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Abstract
Programmableshadingis a commontechniquefor productionan-
imation, but interactive programmableshadingis not yet widely
available. We supportinteractive programmableshadingon vir-
tually any 3D graphicshardware using a scenegraphlibrary on
top of OpenGL.We treat the OpenGLarchitectureas a general
SIMD computer, and translatethe high-level shadingdescription
into OpenGLrenderingpasses.While our systemusesOpenGL,
the techniquesdescribedare applicableto any retainedmodein-
terfacewith appropriateextensionmechanismsandhardwareAPI
with provisionsfor recirculatingdatathroughthegraphicspipeline.

We presenttwo demonstrationsof the method. The �rst is
a constrainedshadinglanguagethat runs on graphicshardware
supportingOpenGL1.2 with a subsetof the ARB imagingexten-
sions. We remove the shadinglanguageconstraintsby minimally
extendingOpenGL.The key extensionsarecolor range (support-
ing extendedrangeandprecisiondatatypes)andpixel texture (us-
ing framebuffer valuesasindicesinto texture maps). Our second
demonstrationis a renderersupportingthe RenderManInterface
andRenderManShadingLanguageon a softwareimplementation
of this extendedOpenGL.For both languages,our compilertech-
nologycantake advantageof extensionsandperformancecharac-
teristicsuniqueto any particulargraphicshardware.

CR categoriesand subject descriptors: I.3.3 [Computer
Graphics]:Picture/Imagegeneration;I.3.7[ImageProcessing]:En-
hancement.

Keywords: GraphicsHardware,GraphicsSystems,Illumina-
tion, Languages,Rendering,Interactive Rendering,Non-Realistic
Rendering,Multi-PassRendering,ProgrammableShading,Proce-
duralShading,TextureSynthesis,TextureMapping,OpenGL.

1 INTRODUCTION
Programmableshadingis ameansfor specifyingtheappearanceof
objectsin a syntheticscene. Programsin a specialpurposelan-
guage,known asshaders, describelight sourcepositionandemis-
sion characteristics,color andre�ective propertiesof surfaces,or
transmittancepropertiesof atmosphericmedia.Conceptually, these
programsareexecutedfor eachpointonanobjectasit is beingren-
deredto producea �nal color (andperhapsopacity)asseenfrom
a givenviewpoint. Shadinglanguagescanbequitegeneral,having
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constructsfamiliar from generalpurposeprogramminglanguages
suchasC, including loops,conditionals,andfunctions. The most
commonis theRenderManShadingLanguage[32].

Thepower of shadinglanguagesfor describingintricatelight-
ing andshadingcomputationsbeenwidely recognizedsinceCook's
seminalshadetreeresearch[7]. Programmableshadinghasplayed
a fundamentalrole in digital contentcreationfor motion pictures
andtelevision for over a decade.The high level of abstractionin
programmableshadingenablesartists,storytellers,andtheirtechni-
calcollaboratorsto translatetheircreativevisionsinto imagesmore
easily. Shadinglanguagesarealsousedfor visualizationof scien-
ti�c data.Specialdatashaders have beendevelopedto supportthe
depictionof volumedata[3, 8], andatexturesynthesislanguagehas
beenusedfor visualizingdata�elds onsurfaces[9]. Imageprocess-
ing scriptinglanguages[22, 31] alsosharemuchin commonwith
programmableshading.

Despiteits provenusefulnessin softwarerendering,hardware
accelerationof programmableshadinghasremainedelusive. Most
hardwaresupportsa parametricappearancemodel,suchasPhong
lighting evaluatedper vertex, with oneor more texture mapsap-
plied after Gouraudinterpolationof the lighting results[29]. The
generalcomputationalnatureof programmableshading,andtheun-
boundedcomplexity of shaders,haskept it from beingsupported
widely in hardware.Thispaperdescribesamethodologyto support
programmableshadingin interactive visualcomputingby compil-
ing a shaderinto multiple passesthroughgraphicshardware. We
demonstrateits useon currentsystemswith a constrainedshading
language,andwe show how to supportgeneralshadinglanguages
with only two hardwareextensions.

1.1 Related Work
Interactive programmableshading, with dynamically changing
shaderandscene,wasdemonstratedon thePixelFlow system[26].
PixelFlow hasanarrayof generalpurposeprocessorsthatcanex-
ecutearbitrarycodeat every pixel. Shaderswritten in a language
basedon RenderMan's aretranslatedinto C++ programswith em-
beddedmachinecodedirectivesfor thepixel processors.An appli-
cationaccessesshadersthrougha programmableinterfaceexten-
sion to OpenGL.The primary disadvantagesof this approachare
theadditionalburdenit placeson thegraphicshardwareanddriver
software. Every systemthat supportsa built-in programmablein-
terfacemust includepowerful enoughgeneralcomputingunits to
executetheprogrammableshaders.Limitationsto thesecomputing
units, suchasa �x ed local memory, will either limit the shaders
thatmayberun,haveasevereimpactonperformance,or causethe
systemto revert to multiple passeswithin the driver. Further, ev-
ery suchsystemwill have a uniqueshadinglanguagecompileras
partof thedriversoftware.This is asophisticatedpieceof software
whichgreatlyincreasesthecomplexity of thedriver.

