduced,and
in somecasestheconclusionsmaybedifferentthanthosein CPU
design. For instance,RISC programsare longer thanCISC pro-
gramssincethey do lesswith eachinstruction,but because(non-
self-modifying)programsarestatic,instructioncachescanaddress
thepotentialbandwidthproblem.Theequivalentissuein graphics
acceleratorsis geometrybandwidth.Unfortunately, in animations
and highly interactive virtual environments(for instance,games)
thetransformedgeometrycanchangein every frame,sogeometry
cachingmaybeof little use.

One wayto reducethenumberof passeswouldbeto providespe-
cializedhardwaresupportfor eachdesiredrenderingeffect: Phong
shading,shadows,bumpmapping,etc.

However, implementingspecializedhardware for specificren-
dering algorithmsand effects is not cost-effective, and doesnot
permittheresourcesusedfor theseeffectsto beretargetedto other
renderingproblems. Suchspecificrenderingeffectsarethe CPU
equivalentof an“evaluatepolynomial” instruction.

On theotherhand,addingtoo muchgeneralityandprogramma-
bility to graphicshardware,for instanceby usingaparallelMIMD
arrayof general-purposeprocessorsor aSIMD processor-enhanced
framebuffer memory, may be overkill. In particular, we usually
only have to evaluaterelatively simpleexpressiontrees[4] to com-
pute the color to apply to a fragment,not Turing-completepro-
grams.

As a middleground,we proposea small numberof conceptual
changesto thestandardtexture-mappingandcompositingpipeline
andtheOpenGLAPI to enablepracticalhardware-acceleratedpro-
ceduralshaders.These“textureshaders”would adda measureof
programmabilityto graphicshardwarebut arenot so generalthat
analysisandoptimizationareimpossible.

While theabstractmodelof textureshadersis at thelevel of mul-
titexturing,theAPI is in factatahighenoughlevel thatawiderange
of hardware implementationsare possible,including pure multi-
pass,SIMD processor-enhancedmemory, hybrid multipasscom-
binedwith fixed-architecturemultitexturing,andfinally single-pass
programmablemultitexturing. On the otherhand,texture shaders
aresimpleenoughthat mappingthemto a given architecturewill
notbeamonumentaltask.In fact,simulatingtextureshadersusing
multipasstechniqueson top of theexisting compositing,multitex-
turing,andpixel transferoperatorsavailableoncurrentmachinesis
feasible,with thesingleadditionof signedcompositingarithmetic



andcolor representations.Vice versa, for backward compatibility
existing multitexturing operationscan be implementedusing any
hardwarecapabilitiesaddedto implementtextureshaders.

Textureshadersaregeneralenoughthat they canbe usedasan
intermediatetarget languagefor higher-level shadercompilersor
object-orientedshadermetaprogrammingtoolkits (for instance,us-
ing a “shadernodegraph” akin to the scenegraphin OpenInven-
tor). As with standardcompilers,the useof an intermediatelan-
guagedecouplesthehigh-level languagesfrom theimplementation,
whichpermitsavarietyof high-level shadertranslatorsto mapto a
widerangeof implementations.Thispermitsthecostof developing
a high-level shaderlanguageto be amortizedover a wide product
line. At thesametime,complianceverificationwith thesimpleAPI
proposedis morestraightforwardthanwith ahigh-level language.

Our proposal[26] hasseveral parts. Thesepartsaresomewhat
independentbut aredesignedto work togetherin orderto express
the implementationsof certainphotorealisticrenderingalgorithms
cleanlyandefficiently.

First, we extendandgeneralizeexisting texturecoordinategen-
erationmodesso internallygeneratedor maintainedgeometricin-
formation(suchasthe normalizedvectorto the light sourcefrom
a vertex) canbe convertedinto texture coordinateinformationor
shaderparametersin usefulways. We alsoaddtangentvectorsto
completethespecificationof a surfacecoordinatesystemto com-
plementtheexistingobjectandview spacecoordinatesystems.

The texture coordinate generationextensionsare very power-
ful in their own right andcouldsignificantlyimprove performance
whenrenderingsophisticatedlighting effects,yet they will begen-
erally easierto implementthan full texture shadersupport. In
fact,on implementationsthatusethehostCPUfor texturecoordi-
nategenerationandlighting, thenewtexturecoordinate generation
modesproposedcanbe addedto the drivers of existing graphics
accelerators.

Secondly, we extendandgeneralizemultitexturing to supporta
directedacyclic graph(DAG) of blendingoperators;currentlymul-
titexturingsupportsonly afixed-lengthchainof suchoperators.At
the root (output)of the DAG is the color assignedto a fragment
destinedfor theframebuffer; at theleaves(inputs)arefilteredtex-
turelookups,thecolorsinterpolatedfromvertex colorsand/orhard-
warelighting, andpossiblyparameterspassedin or generatedfrom
local geometricinformation using the texture coordinategenera-
tion modesanda texture coordinatepass-throughmode. Signed
arithmeticand scalingby powers of two is permittedwithin the
shaderDAG,with internalvaluesclampedto andtheoutput
clampedto .

The shaderdefinition includesa mechanismfor dynamically
binding texturecoordinatesandtexture lookups. This mechanism
enablesreuseof texture coordinate generationand interpolation
computations,which is especiallyusefulwhena software imple-
mentationof thegeometrystageof thepipelineis used.

TheshaderDAG is specifiedattheAPI level asapostfix(reverse
Polishnotation)stackprogramoperatingon a stackof 4-vectors,
with somesupportfor infix notation.

It is unlikely that the textureshadingDAG will actuallybe im-
plementedas a stackmachine,but ratheras an optimizedparal-
lel VLIW or SIMD machine,or even usinghiddenmultipassren-
dering. We sketcha few possibilitiesin Section6. However, the
abstractstackmachinepermitsthe removal of variablenamesin
theshaderandpermitsmodularmetaprogramming.Thesefeatures
canbeexploitedby higher-level shadermetaprogrammingsoftware
toolkits.

2 Prior Ar t

Severalresearchershavedevelopedmultipasstechniquesfor gener-
atinghigh-qualityimagesusingtheoperationsavailablein contem-

porarygraphicshardware.Theeffectscoveredby thesetechniques
includebumpmapping[27], normalmapping[19], andreflections
off planar[7] and curved reflectors[12, 17, 29]. The traditional
local illumination model usedby graphicshardware can also be
extendedto include shadows (using either shadow maps[35] or
shadow volumes[7]), arbitraryreflectancefunctions[20, 17], and
complex light sources[15, 35].

Otherresearchershavedevelopedmethodsfor solvingtheglobal
illumination problemwith the help of graphicshardware. Keller
[22] usesmultipassrenderingto generateindirect illumination for
diffuseenvironments.StürzlingerandBastos[37] canrenderindi-
rectilluminationin glossyenvironmentsby visualizingthesolution
of a photonmapalgorithm.Stammingeretal [36] andWalteret al
[39] placeOpenGLlight sourcesatvirtual positionsto simulatein-
directilluminationreflectedbyglossysurfaces.HeidrichandSeidel
[17] usemultiplerenderingpassesandenvironmentmapsto render
globalilluminationsolutionsfor non-diffuseenvironments.

Anotheruseful classof techniquesuseslight fields; thesecan
beeitherrendereddirectly [9, 24], usedto illuminateotherobjects
[15], or usedto simulaterealisticcamerasandlenssystems[18].

While it has beenclearly demonstratedthat high quality im-
agescanbeachievedusingmultipasstechniques,theperformance
of thesealgorithmscanbe disappointing,especiallywhenusedin
combination.Therearetwo reasonsfor this: hardwaremismatch
andmultiplicativepasscombinations.

2.1 Hardware Mismatc h

Hardware mismatchresultsbecausecontemporaryhardware has
beenderivedfrom empiricalmodelsof rendering.In contrast,pho-
torealisticrenderingalgorithmsareoftenphysicallyderivedandre-
quirehigherdynamicrangeandprecisionthanis usuallyprovided
in hardware. Compositingoperationsoften clampcolor valuesat
inconvenientplacesin thecomputation.Currentframebuffer arith-
metic is alsousuallyunsigned,which posesanadditionalproblem
for somealgorithms.

Surmountingthesedifficultiesispossiblebutusuallyrequiresex-
traoperations,suchasscalingandbiasingcolorvaluesin theframe
buffer. Theseextraoperationscanresultin a lossof precisionanda
severeperformancepenalty.

Thehardwaremismatchproblemcan,for themostpart,beover-
comewith modificationsof color representations(suchassigned
valuesand/orfloating-pointcolor representations)andtheaddition
of a smallnumberof newoperations(suchasscalefactorsgreater
thanunity, perhapslimited to powers of two, in the compositing
operators).

2.2 Pass Combination

Moreseriously, theorganizationof contemporaryhardwarepermits
only a relatively smallamountof work to beaccomplishedoneach
pass.

Each new photorealisitic effect typically requires multiple
passes.Whencombiningeffects,sometimeswith someingenuity
(andlossof modularity)passescanbecombined,but in theworst
casethetotal numberof passesis theproductof thoserequiredfor
eachindividualeffect.

Consider, for example,the combinationof multipassplanarre-
flections[7] with separablelighting models/BRDFs[17, 20]. A
maximumreflectiondepthof requires passes;in eachpasstex-
turemapsrepresentingreflectedimagesmustbegeneratedusingthe
texturemapsgeneratedin thepreviouspass.However, if passes
areneededto computethe local lighting, these passesmustbe
usedfor each of the passesrequiredfor reflectance,resultingin

passesin total.



Similar multiplicative effectscanbe observed whencombining
multipassalgorithmsfor simulatinglenssystems[11, 18],shadows
castfrom multiple light sources,andso on. While the costof in-
dividual multipassalgorithmsis usually tolerable,the expenseof
their combinationexplodes.

2.3 Shading Langua ges

Shadinglanguages,suchasPixar’s RenderManshadinglanguage,
[13, 38] can be usedfor more than just specifyinglocal lighting
models.Sinceshadingprogramsassignthecolor to a surfacewith
a relatively arbitrary computation,and can useother sourcesof
pretabulated information, they can also be usedto rendershad-
ows,generatenon-photorealistic“sketch” renderingsfor visualiza-
tion andartisticpurposes,andcanbepotentiallyusedto integrate
theresultsof globalilluminationsolutionsinto a rendering.

Severalattemptshave beenmadeto integrateshadersinto inter-
active rendering.Someresearchershave acceleratedthe software
evaluationof shadersby precomputingpartsof them [10], or by
parallelizingthecomputationsonanumberof MIMD orSIMD pro-
cessors;for example,seePerlin[31].

Hardware supportfor proceduralshadinghasbegun to appear
in graphicsaccelerators.The mostprominentexampleis the Pix-
elFlow architecture[28, 30], which is in theprocessof beingcom-
mercialized. In this architecture,several renderingunits based
on general-purposemicroprocessorsand specializedprocessor-
enhancedmemoryrun in parallela programimplementinga ren-
deringpipelineon part of the scenedatabase.Shadersareimple-
mentedusinga SIMD array, with shaderprogramscompiledfrom
a high-level language(pfman)almostidenticalto Pixar’s Render-
Manshadinglanguage,exceptfor theadditionof fixed-pointtypes.

Unfortunately, dueto differencesin demand,productionvolume,
andpositiononthelearningcurve,SIMD arraysarelikely to remain
significantlymoreexpensive perbit thanconventionalmemory.