Our approachto programmableshadingstandsin contrastto
theprogrammablehardwaremethod.Its inspirationis alongline of
interactive algorithmsthatfollow a generaltheme:treatthegraph-
icshardwareasacollectionof primitiveoperationsthatcanbeused
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tobuild upa�nal solutionin multiplepasses.Earlyexamplesof this
modelincludemulti-passshadows,planarre�ections,highlightson
topof texture,depthof �eld, andlight maps[2, 10]. Therehasbeen
a dramaticsurge of researchin this areaover the pastfew years.
Sophisticatedappearancecomputations,whichhadpreviouslybeen
availableonly in softwarerenderers,have beenmappedto generic
graphicshardware. For example,lighting per pixel, generalbidi-
rectionalre�ectancedistributionfunctions,andbumpmappingnow
run in real-timeonhardwarethatsupportsnoneof thoseeffectsna-
tively [6, 17,20,24].

Consumergameslike ID Software's Quake 3 make extensive
useof multi-passeffects[19]. Quake 3 recognizesthatmulti-pass
providesa �e xible methodfor surfacedesignandtakesthe impor-
tantstepof providing a scriptingmechanismfor renderingpasses,
includingcontrolof OpenGLblendingmode,alphatestfunctions,
andvertex texturecoordinateassignment.In its currentform, this
scripting languagedoesnot provide accessto all of the OpenGL
statenecessaryto treatOpenGLasageneralSIMD machine.

A team at Stanford has been investigating real-time pro-
grammableshading.Their focusis a framework andlanguagethat
explicitly dividesoperationsinto thosethatareexecutedat thever-
tex processingstagein thegraphicspipelineandthosethatareexe-
cutedat thefragmentprocessingstage[25].

The hardware in all of thesecasesis being usedas a com-
puting machineratherthana specialpurposeaccelerator. Indeed,
graphicshardwarehasbeenusedto acceleratetechniquessuchas
back-projectionfor tomographicreconstruction[5] and radiosity
approximations[21]. It is now recognizedthatsomenew hardware
features,suchasmulti-texture[24, 29], pixel texture[17], andcolor
matrix [23], areparticularlyvaluablefor supportingtheseadvanced
computationsinteractively.

1.2 Our Contrib ution
In this paper, we embraceand extend previous multi-passtech-
niques. We treat the OpenGLarchitectureas a SIMD computer.
OpenGLactsasan assemblylanguagefor shaderexecution. The
challenge,then, is to convert a shaderinto an ef�cient set of
OpenGLrenderingpasseson agivensystem.We introduceacom-
piler betweentheapplicationandthegraphicslibrary thatcantarget
shadersto differenthardwareimplementations.

This philosophyof placing the shadingcompiler above the
graphicsAPI is at the core of our work, and has a numberof
advantages. We believe the numberof languagesfor interactive
programmableshadingwill grow and evolve over the next sev-
eral years,respondingto the uniqueperformanceand featurede-
mandsof differentapplicationareas.Likewise, hardwarewill in-
creasein performanceandmany new featureswill be introduced.
Our methodologyallows thelanguages,compiler, andhardwareto
evolve independentlybecausethey arecleanlydecoupled.

This paperhasthreemaincontributions. First, we formalize
theideaof usingOpenGLasanassemblylanguageinto whichpro-
grammableshadersaretranslated,andwe show how to applydy-
namictree-rewriting compilertechnologyto optimizethemapping
betweenshadinglanguagesandOpenGL(Section2). Second,we
demonstratethe immediateapplicationof this approachby intro-
ducing a constrainedshadinglanguagethat runs interactively on
mostcurrenthardwaresystems(Section3). Third, we describethe
color rangeandpixel texture OpenGLextensionsthat are neces-
sary and suf�cient to acceleratefully generalshadinglanguages
(Section4). As a demonstrationof the viability of this solution,
we presenta completeRenderManrendererincludingfull support
of the RenderManShadingLanguagerunning on a software im-

Vertex Operations (transforms,
tex coord  generation, lighting)

Texture Memory

Pixel Operations (lookup table,
 color matrix, minmax)

Rasterization (color
interpolation, texturing, fog)

Fragment Operations (depth,
alpha test, stencil, blending) Framebuffer

Figure 1: A simpli�ed bloc k diagr am of the OpenGL archi-
tecture. Geometr ic data passes through the vertex oper -
ations , raster ization, and fragment oper ations to the frame-
buf fer. Pixel data (either from the host or the framebuf fer)
passes through the pixel oper ations and on to either texture
memor y or through the fragment pipeline to the framebuf fer.

plementationof this extendedOpenGL.We closethepaperwith a
discussion(Section5) andconclusion(Section6).

2 THE SHADING FRAMEWORK
Thereis greatdiversity in modern3D graphicshardware. Each
graphicssystemincludesuniquefeaturesandperformancecharac-
teristics. Counteringthis diversity, all moderngraphicshardware
alsosupportsthebasicfeaturesof theOpenGLAPI standard.

While it is possibletoaddshadingextensionstographicshard-
ware,OpenGLis powerful enoughto supportshadingwith no ex-
tensionsat all. Building programmableshadingon top of standard
OpenGLdecouplesthe hardware and drivers from the language,
andenablesshadingon every existing and future OpenGL-based
graphicssystem.

A compiler turnsshadingcomputationsinto multiple passes
throughtheOpenGLrenderingpipeline(Figure1). This compiler
canproducea generalsetof renderingpasses,or it canuseknowl-
edgeof thetargethardwareto pick anoptimizedsetof passes.

2.1 OpenGL as an Assemb ly Langua ge
Onekey observationallowsshadersto betranslatedinto multi-pass
OpenGL:asinglerenderingpassis alsoageneralSIMD instruction
— thesameoperationsareperformedsimultaneouslyfor all pixels
in anobject. At the simplestlevel, the framebuffer is an accumu-
lator, texture or pixel buffers serve as per-pixel memorystorage,
blendingprovidesbasicarithmeticoperations,lookup tablessup-
port function evaluation,the alphatestprovidesa variety of con-
ditionals,andthestencilbuffer allows pixel-level conditionalexe-
cution. A shadercomputationis broken into pieces,eachof which
canbe evaluatedby an OpenGLrenderingpass. In this way, we
build up a �nal resultfor all pixels in an object(Figure2). There
aretypically severalwaysto mapshadingoperationsinto OpenGL.
Wehave implementedthefollowing:

DataTypes:Datawith thesamevaluefor everypixel in anob-
ject arecalleduniform, while datawith valuesthatmayvary from
pixel to pixel arecalledvarying. Uniform datatypesarehandled
outsidethegraphicspipeline.Theframebuffer retainsintermediate
varyingresults.Its four channelsmayhold onequadruple(suchas
a homogeneouspoint), onetriple (suchasa vector, normal,point,
or color)andonescalar, or four independentscalars.Wehavemade
no attemptto handlevaryingdatatypeswith morethanfour chan-
nels. The framebuffer channels(andhenceindependentscalarsor
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#include "marble.h"

surface marble()
{
    varying color a;
    uniform string tx;
    uniform float x; x = 1/2;

    tx = "noisebw.tx";

    FB = texture(tx,scale(x,x,x));
    repeat(3) {
        x = x*.5;
        FB *= .5;
        FB += texture(tx,scale(x,x,x));
    }
    FB = lookup(FB,tab);

    a = FB;
    FB = diffuse;
    FB *= a;
    FB += environment("env");
}

Figure2: SIMDComputation of a Shader. Some of the different
passes for the shader written in ISLlisted on the left are shown
as thumbnails do wn the right column. The result of the com-
plete shader isshown on the lower left.

the componentsof triples and quadruples)can be updatedselec-
tively oneachpassby settingthewrite-maskwith glColorMask .

Variables: Varying global, local, and temporaryvariables
are transferredfrom the framebuffer to a namedtexture using
glCopyTexSubImage2D , which copiesa portionof the frame-
buffer into a portionof a texture. In our system,thesetexturescan
beonechannel(intensity)or four channels(RGBA), dependingon
thedatatypethey hold. Variablesareusedeitherby drawing a tex-
turedcopy of theobjectboundingboxor by drawing theobjectge-
ometryusinga projective texture. Therelative speedof thesetwo
methodswill vary from graphicssystemto graphicssystem. In-
tensitytexturesholdingscalarvariablesareexpandedinto all four
channelsduringrasterizationandcanthereforeberestoredinto any
framebuffer channel.

Arithmetic Operations: Most arithmeticoperationsareper-
formedwith framebuffer blending. They have two operands:the
framebuffer contentsand an incoming fragment. The incom-
ing fragmentmay be producedeither by drawing geometry(ob-
ject color, a texture, a storedvariable,etc.) or by copying pix-
els from the framebuffer and through the pixel operationswith
glCopyPixels . Data can be permuted(swizzled) from one
framebuffer channelto anotheror linearly combinedmore gen-
erally using the color matrix during a copy. The framebuffer
blending mode, set by glBlendEquation , glBlendFunc ,
andglLogicOp , supportsoverwriting,addition,subtraction,mul-
tiplication, bit-wise logical operations,andalphablending.Unex-
tendedOpenGLdoesnot have a divideblendmode.Wehandledi-
vide usingmultiplicationby thereciprocal.Thereciprocalis com-
putedlike othermathematicalfunctions(seebelow). More com-
plicatedbinary operationsare reducedto a combinationof these
primitive operations.For example,a dot productof two vectorsis

a component-wisemultiplication followed by a pixel copy with a
colormatrix thatsumstheresultingthreecomponentstogether.

Mathematical and Shader Functions: Mathematicalfunc-
tionswith a singlescalaroperand(e.g. sin or reciprocal)usecolor
or texture lookuptablesduringa framebuffer-to-framebuffer pixel
copy. Functionswith morethanoneoperand(e.g. atan2)or a sin-
gle vectoroperand(e.g. normalizeor color spaceconversion)are
brokendown into simplermonadicfunctionsandarithmeticopera-
tions,eachof whichcanbesupportedin apassthroughtheOpenGL
pipeline. Someshaderfunctions,suchastexturing anddiffuseor
specularlighting, have direct correspondentsin OpenGL.Often,
complex mathematicalandshaderfunctionsaresimply translated
to aseriesof simplershadinglanguagefunctions.

Flow Control: Stenciling, set by glStencilFunc and
glStencilOp , limits theeffect of all operationsto only a subset
of thepixels,with otherpixels retainingtheir original framebuffer
values. We useonebit of the stencil to identify pixels in the ob-
ject, andadditionalstencilbits to identify subsetsof thosepixels
that passvarying conditionals(if-then-elseconstructsand loops).
Onestencilbit is devotedto eachlevel of nesting.Loopswith uni-
form controlandconditionalswith uniformrelationsdo not needa
stencilbit to controltheir in�uence becausethey affectall pixels.