2.4 Sample-Based Appr oaches

The traditional renderingpipeline used by most contemporary
graphicsarchitectureshasbeenextendedrecentlyby somenewfea-
tures,availablethroughthe OpenGLAPI, that canbe usedto im-
prove therealismof renderedimages.

The imagingsubsetthat hasbeenaddedto OpenGL1.2.1con-
sistsof color transformationsand color lookup tablesas well as
scaling,biasing,andextendedcompositingoperations.In combi-
nationwith the“pixel texture” extension,whichfeedsrenderedim-
agesbackasper-pixel texturecoordinates,it is possibleto combine
normalmapswith environmentmappingandinterestingper-pixel
reflectionmodels[17]. Pixel texturescanalsobe usedto imple-
mentshadows andsamplelight fields[19].

However, themostwidely availablenew featureat the low end
is theability to applymultiple texturesto asingleobjectin asingle
renderingpass,usingachainof blendingoperators.Thiscanreduce
thenumberof requiredrenderingpassesdramaticallyin many mul-
tipassrenderingalgorithms,including someof the examplesdis-
cussedin thenext section.

Oneof thecentralpremisesof this paperis thatmultitexturing,
whetheror not it is actually implementedin hardware, is at least
a useful conceptualabstractionat the API level. However, more
flexibility is neededin the specificationof how samplesfrom dif-
ferenttexturelookupsarecombined.Wewill establishthis through
casestudiesof theexpressionsneededto computeseveralimportant
renderingeffects.

3 Rendering Effects Targeted

The following exampleswill be usedto motivate the specificex-
tensionswe propose. We do not meanto imply, by using these
examples,thattextureshaderscanonlybeusedto implementthese
effects. However, eachof the following is a very importantvisual
phenomenonnotwell servedby existinggraphicshardware.

3.1 Local Lighting Models

Physically-basedlocal reflectancecanbeexpressedin termsof in-
comingradiance andoutgoingradiance at
eachsurfacepoint :

(1)

where is an incoming light direction, is the view direc-
tion, , the integral is taken over the incom-
ing hemisphere relative to the solid anglemeasure,the factor

is calledtheirr adianceat , and is called
thebidirectionalreflectancedistribution function, or BRDF.

Herewe have explicitly shown the dependenceon surfacepo-
sition andsurfaceorientation,asspecifiedby the normalvector

anda tangentvector , which in turn alsodependon sur-
faceposition . The BRDF is actuallya function of the coordi-
natesof and relative to the position-dependentcoordinate
basis , , and . In the following
wewill take thesedependenciesasimpliedandwrite theBRDF as

. Thereis also, of course,an implied dependence
on wavelength/colorin , , and , which is not necessarily
separablefrom thegeometricdependency.

If point sourcesareused(a grossapproximationof realistic
lighting situations),the incomingradianceis a sumof deltafunc-
tions scaledby , where is the intensity of the th light
sourceand is the world-spacedistanceto the th light source.
Let bea normalizeddirectionvectorpointingtowardsthe th
light source.In thissituationthereflectanceintegral reducesto

(2)

Usually, wegeneralizeandusean(empirical)quadraticattenua-
tion function in placeof just . This permitspoint sources
to betterapproximatetheattenuationpropertiesof areasources.For
conveniencedenotetheirradiancefrom light source as , to give
thefollowing:

(3)

(4)

Unfortunately, even evaluating this (gross)approximationre-
quires evaluationsof the 6-dimensionalfunction , assuming
weencodeeachof , , and with two degreesof freedom.

If we store in a tabulatedform, we cannot usea naive ap-
proach; it simply takes too much space. If we remove someof
thedegreesof freedom,suchasthedependenceonsurfaceposition

or on the local orientationof the surface(i.e. assumeisotropic
BRDFs),we potentiallythrow away interestingvisualphenomena.
Whilewemightwantto dothissomeof thetimeto savespacewhen
aBRDF is isotropic,wedon’t wantto beforcedto doit all thetime.



A shift-invariantBRDF doesnot dependon surfaceposition .
Elsewhere[20, 17] we have found that visually usefulrepresenta-
tions of shift-invariantBRDFscanbe obtainedusinga reparame-
terizedseparableexpansion:

(5)

(6)

where is a relatively simple-to-computereparameterization,for
exampleusingthe halfvector norm asoneof the
axes of a new coordinatesystem[20, 21, 34]. With a good pa-
rameterization,typically goodapproximationscanbe found with

, and often even gives good visual results. The
separabledecompositionis in effect a compressedrepresentation,
but anasymmetricone;it’ s relatively hardto find theright factors

and , but evaluationof the BRDF at a point from
thecompressedrepresentationis trivial.

With the right reparameterizationand texture-maprepresenta-
tions of and (e.g. parabolicmaps[16, 17]) inter-
polationof and gives Phong-shadinglike results,so
theparameters needonly becomputedat theverticesof
polygons,astexturemapcoordinates;seeFigure6. Unfortunately,
for , weneedto storesignedvaluesin and .

Dependenceon canbereintroducedin variousways. For in-
stance,we canassumethat the glossypart of the BRDF is shift-
invariant, but an additive diffuse term dependson . This
requiresa reconstructionof thefollowing form:

(7)

Alternatively, we could blendbetweentwo BRDFsusingcom-
positing. This might be useful to represent,for example,a chess
boardwith thewhitesquaresusingtheBRDFof ivory andtheblack
squaresusingtheBRDFof slate,or to representlocalizedcorrosion
or scuffing of metal:

(8)

Straightforwardextensionsof this approachcouldbeusedfor any
othermixed-reflectancemodelwith asmallnumberof baseBRDFs.

What is interestingaboutall the above expansionsis that only
multiplicationandadditionof colorvaluesareneededto reconstruct
thereflectance;theseoperationscanbeimplementedwith existing
compositingoperations.If is used(giving an asymptotic
errorof 0 as ) signedarithmeticis needed;however, biasing
canbeusedat someloss inefficiency andprecision.