A two stepprocessis usedto setthe stencilbit for a varying
conditional.First, therelationis computedwith normalarithmetic
operations,suchthat theresultendsup in thealphachannelof the
framebuffer. Thevalueis zerowheretheconditionis trueandone
whereit is false.Next, apixel copy isperformedwith thealpha��� �

test enabled(set by glAlphaFunc ). Only fragmentsthat pass
thealphatestarepassedon to thestencilingstageof theOpenGL
pipeline.A stencilbit is setfor all of thesefragments.Thestencil
remainsunchangedfor fragmentsthatfailedthealphatest.In some
cases,the�rst operationin thebodyof theconditionalcanoccurin
thesamepassthatsetsthestencil.

The passescorrespondingto the different blocks of shader
codeat differentnestinglevels affect only thosepixels that have
theproperstencilmask.BecauseweareexecutingaSIMD compu-
tation,it is necessaryto evaluatebothbranchesof if-then-elsecon-
structswhoserelationvariesacrossanobject.Thestencilcompare
for theelseclausesimplyusesthecomplementof thestencilbit for
the thenclause. Similarly, it is necessaryto repeata loop with a
varyingterminationconditionuntil all pixelswithin theobjectexit
theloop. This requiresa testthatexaminesall of thepixelswithin
the object. We usethe minmaxfunction from the ARB imaging
extensionaswe copy the alphachannelto determineif any alpha
valuesarenon-zero(signifying they still passthe looping condi-
tion). If so,theloopcontinues.

2.2 OpenGL Encapsulation
We encapsulateOpenGLinstructionsin threekinds of rendering
passes:GeomPasses, CopyPasses, and CopyTexPasses. Geom-
Passesdraw geometryto usevertex, rasterization,and fragment
operations.CopyPassescopy a subregion of the framebuffer (via
glCopyPixels ) backinto the sameplacein the framebuffer to
usepixel, rasterization,andfragmentoperations.A stencilallows
theCopyPassto avoid operatingonpixelsoutsidetheobject.Copy-
TexPassescopy asubregionof theframebuffer into a textureobject
(via glCopyTexSubImage2D ) andalsoutilize pixel operations.
Therearetwo subtypesof GeomPass. The �rst draws the object
geometry, including normalvectorsandtexture coordinates.The
seconddraws a screen-alignedboundingrectanglethat coversthe
objectusingstencilingto limit the operationsto pixels on the ob-
ject. Eachpassmaintainsthe relevant OpenGLstatefor its path
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throughthepipeline. Statechangeson drawing areminimizedby
only settingthe statein eachpassthat is not default andimmedi-
atelyrestoringthatstateafterthepass.

2.3 Compiling to OpenGL
Thekey to supportinginteractive programmableshadingis a com-
piler that translatesthe shadinglanguageinto OpenGLassembly.
This is a CISC-like compilerproblembecauseOpenGLpassesare
complex instructions.Theproblemis somewhatsimpli�ed dueto
constraintsin the languageand in OpenGLas an instructionset.
For example,wedo nothave to worry aboutinstructionscheduling
sincethereis nooverlapbetweenrenderingpasses.

Our compilerimplementationis guidedby a desireto retarget
thecompilerto easilytakeadvantageof uniquefeaturesandperfor-
manceandto pick thebestsetof passesfor eachtargetarchitecture.
Wealsowantto beableto supportmultipleshadinglanguagesand
adaptaslanguagesevolve. To helpmeetthesegoals,we built our
compiler using an in-housetool inspiredby the iburg codegen-
erationtool [11], thoughwe useit for all phasesof compilation.
This tool �nds theleast-costcoveringof atreerepresentationof the
shaderbasedona text �le of patterns.

A simpleexamplecanshow how the tree-matchingtool op-
eratesand how it allows us to take advantageof extensionsto
OpenGL.Part of a shadermight be matchedby a pair of tex-
ture lookups,eachwith a costof one,or by a singlemulti-texture
lookup,alsowith acostof one.In thiscase,multi-textureis cheaper
becauseit hasa total cost of one insteadof two. Using similar
matchingrulesandsemanticactions,thecompilercanmake useof
fragmentlighting, light texture,noisegeneration,divide or condi-
tionalblends,or any otherOpenGLextension[16, 27].

Theentireshaderis matchedat once,giving thesetof match-
ing rulesthatcover theshaderwith the leasttotal cost. For exam-
ple,thecomputationssurroundingtheabovepairof texturelookups
expandthesetof possiblematchingrules.GivenoperationA, tex-
ture lookup B, texture lookup C, andoperationD, it may be pos-
sible to do all of theoperationsin four separatepasses(A,B,C,D),
to do the surroundingoperationsseparatelywhile combiningthe
texturelookupsinto onemulti-texturepassfor a total costof three
(A,BC,D),or to combineonecomputationwith eachtexturelookup
for acostof two (AB,CD). By consideringtheentireshaderwecan
choosethesetof matchingruleswith theleastoverall cost.

Whenwe usethe tool for �nal OpenGLpassgeneration,we
currentlyusethe numberof passesasthe cost for eachmatching
rule. For performanceoptimization,the costsshouldcorrespond
to predictedrenderingspeed,sothecostfor a GeomPasswould be
differentfrom thecostfor aCopyPassor aCopyTexPass.