Comparedto implementingPhong shadingin hardware, the
texture-mapbasedshaderapproachprovidesmuchmoreflexibility
(anyBRDF) while exploiting existing capabilitiesin texturemap-
ping.

3.2 Specular and Glossy Reflection

Sofarwehaveonly consideredlocal lighting modelsrespondingto
point sources.But this is of coursea grossoversimplification,and
whatwe reallywantis aglossyreflectionof theincomingradiance
from theentireenvironment.

Without Shadows

With Shadows

Figure1: Are thespheressittingon thegroundplanes,or not?Are
thecubes?Whatarethe relative distancesof the cubeandsphere
in thesetwo images? Are theseimagesof the samesceneor of
differentscenes?With shadows, all of thesequestionsareeasyto
answer.

Reflectionof the environmentcanbe approximatedwith envi-
ronmentmaps. However, when the incomingradianceis filtered
throughtheintegral in Equation2, whatresultsis ablurry, or glossy
reflectionof theenvironment.If theBRDFis aconstantshape,asin
the Phonglighting model,thenglossyreflectioncanbe simulated
simplyby blurring theenvironmentmap.

In general,however, theshapeof theBRDFdependsontherela-
tionshipof and to thelocalsurfaceframe.In particular, due
to theFresneltermandforeshorteningof microgeometry, glancing
reflectancesaregenerallymorespecularthannormalreflectances.

Betterapproximationscanbeobtainedby:

1. Generatinga representationof thedesiredBRDF in termsof
aweightedsumof asetof parameterizedbasisfunctions.

2. Generatingasetof filteredenvironmentmapsover theparam-
eterspaceof thebasisfunctions.

3. Selectingandblendingthe prefilteredenvironmentmapsus-
ing thecoefficientsandparametersettingsfoundduringthefit
of thebasisfunctionsto theBRDF.

An example is shown in Figure 7, using only two environment
maps:oneveryglossy, oneanearmirror reflection.Glancing-angle
reflectanceis typically closerto beingspecular. This effect canbe
simulatedby blendingin moreof themirrorenvironmentmapwhen

is small.
This is a verysimple,ad hocexample.More thantwo environ-

mentmapswould lead to moreconvincing resultsandbetterap-
proximationsof arbitraryBRDFs. Also, while in this casea 3D
texture (or a MIP/pyramidalmapwith 3D texture map indexing)
wouldbeadequate,in generalthebasisfitting mayrequiredifferent
texture coordinatesfor eachterm, and texture-mappedweighting
functionsthatarenon-zerofor morethantwo texturemaps.

For example, if a multiple lobe model is used[23] to fit the
BRDFs,thedirection,width, andradialprofile of eachlobecould
potentially vary independently, and several environment maps
could potentially contribute to a pixel’s color, not just two as in
3D texturemappingwith linearinterpolation.



3.3 Shado ws

Shadowsareavery importantdepthcue,andrequirenospecialdis-
playhardwareto present(unlike,for instance,stereo).Considerthe
demonstrationin Figure1. Despitethis fact, almostno commer-
cially availablemidrangehardwaresupportsshadows directly.

There are (at least) two practical ways to implementgeneral
shadows with hardware acceleration:shadow mapsand shadow
volumes[1, 2, 3, 5, 8, 33, 35,42]. Thereareseveralpossiblevari-
antsof thesetwoalgorithmsandalgorithmsthatarehybridsof them
[25].

Any implementationof shadows shouldnot considermerelythe
cost of castinga shadow from a single light source,but also the
costof integratingshadows into the lighting modelandof casting
shadows from multiple light sourcesin a singlepass. This latter
capability is especiallyimportantfor implementingglobal illumi-
nationalgorithmsbasedon distributing a numberof light sources
throughoutthescene[22].

Ultimately, theproblemboils down to the integrationof the in-
formationthat a given point is in shadow with respectto a given
light sourcewith theshadingmodel.For every surfacepoint be-
ing rendered,let be1 if thepoint is not in shadow relative to
light source , and0 if it is in shadow. To antialiasshadow edgesor
to representpenumbra, cantakeonintermediatevalues.Now
thelocal lighting expressionshouldbe

(9)

Obtaining canbe doneusinga shadow map,in which case
mustbebacktransformedinto a light-centriccoordinatesystem.

Alternatively, canbeprojectedforwardinto screenspace(some-
thing thatmustbedoneanyways)andanappropriatestencilbit or
groupof bits canbereferenced,wherethestencilvaluescanbeset
with either the shadow volumealgorithmor a forward-projection
shadow mapalgorithm.

If the stencilplanescanbe treatedas texturesandappropriate
bitscanbeextractedduringevaluationof theabove expression,then
thesecondapproachdoesnot requirea specialpurposebacktrans-
formation.

What is neededto implementthis is a texture-maplookup,pos-
sibly with a projective transformationof the position , followed
by generationof a scalefactor eitherby usinga comparison
or by simplyextractingbits from a(stencil)texturemapvalue.

Note the most importantaspectof Equation9: it is a summa-
tion that occursafter we have evaluated samplesof the local
lighting model,eachof whichmayrequireits own summationsand
multiplicationsfor reconstructionfrom a compressedform, andan
illumination-modulatingmultiplication.

The currentOpenGLmultitexturing specificationdoesnot per-
mit single-passshadingcomputationswith theright form to handle
even two light sources;we must usemultiple passesand frame-
buffer compositingor the accumulationbuffer.

4 Extensions Proposed

Our extensionshave been developedin the context andusingthe
conventionsof theOpenGL1.2.1API andabstractmachine.Thisis
for concretenessandto directly addressa very importantgraphics
hardwareAPI. Of course,these ideasarealsoapplicableto other
hardwareAPIs that usea similar graphicspipeline. Due to space
limitationstheextensionsarepresentedonly briefly andby exam-
ple. A full specificationis availableelsewhere[26].