Thepatternmatchinghappensin two phases,labelingandre-
ducing. Labeling is donebottom-upthroughthe abstractsyntax
tree,usingdynamicprogrammingto �nd the least-costsetof pat-
tern matchrules. Reducingis donetop-down, with onesemantic
action run beforethe node's children are reducedand one after.
The iburg-like label/reducetool proved useful for more than just
�nal passselection.Weuseit for shadersyntaxchecking,constant
folding,andevenmemoryallocation(althoughmostof thememory
allocationalgorithmis in thecodeassociatedwith a smallnumber
of rules). The easeof changingcostsandcreatingnew matching
rules allows us to achieve our goal of �e xible retargeting of the
compilerfor differenthardwareandshadinglanguages.

2.4 Scene Graph Suppor t
Sinceobjectsmay be renderedmultiple times, it is necessaryto
retain geometrydataand to deliver it repeatedlyto the graphics

hardware.In addition,shadersneedto beassociatedwith objectsto
describetheir appearances,andtheshadersandobjectsneedto be
translatedinto OpenGLpassesto renderanimage.Our framework
supportstheseoperationsin a scenegraphusedby an application
throughtheadditionof new scenegraphcontainersandnew traver-
sals.

In our implementation,wehaveextendedtheCosmo3Dscene
graphlibrary [30]. Cosmo3Dusesa familiar hierarchicalscene
graph. Internalnodesdescribecoordinatetransformations,while
theleavesareShapenodes,eachof whichcontainsalist of Geome-
try andanAppearance. Traversalsof thescenegraphareknown as
actions. A DrawAction, for example,is appliedto thescenegraph
to rendertheobjectsinto awindow.

We have implementeda new appearanceclassthat contains
shaders. When includedin a shapenode, this appearancecom-
pletely describeshow to shadethe geometryin the shape. The
shadersmay includea list of active light shaders,a displacement
shader, a surfaceshader, andan atmosphereshader. In addition,
we have implementeda new traversal,known asa ShadeAction. A
ShadeActionconvertsascenegraphcontainingshapeswith thenew
appearanceinto anotherCosmo3Dscenegraphdescribingthemul-
tiple passesfor all of theobjectsin theoriginal scenegraph.(The
transformationof scenegraphsis apowerful, generaltechniquethat
hasbeenproposedto addressa varietyof problems[1].) The key
elementof theShadeActionis theshadinglanguagecompilerthat
convertstheshadersinto multiplepasses.A ShadeActionmaytreat
multiple objectsthat sharethe sameshaderasa single,combined
objectto minimizeoverhead.A DrawAction appliedto thissecond
scenegraphrendersthe�nal image.

Thescenegraphpassesinformationto thecompilerincluding
the matrix to transformfrom the object's coordinatesysteminto
cameraspaceandthescreenspacefootprint for thegeometry. The
footprint is computedduring the ShadeActionby projectinga 3D
boundingbox of thegeometryinto screenspaceandcomputingan
axis-aligned2D boundingbox of theeightprojectedpoints. Only
pixels within the 2D boundingbox are copiedon a CopyPassor
drawn on thequad-GeomPassto minimizeunnecessarydatamove-
mentwhenshadingeachobject.

We provide supportfor debugging at the single-step,pass-
by-passlevel throughspecialhooksinsertedinto theDrawAction.
Eachpassis heldin anextendedCosmo3DGroupnode,which in-
vokesthedebugginghookfunctionswhendrawn. Eachpassis also
taggedwith theline of sourcecodethatgeneratedit, soeverything
from shadersource-level debuggingto pass-by-passimagedumps
is possible.Hooksat the per-passlevel alsolet us monitor or es-
timateperformance.At thecoarsestlevel, we can�nd thenumber
of passesexecuted,but we canalsoexamineeachpassto record
detailslikepixelswrittenor time to draw.

3 EXAMPLE: INTERACTIVE SL
Wehavedevelopedaconstrainedshadinglanguage,calledISL (for
InteractiveShadingLanguage)[25] andanISL compilerto demon-
strateourmethodoncurrenthardware.ISL is similar in spirit to the
RenderManShadingLanguagein that it providesa C-like syntax
to specifyper-pixel shadingcalculations,andit supportsseparate
light, surface,andatmosphereshaders.Datatypesincludevarying
colors,anduniform�oats, colors,matrices,andstrings.Localvari-
ablescanholdbothuniformandvaryingvalues.Nestable�o w con-
trol structuresincludeloopswith uniformcontrol,anduniformand
varying conditionals. Therearebuilt-in functionsfor diffuseand
specularlighting, texturemapping,projectivetextures,environment
mapping,RGBA one-dimensionallookuptables,andper-pixel ma-
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surface celtic() {
    varying color a;
    FB = diffuse;
    FB *= color(.5,.2,0.,1.);
    a = FB;
    FB = specular(30.);
    FB += a;
    FB *= texture("celtic");
    a = FB;
    FB = 1;
    FB -= texture(" celtic");
    FB *= texture("silk");
    FB *= .15;
    FB += a;
}
distantlight leaves(uniform string
                   map = "leaves", ...) {
    uniform float tx;
    uniform float ty;
    uniform float tz;    
    tx = frame*speedx+phasex;
    ty = frame*speedy+phasey;
    tz = frame*speedz+phasez;
    FB = project(map,
             scale(sx,sx,sx)*
             rotate(0,0,1,rx)*
             translate(ax*sin(tx),0,0)*
             shadermatrix);
    FB *= project(map,
             scale(sy,sy,sy)*...);
}
uniform matrix lt = (0,0,0,0,
      0,0,0,0,1,1,1,0,0,0,0,1);
surface bump(uniform string b="";
       uniform string tx =  "") {
    uniform matrix m;
    FB = texture(b);
    m = objectmatrix;
    m[0][3] = m[1][3] = m[2][3] = 0.;
    m[3][3] = m[3][0] = m[3][1] = 0.;
    m[3][2] = 0.;
    m = lt*m*translate(-1,-1,-1)*
              scale(2,2,2);
    FB = transform(FB,m);
    FB *= texture(tx);
}
#include "threshtab.h"
surface shipRockRot(...) {
    varying color a, b, c;
    FB = texture(rot); FB *= .5;
    FB += .32*(1-co s(.08*frame));
    FB = lookup(FB,mtab); c = FB;
    FB = color(1,1,1,1); FB -= c;
    FB *= texture(t1); a = FB;
    FB = texture(t2);
    FB *= texture(rot);
    FB = diffuse;
    FB *= color(.5,.2,0,1); b = FB;
    FB = specular(30.);
    FB += b; FB *= texture(t2);
    FB *= c; FB += a;
}