Thegoalof theseextensionsis to significantlyreducethenum-
ber of renderingpassesrequiredfor our target applicationswith

relatively small changesto the existing pipelineandAPI. We are
intentionally keepingthe changesas simple as possibleto make
themeasierto implementandverify.

4.1 Tangent Vector s

In order to supportanisotropicreflectionmodels,the conceptof
a surfaceorientationneedsto be addedto OpenGL.This should
take the form of a new function Tangent*() analogousto
Normal*(). The Tangent*() function would specifya cur-
rent tangentvector that shouldbecomeattachedto vertex datain
exactly thesameway asnormalinformation1.

Tangentvectorsshouldbe transformedinto eye coordinatesby
themodel/view matrix. Normalizationandscaling “hints”for han-
dling normalsshouldbeclonedfor thetangent. Itis mostpractical
to assumethat it is the programmer’s responsibilityto ensurethat
the tangentandnormalareinitially perpendicularto eachotherin
objectspace,sothey remainperpendicularin eyespace.

4.2 Texture Coordinate Generation

Oneof theproblemswith thecurrentOpenGLspecificationis that
usefulinformationis computedatvariousplacesin thepipeline,but
cannotbeaccessed.For instance,we would like to have accessto
thenormalizedlight andview vectorsgeneratedat theverticesfor
lighting,andbeableto convert this informationdirectlyinto texture
coordinates.

New texture coordinate generationmodesshouldbe provided
that take the form of dot productsbetweenany of , , ,

, , , , , , , , , and . A differenttexturegen-
erationmodeshouldbe specifiablefor eachof the four available
texturecoordinates.

Thevectors , , and aregeneratedinternally:

(10)

(11)

norm (12)

The vectors , and are the axesof the viewing coordi-
natesystem;thevectors , and aretheaxesof the object
coordinatesystem.

Somereasonableapproximationsareavailablefor . Thebinor-
mal in combinationwith and givesa completeorthonormal
“surface” coordinateframeat eachvertex2. The reflectionvector,
, is alreadyrequiredfor spheremaps.

Practicallyspeaking,the API for this extensionconsistssim-
ply of a numberof new enumeratedtypesfor the TexGen and
MultiTexGen functioncalls.

Giventhesemodes,someotherusefultexturecoordinatescanbe
synthesized.In particular, usingan appropriateprojective texture
transformationmatrix we canevaluateparabolicmapcoordinates,
whichgive alow-distortionparameterizationof thehemisphere.

Theseextensionsoffloadtexturecoordinate generationandtrans-
fer from the hostCPU, andarevery powerful in their own right.
In combinationwith evenbasicmultitexturingand/orcompositing,
theseextensionscanbe usedto implementsingle-termseparable
BRDFs, microcylinder shadingmodelsfor line segments,view-
independentenvironmentmaps[16, 17], andattenuationfrom lin-
earandtriangularlight sources—atleast.

1The EXT coordinate frame extensionactually supportsboth a
tangentvectorandabinormal,andis closeto whatis required.

2Thiscoordinateframeisusefulfor bumpmappingaswell asanisotropic
reflectances.



4.3 Multiple Primar y Color s

In order to handleshadows correctly while still using hardware
lighting for computingirradiance,the “primary” colorscomputed
for eachactive light shouldbetransferredindependentlyto thetex-
tureshadingstage.

Unfortunately, theprimarycolorscannotbesummedbeforethey
have beenproperlymasked by shadows, andthis informationwill
not be availableuntil a shadow map(or the equivalent)hasbeen
accessed.

Sincetextureshaderscanbeusedto implementlighting models,
subsumingthe function of hardware lighting, it would be reason-
ableto implementthetransferof primarycolorsin a way thatdoes
not requirea greatdealof extra bandwidth.For instance,transfer
of a primary color to the texture shadercould disableoneof the
textureaccesschannels.

4.4 Extended Texture Types

In orderto computeshadows andotherwiseusedepthandstencil
conditionalexpressionsin shaders,it is proposedthat the internal
texturetypesbeextendedto includedepthandstenciltypes.

As stencil planestypically have only 8 bits, a stencil value
(convertedto fixedpoint format)canbetreatedasanRGBA matte
value for thepurposesof blendingin thetextureshader.

The depthtype needsspecializedsupportsinceit shouldhave
at least16 bits of precision,andpreferably32. Depthtypesmay
useaninternalrepresentationthatcanonly becomparedwith other
depths,not usedin arithmetic.Fortunately, depthtexturesneednot
befiltered.

4.5 Multite xturing Stack Machine

The coreof our proposalis a moreflexible and“programmable”
way to combinetheresultsfrom multiple texturelookups.

Thecurrentspecificationof multitexturingonlyallowsfor blend-
ing togethertheresultsof a fixednumberof texturesandthefrag-
mentcolor in afixedorder(achain).Thecolor resultingfrom each
blendoperationis usedasaninput color for furtherblendingwith
thecolor from thenext texture. This fixedarchitectureis very lim-
iting for many of our target applications. For example,it is not
possibleto computethe sumof two productsof valueslooked up
from atexture,andsowecannotdotwo-termseparableexpansions
of BRDFsin onepass.

We proposeto replacethis fixed order of blendingoperations
by a simplestack-based“programminglanguage”.Eachentry of
the stackcontainsa “color” with signedcomponentsin the range

. Eachcolor on thestackactuallyconsistsof a setof 48 or
morebits thatcanbeusedeitherasa high-precisionRGBA value,
4D texturecoordinate,or asingledepthvalue.