#include "swizzle.h"
table greentable = { {0,.2,0,1},
                                {0,.4,0,1) };
surface toon(uniform float do = 1.;
      uniform float edge = .25 ) {
    FB = environment("park.env");
    if (do > .5) {
        FB += edge;
        FB =transform(FB,rgba_rrra);
        FB =lookup(FB,greentable);
        FB += environment("sun");
    }
}

Figure3: ISLExamples . ISLshader s are shown to the right of
each image. Ellipses denote where par ameter s and state-
ments hav e been omitted. Some ta bles are in header �les .

trix transformations.In addition,ISL supportsuniform shaderpa-
rametersandasetof uniformglobalvariables(shaderspace,object
space,time,andframecount).

We have intentionallyconstrainedISL in a numberof ways.
First, we only choseprimitive operationsand built-in functions
thatcanbeexecutedonany hardwaresupportingbaseOpenGL1.2
plusthecolor matrix extension.Consequently, many currenthard-
waresystemscansupportISL. (If thecolor matrix transformation
is eliminated,ISL shouldrun anywhere.)This constraintprovides
theshaderwriter with insightinto how limited precisionof current
commercialhardware may affect the shader. Second,the syntax
doesnot allow varying expressionsof expressions,which ensures
that the compiler doesnot needto createany temporarystorage
not alreadymadeexplicit in the shader. As a result,the writer of
a shaderknows by inspectiontheworst-casetemporarystoragere-
quiredby theshadingcode(althoughthecompileris freeto useless
storage,if possible).Third, arbitrarytexturecoordinatecomputa-
tion is not supported.Texturecoordinatesmustcomeeitherfrom
thegeometryor from thestandardOpenGLtexturecoordinategen-
erationmethodsandtexturematrix.

Oneconsequenceof thesedesignconstraintsis thatISL shad-
ing codeis largely decoupledfrom geometry. For example,since
shaderparametersareuniform thereis no needto attachthemdi-
rectly to eachsurfacedescriptionin the scenegraph. As a result,
ISL andthe compilercanmigratefrom applicationto application
andscenegraphto scenegraphwith relativeease.

3.1 Compiler
We performsomesimpleoptimizationsin theparser. For instance,
we do limited constantcompressionby evaluatingat parsetime
all expressionsthataredeclareduniform. Whenparametersor the
shadercodechange,wemustreparsetheshader. In ourcurrentsys-
tem,we do this every time weperforma ShadeAction.A moreso-
phisticatedcompiler, suchastheoneimplementedfor theRender-
Man ShadingLanguage(Section4) performstheseoptimizations
outsidetheparser.

We expandtheparsetreesfor all of theshadersin anappear-
ance(light shaders,surfaceshader, andatmosphereshader)into a
single tree. This tree is then labeledand reducedusing the tree
matchingcompilertool describedin Section2.3.Thecostsfed into
the labelerinstruct the compiler to minimize the total numberof
passes,regardlessof therelativeperformanceof thedifferentkinds
of passes.

The compiler recognizesandoptimizessubexpressionssuch
asa texture,diffuse,or specularlighting multiplied by a constant.
The compileralsorecognizeswhena local variableis assigneda
valuethatcanbeexecutedin a singlepass.Ratherthanexecuting
the pass,storingthe result,andretrieving it whenreferenced,the
compilersimply replacesthe local variableusagewith the single
passthatdescribesit.

3.2 Demonstration
Wehaveimplementedasimpleviewerontopof theextendedscene
graphto demonstrateISL running interactively. The viewer sup-
portsmouseinteractionfor rotationandtranslation.Userscanalso
modify shadersinteractively in two ways.They caneditshadertext
�les, andtheir changesarepicked up immediatelyin the viewer.
Additionally, they canmodify parametersby draggingsliders,ro-
tatingthumb-wheels,or enteringtext in acontrolpanel.Theviewer
createsthecontrolpanelonthe�y for any selectedshader. Changes
to the parametersareseenimmediatelyin the window. Examples
of theviewer runningISL aregivenin Figures2 and3.
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4 EXAMPLE: RENDERMAN SL
RenderManis a renderingandscenedescriptioninterfacestandard
developedin the late 1980s[14, 28, 32]. The RenderManstan-
dard includesproceduraland bytestreamscenedescriptioninter-
faces. It also de�nes the RenderManShadingLanguage,which
is the de facto standardfor programmableshadingcapabilityand
representsa well-de�ned goal for anyoneattemptingto accelerate
programmableshading.

TheRenderManShadingLanguageis extremelygeneral,with
control structurescommonto many programminglanguages,rich
datatypes,andan extensive setof built-in operatorsandgeomet-
ric, mathematical,lighting,andcommunicationfunctions.Thelan-
guageoriginally wasdesignedwith hardwareaccelerationin mind,
socomplicatedor user-de�ned datatypesthatwouldmakeacceler-
ationmoredif�cult arenotincluded.It isalargebut straightforward
taskto translatetheRenderManShadingLanguageinto multi-pass
OpenGL,assumingthefollowing two extensions:

ExtendedRangeand PrecisionData Types: Even thesim-
plestRenderManshadershave intermediatecomputationsthat re-
quire data values to extend beyond the range [0-1], to which
OpenGL fragmentcolor valuesare clamped. In addition, they
needhigher precisionthan is found in currentcommercialhard-
ware. With the color range extension,color data can have an
implementation-speci�crangeto whichit is clampedduringraster-
ization and framebuffer operations(including color interpolation,
texture mapping,andblending). The framebuffer holdscolorsof
the new type, and the conversionto a displayablevalue happens
only uponvideoscan-out.We have usedthecolor rangeextension
with an IEEE singleprecision�oating point datatypeor a subset
thereofto supporttheRenderManShadingLanguage.

Pixel Texture: RenderManallows texture coordinatesto be
computedprocedurally. In this case,texture coordinatescannot
beexpectedto changelinearly acrossa geometricprimitive,asre-
quiredin unextendedOpenGL.Thisgeneraltwo-dimensionalindi-
rectionmechanismcanbesupportedwith theOpenGLpixel texture
extension[17, 18, 27]. This extensionallows the (possibly�oat-
ing point) contentsof theframebuffer to beusedastextureindices
whenpixelsarecopiedfrom theframebuffer. Thered,green,blue,
andalphachannelsareusedas texture coordinatess, t, r, andq,
respectively. We usepixel texture not only to index two dimen-
sional texturesbut also to index extremelywide one-dimensional
textures. Thesewide texturesareusedaslookup tablesfor math-
ematicalfunctionssuchassin, reciprocal,andsqrt. Thesecanbe
simplepiecewiselinearapproximations,startingpointsfor Newton
iteration,componentsusedto constructthe morecomplex mathe-
maticalfunctions,or evendirectone-to-onemappingsfor areduced
�oating point format.

4.1 Scene Graph Suppor t
TheRenderManShadingLanguagedemandsgreatersupportfrom
thescenegraphlibrary thanISL becausegeometryandshadersare
moretightly coupled.Varying parameters canbesuppliedasfour
valuesthat correspondto the cornersof a surfacepatch,and the
parameterover the surfaceis obtainedthroughbilinear interpola-
tion. Alternatively, oneparametervaluemaybesuppliedpercon-
trol point for a bicubic patchmeshor a NURBS patch,and the
parameteris interpolatedusing the samebasisfunctionsthat de-
�ne thesurface.We associatea (possiblyempty)list of namedpa-
rameterswith eachsurfaceto hold any parametersprovidedwhen
the surfaceis de�ned. When the surfacegeometryis tessellated
to form GeoSets(trianglestrip setsandfan sets,etc.), its parame-
tersaretransferredto the GeoSetsso that they may be referenced

Figure4: RenderMan SLExamples . The top and bottom im-
ages of each pair were rendered with PhotoRealistic Render -
Man from Pixar and our multi-pass OpenGL renderer , respec-
tively. No shader s use image maps, except for the re�ection
and depth shado w maps gener ated on the �y . The wood
�oor , blue marble, red apple, and wood bloc k pr int textures
all are gener ated procedur ally. The velvet and brushed metal
shader s use sophisticated illuminance bloc ks for their re-
�ectiv e proper ties. The specular highlight differences are due
to Pixar's propr ietar y specular function; we use the de�nition
from the RenderMan speci�cation. The blue marble, wood
�oor , and apple do not match because of differences in in the
noise function. Other discrepancies typically are due to lim-
ited precision lookup ta bles used to help evaluate mathem at-
ical functions . (Credit: LGParquetPlank by Larry Gritz, SHWvel-
vet and SHWbrushedmetal by Stephen Westin, DPBlueMarble
by Darwin Peache y, eroded from the RenderMan compan-
ion, JMreda pple by Jonathan Merr itt, and woodbloc kprint
by Scott Johnston. Cour tesy of the RenderMan Repositor y
http://www.renderman.org .)
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anddrawn asvertex colorsby thepassesproducedby thecompiler.
Similarly, a shadermay requirederivatives of surfaceproperties,
suchas the partial derivatives of the position (dP/du and dP/dv)
either as global variablesor througha differential function such
as calculatenormal . A shadermay also usederivatives of
user-suppliedparameters.Thecompilercanrequestfrom thescene
graphany of thesequantitiesevaluatedover a surfaceat thesame
pointsusedin its tessellation.As with any otherparameter, they are
computedonthehostandstoredin thevertex colorsfor thesurface.
Wherepossible,lazy evaluationensuresthat theuserdoesnot pay
in timeor spacefor thissupportunlessrequested.