The postfix notation of a stack machine enablesa simple
metaprogrammingAPI and in particularpermitsthe semanticsof
the host languageto be usedfor modularity. Sincethereare no
variablenames,thereis nopotentialfor namingconflicts;stackma-
chine“subroutines”cansimply bewrappedin hostlanguagefunc-
tionsthatemit theminline into anopenshaderdefinition.

Conceptually, thestackis manipulatedby asequenceof instruc-
tionsthatplacetexturelookupsandprimarycolorsonthestackand
thencombinethemwith variousoperators.At theendof thecom-
putation,thecolorvalueat thefront of thestackis clampedto
beforebeingusedasthefragmentcolor.

A mechanismfor theloosebindingof texturecoordinatevectors
to texturelookupsis alsodefinedthatwouldpermitreuseof texture
coordinates,asis commonin multiple-termapproximations.

It shouldbenotedthatdespitetheconceptualizationof thestack
machineasasequentialexecutionunit, it neednotbeimplemented
thisway, asweoutlinein Section6.

Definitions of shader programs are surrounded by
BeginShader(uint ) and EndShader() statements.
The parameter passedto the BeginShader( ) statement
definesthe “name” of a shaderobject for later reference. The
shaderidentifier0 is reservedfor “default OpenGLbehaviour” but
otheridentifiersareavailablefor theprogrammer’s use.

ShadersaremadeactiveusingthefunctionShader(uint ).
Activatinga shaderalsoactivatesandbindsassociatedtextureob-
jectsand texture coordinate generationmodes. This “shaderob-
ject” interfaceis usedin caseany non-trivial compilationis needed
to mapa shaderprogramontoa given implementation,andalsoto
permitfastswitchingbetweenshaderswhendrawing ascene.

Stackoperationsaredividedinto categories:stackmanipulation
(for instance,pulling itemsout of the middle of the stackto sup-
port sharedsubexpressions),arithmeticandblending,comparison
of colorsanddepthvalues(comparisonsreturnblack or white for
blendingwith furthercomputations),logical operations,andcom-
ponentshuffling.

Accessoperationspermitplacingof texturelookups,textureco-
ordinates,and interpolatedprimary colors on the stackto act as
parametersfor shaders.Whentheshaderis defineda list of all the
necessaryparametersis formed anda schedulecreatedfor deliver-
ing themto theshader.

Finally, for caseswhenpostfixnotationis too verboseor incon-
venient,a ShaderExpr function acceptsa string specifyingan
infix expressionthatcaninitiate a numberof blendandaccessop-
erations.

4.6 Texture Coordinate Generation

In order to supportshadersthat requiremultiple texture lookups,
supportfor programmabletexturecoordinate generationis alsouse-
ful. For example,useof environmentmapscombinedwith bump
mappingwould requiretwo stagesof texture lookup,oneto eval-
uatethebumpfunctionand oneto sampletheappropriateplacein
theenvironmentmap.

Shaderprogramswith multiple texture accessescan be speci-
fied usingthefollowing functionto bind togetherseveralprimitive
shaderprograms:

ShaderTexGen(uint , enum , uint )

This functiontakesthe entriesonthetopof thestackafterexecu-
tion of shader andsendsthembackto thetexturegenerationunit,
bindingtheseresultsto thetexturecoordinateidentifiers through

.
Evaluatingandbinding all texture coordinatesat onceensures

thatin packetizedimplementations,all theinformationfor thenext
shaderwill beavailablesimultaneously, sono bufferingwill bere-
quiredat theinput to thetexturelookupunits.

5 Example

In thisexamplewe show how theproposedextensionscanbeused
to implementoneof the targetedrenderingeffects: multiple-term
separableBRDFapproximations.

Considerthe illumination of an objectwith a two-termsepara-
ble expansionof a BRDF with the irradianceevaluatedusingthe
existing hardwarelighting model. Therequiredshaderexpression
is shown in Figure2 along with a shaderprogramwhich imple-
mentsit. Note that expressionrequiresthe sumof two products
with negative valuesin the secondproduct;neitheroperationcan
be implementedin a single passwith the existing multitexturing
facility.
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BeginShader(1);
//--- Establish base of light and coord indices
ShaderBaseLight(LIGHT0); // (actually, is default)
ShaderBaseParam(TEXTURE0); // (actually, is default)

//--- Bind texture object a to coords 0, b to coords 1
ShaderTexture(a,0); // a(0)
ShaderTexture(b,1); // b(1), a(0)
//--- Multiply a and b
ShaderModulate(); // b(1)*a(0)

//--- Bind texture object c to coords 0
ShaderTexture(c,0); // c(0), b(1)*a(0)
//--- Convert c over [0,1] to C over [-1,1]
ShaderConstant1(-0.5);
ShaderShift(1);
ShaderAdd(); // C(0), b(1)*a(0)
ShaderShift(0);

//--- Bind texture object d to coords 1
ShaderTexture(d,1); // d(1), C(0), b(1)*a(0)
//--- Convert d over [0,1] to D over [-1,1]
ShaderConstant1(-0.5);
ShaderShift(1);
ShaderAdd(); // D(1), C(0), b(1)*a(0)
ShaderShift(0);

//--- Multiply C and D
ShaderModulate(); // D(1)*C(0), b(1)*a(0)
//--- Add the two products
ShaderAdd(); // D(1)*C(0)+b(1)*a(0)

//--- Multiply irradiance and reflectance; scale
ShaderLighting(0); // E0, D(1)*C(0)+b(1)*a(0)
ShaderShift(3);
ShaderModulate(); // (E0*(D(1)*C(0)+b(1)*a(0)))<<3

EndShader();

Figure2: Exampleexpressiontreeandshader.

6 Implementations

In this sectionwe briefly considerthe implementationof shaders,
includingasimplepreliminary“plausibility” designfor single-pass
shadingandsomeglobalarchitecturalconsequences.

6.1 Global Architecture

A typicalhigh-level architecturefor agraphicsacceleratoris shown
in Figure3. In this architecturewe have shown a singlememory,
asopposedto separateframebuffer andtexturememory. Theunits
whichthispaperis primarily concernedwith, thetexturecoordinate
generationunit andthetextureshader, areshown with boldoutlines.

6.2 Texture Coordinate Generation

Despitetheir relative simplicity, thenewtexturecoordinategener-
ationmodesproposedarecrucialfor makinglocalgeometricinfor-
mationavailableto shaderprograms,andwould be a usefuladdi-
tion even without programmablemultitexturing. As they require
only dot productsbetweennormalizedandunnormalizedvectors
thatalreadymustbecomputedat theverticesof primitives,ahigh-
performancepipelinedimplementationis straightforward.

6.3 Managing Texture Access Latenc y

Typically, thetexturelookupunitshavelonglatencies,sincetexture
memoryaccessesarepipelinedandfiltering andinterpolationoper-
ationsmustbeperformed.They mayalsohave variable latencies,
asa texturecachemaybeused,andif amultibankmemoryis used
bankconflictsmayoccur.

Shaderprogramsdonot requesttexturesamples;dueto thelong
textureaccesslatency, texturesamplesmustbescheduledto arrive
at the shaderat the right time. It is alsonecessaryfor all texture
samplesfrom multiple texturesto arriveat theshadertogether. For
instance,if a cachemissoccurson onetexturechannel,stallingall
channelsto keepthemsynchronizedmay be required. Of course,
theseare concernsin existing multitexturing implementationsas
well.

The additional concernthat texture shadersintroduceis that
complex shadersmayrequiretheuseof moretexturesamplesthan
thereareparallelunitsavailable.In this casesequentialtextureac-
cessesmustbe scheduled,and if oneof the accessesin a texture
sample“cluster” is stalled,all mustbe delayedto synchronizear-
rival at the shader. Alternatively, the shadercompilercandecom-
poseshadersthathave toomany inputsinto multiplepasses.
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Figure3: Globalacceleratorarchitecture.



6.4 Multipass Implementation

Textureshaderscanbesimulated,if necessary, usingmultipassal-
gorithms. Basically, pbufferscanbeusedto hold intermediatere-
sultsof thecomputation,with compositingandtexturingoperations
usedto implementeachtextureshaderoperation.

Both color storageformatsand the compositingand texturing
operationsmustbeextendedto supporthigh-precisionsignedarith-
metic, but this is a relatively small changethat doesnot require
rearchitectingexisting designs. This implementationpossibility
permitsasingleAPI to covermachinesbothwith andwithoutmul-
titexturingcapabilities.

The chief disadvantageof the multipassapproachis that even
after optimizationof the shaderprogram,a greatdealof memory
mayberequired,particularlysincehigh precisionmayberequired
in thepbuffers. This limits the complexity of theshadersthancan
beimplemented.Furthermore,if a scenehasmultiple shadersthat
eachcoverasmallpartof thedisplayarea,thenmemoryutilization
will be low unlesstight boundingboxesaroundthepixelsaffected
by theshadercanbebuilt.

If aprocessor-enhancedmemoryis used,asin PixelFlow, similar
problemsarise,exceptthememorycostsmoreandsothememory
allocationproblemsaremoreacute.

Therefore,the multipassapproachwill be most useful in do-
mainssuchasindustrialdesign,wherethenumberof shadersin the
sceneis low andshadercoherenceis high. Themultipassapproach
is alsousefulasa fall-backin caseshadersget too complex for a
single pass. However, the additionof multitexturing and texture
shadersupportshouldgreatlyreducethenumberof passesrequired
whenonly moderatelycomplex shadersarerequired.

6.5 Single-P ass Texture Shaders

A literal sequentialimplementationof theconceptualstackmachine
would betoo slow to beuseful.Wecouldreplicatestackmachines
or pipelinea singlestackmachineby replication.However, imple-
mentinga sequentialstackmachineefficiently is difficult, andthe
pipelinedapproachresultsin largebussesbetweenpipelinestages
andlow utilizationof thefunctionalunits.

An alternative is to reconstructthe shaderexpressionandthen
mapit ontoadifferentimplementationarchitecture,suchasanarray
processor, or a specializedSIMD or MIMD processor. Theseneed
notbegeneral-purposeunits;in particular, branchesconditionedon
datavaluesarenotnecessary, andthiscansimplify implementation.

An exampleis shown in Figures4 and5. Herea sharedbus is
usedto deliver texturesamplesto a small numberof parallelpro-
cessingunits. Theregisterunitsareorganizedin bankssomultiple
texturesamplescanbeloadedsimultaneously.

The processingunits are all executing the same instruction
stream.However, becausetheinstructionstreamis pipelined,they
areout of step.Texturesamples(or interpolatedprimarycolors,or
texture coordinatespassedthroughfrom the rasterizer)aredeliv-
eredto processingunits in a round-robinorderusinga sharedbus
aseachprocessingunit reachesthebeginningof anotherexecution
of thecurrentshaderprogram.Whentheresultsarereadythey are
sentto asharedoutputbusfor delivery to thenext stage.

If thisarchitectureresultsin toomany wires,theresultandinput
busescanbe combined,andperhapsthe inputscanbe serialized
ontoasinglebus.To initialize ashader, constantscanbepreloaded
into the PEsusingthe texture input busses.Sincethe instruction
memoryis shared,it can be large enoughto hold several shader
programs,to minimizethetime requiredto switchbetweenthem.

If the shaderprogramsaresmall, thenoutputcanbe generated
on every clock. If every operationtakesoneclock cycle, thenwith
four shadersthreeoperationscanbe executedbeforethe next in-
put is ready. A treewith four leaveshasthreeinternalnodes,each
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Figure4: Oneprocessorelementfor thestaggered-SIMDapproach
to theimplementationof textureshaders.

representinganoperation,sothispermitsshadertreeswith twocon-
stantsandtwo space-variantoperandsto executeat full speed.

More complicatedshaderswith the samenumberof inputsare
possible,for exampleif analytic evaluationof a tone operatoris
used,or if a function is synthesizedasa polynomial. In this case
the output rate shoulddegradegracefully. On the other hand,if
a shaderrequiresmoreinputs,they canbe deliveredin additional
round-robinpasses,althoughtherasterizernow hasto scheduleand
reordertexture accessesover fixed-sizegroupsof pixel fragments
andthetextureaccessunitsneedto synchronizethearrive of each
group.For thisandotherreasons,it maybesimplestto implement
multitexturing usingsequentialtexture accessusingonly a single
texture lookup unit; in this case,the texture shaderwould require
only a singleinput bus,andhigh performancewould be achieved
by having severalparalleltexturelookupandshaderpipelines.

If someoperationstake multiple cyclesto complete,variations
on this architecturemaybenecessary. If we assume thefunctional
units canstill issueoneoperationper cycle, thenwe canattempt
to scheduletheoperationsspecifiedby theshadertreeto maximize
throughput. As shaderprogramsare small, this can be difficult.
Two observationscanbemade:

1. Shadercoherencecanbeassumed,soshaderexecutioncycles
canbeunrolledandoverlapped.Fewerparalleloperationsare
typically availableat the endof a shadercycle andmoreat
thebeginning.Thereforewhile thepreviousshadercompletes
andschedulingbecomesmoredifficult, theargumentsfor the
next shadercanbe loadingandearlyoperationsfor the next
shaderbegun.

2. We have shown eachPEasa vectormachine,with eachreg-
ister holding a four-vectorandthe functionalunit operating
in parallelon all four components.We could usean 8-bank
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Figure5: A staggered-SIMDarchitecturefor executionof textureshaderprograms.

registerfile instead,anduseseparatespecificationof theoper-
ationson eachcomponent.This providesfour timesasmany
operationsfor eachshadercycle, makingschedulingeasier.
This flexibility is requiredanyways; for instance,computing
adotproductrequiresmultiplying two vectorsandaddingthe
components,andtexture coordinate generationmay alsore-
quire irregular computation.Furthermore,somesavingscan
bemadefor computationsthatinvolveonly RGBor greyscale
valuesandnot RGBA values.

With separatecomponents,we canuseeithera VLIW parallel
functionalunit or asimplersequentialunit andmorePEs.Themore
PEswe add,the morewe dependon shadercoherence.If texture
packetsalsocarrypixel destinationaddressesandthedownstream
fragmentprocessoris capableof routingfragmentsto differentpix-
els, thenwe do not have to assumeshaderspatialcoherence,and
candependmerelyon temporalcoherence.

6.6 Texture Coordinate Feedback

In orderto useshaderprogramsto generatetexturecoordinatesand
write shadersthatpermitmultiple textureaccesses,theoutputof a
shaderneedsto befedbackto thetexturelookupunit(s).

Therearetwo waysto accomplishthis: an additionalfeedback
channelthat can feed back additional texture lookup requeststo
the startof the texture lookup units, or a multipassapproachus-
ing pixel textures.Thepacket approachrequiresthata newshader
be selectedon a per-fragmentbasis,which inhibits someof the
coherence-basedoptimizationsmentionedabove.

Therefore,it probablymakesthemostsenseto usea multipass
approachto implementtexturecoordinatefeedback.It mightbein-
terestingto permitwriting to several pbuffers at once,somultiple
texturecoordinatescanbe generatedat onceandmoreoperations
are available for scheduling. This requiresgeneralizingthe con-
cept of “pixel address”to include a pbuffer address,and can be
implementedusingadditionalresultoutputcyclesfor eachshader
program.

7 Conc lusions

A proceduralshaderextensionto the OpenGLAPI hasbeenpre-
sentedbasedon a generalizationof multitexturing. This extension
wasmotivatedby anumberof renderingproblemsthatcurrentlyre-
quireseveral compositionpasses,but whoseexactanalyticalform
doesnotquitematchthatof multitexturing. Wehavesketchedhow
ahardwareimplementationof thesetextureshaderscouldbeimple-
mentedin awaythatpreservespixel throughputfor simpleshaders,
anddegradesgracefullyfor morecomplex shaders.

Furtherprogresswill requireextendinga softwareimplementa-
tion of OpenGLandthentrying to implementthe algorithmsdis-
cussedhereon topof it.

Interactive computergraphicshasbeenvery fortunatein having
anAPI, OpenGL,which mappedontoa wide rangeof implemen-
tations.Recentlytheportabilityof OpenGLhasbeen degradedbe-
causeseveral features,suchasmultitexturing,have not beenavail-
ableuniversally. In addition,it is clearthatfixed-architecturemul-
titexturing is very limiting.

Thetextureshaderextensionpermitsasimplehardwareabstrac-
tion thatcanmapin astraightforwardway to awide rangeof hard-
warearchitectures,including thosewithout hardwaremultitextur-
ing supportor with only fixedmultitexturing,andsois onepossible
way to resolve theseconflicts.
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Figure6: Separableapproximationsof reflectancesfor asinglelight
source:anisotropicbrushedmetal[32], HTSGcopper[14], velvet
[6], vinyl [41], Ward’sanisotropicmodel[40], andvarnishedwood
[6]. Thelasttwo alsousea texturemappeddiffusecomponent.

Figure7: Variableglossinessreflectionssimulatedwith superposi-
tion of filteredenvironmentmaps.Left: sharpreflection. Middle:
uniformly blurredreflection(Gaussianlobe).Right: blendbetween
blurry normalreflectionsandsharpglancinganglereflection.