4.2 Compiler
Our RenderMancompileris basedon multiple phasesof the tree-
matchingtool describedin Section2.3. Thephasesinclude:

Parsing: convert sourceinto aninternaltreerepresentation.
Phase0:detecterrors
Phase1:performcontext-sensitive typing (e.g.noise,texture)
Phase2:detectandcompressuniformexpressions
Phase3:compute“dif ferencetrees”for Derivatives
Phase4:determinevariableusageandlive rangeinformation
Phase5:identify possibleOpenGLinstructionoptimizations
Phase6:allocatememoryfor variables
Phase7:generateoptimized,machinespeci�c OpenGL
Themappingof RenderManto OpenGLfollows themethod-

ology describedin Section2.1. Texturing andsomelighting carry
over directly; mostmath functionsare implementedwith lookup
tables;coordinatetransformationsareimplementedwith thecolor
matrix; loopswith varyingterminationconditionaresupportedwith
minmax;andmany built-in functions(includingilluminance,solar,
andilluminate)arerewritten in termsof simpleroperations.Fea-
tureswhosemappingto OpenGLis moresophisticatedinclude:

Noise: The RenderManSL provides band-limitednoise
primitives that include1D, 2D, 3D, and 4D operandsand single
or multiplecomponentoutput.Weuse�oating pointarithmeticand
texturetablesto supportall of thesefunctions.

Derivatives: TheRenderManSL providesaccessto surface-
derivative information through functions that include Du, Dv,
Deriv , area , andcalculatenormal . Wededicateacompiler
phaseto fully implementthesefunctionsusinga techniquesimilar
thatdescribedby Larry Gritz [12].

A numberof optimizationsare supportedby the compiler.
Uniform expressionsareidenti�ed andcomputedoncefor all pix-
els. If texturecoordinatesarelinear functionsof s andt or vertex
coordinates,they arerecognizedasa singlepasswith somecom-
binationof texturecoordinategenerationandtexturematrix. Tex-
ture memoryutilization is minimizedby allocatingstoragebased
onsingle-staticassignmentandlive-rangeanalysis[4].

4.3 Demonstration
Wehave implementedaRenderManrenderer, completewith shad-
ing language,bytestream,andproceduralinterfaceson a software
implementationof OpenGLincluding color rangeand pixel tex-
ture.Weexperimentedwith subsetsof IEEEsingleprecision�oat-
ing point. An interestingexamplewasa16bit �oating point format
with a sign bit, 10 bits of mantissaand5 bits of exponent. This
format was suf�cient for mostshaders,but fell shortwhencom-
puting derivatives and relateddifference-orientedfunctionssuch
ascalculatenormal . Our softwareimplementationsupported
other OpenGLextensions(cubeenvironmentmapping,fragment
lighting, light texture,andshadow), but they arenot strictly neces-
saryasthey canall becomputedusingexisting features.

ISL Image celtic leaves bump rot toon
MPix Filled 2.8 4.3 1.2 2.2 1.9
Frames/Second 6.8 7.3 9.6 12.5 4.6
RSL Image teapots apple print
MPix Filled 500 280 144

Table1: Performance for 512x512 images on Silicon Graphics
Octane/MXI

TheRenderManbytestreaminterfacewasimplementedontop
of theRenderManproceduralinterface.Whendatais passedto the
proceduralinterface,it is incorporatedinto a scenegraph. Higher
ordergeometricprimitivesnotnativetoCosmo3D,suchastrimmed
quadricsandNURBSpatchesareaccommodatedby extendingthe
scenegraphlibrary with parametricsurfacetypes,which are tes-
sellatedjust beforedrawing. At theWorldEndproceduralcall, this
scenegraphis renderedusingaShadeActionthatinvokestheRen-
derManshadinglanguagecompilerfollowedby aDrawAction.

To establishthat the implementationwas correct,over 2000
shadinglanguagetests,includingpoint-featuretests,publicly avail-
ableshaders,andmoresophisticatedshaderswerewritten or ob-
tained.Theresultsof our rendererwerecomparedto Pixar's com-
mercially available PhotoRealisticRenderManrenderer. While
never bit-for-bit accurate,the shadingis typically comparableto
theeye (with expecteddifferencesdue,for instance,to thenoise
function). A collectionof examplesis given in Figure4. We fo-
cusedprimarily on thechallengeof mappingtheentirelanguageto
OpenGL,sothereis considerableroomfor furtheroptimization.

Thereare a few notablelimitations in our implementation.
Displacementshadersareimplemented,but treatedasbumpmap-
ping shaders;surfacepositionsarealteredonly for thecalculation
of normals,not for rasterization.True displacementwould have
to happenduring object tessellationandwould have performance
similar to displacementmappingin traditionalsoftwareimplemen-
tations. Transparency is not implemented.It is possible,but re-
quiresthescenegraphtodepth-sortpotentiallytransparentsurfaces.
Pixel texture,asit is implemented,doesnot supporttexture �lter -
ing,whichcanleadto aliasing.Ourrendereralsodoesnotcurrently
supporthigh quality pixel antialiasing,motion blur, anddepthof
�eld. Onecould implementall of thesethroughtheaccumulation
buffer ashasbeendemonstratedelsewhere[13].

5 DISCUSSION
Wemeasuredtheperformanceof severalof ourISL andRenderMan
shaders(Table1). Theperformancenumbersfor millions of pixels
�lled areconservative estimatessincewe countedall pixels in the
object's2D boundingboxevenwhendrawing objectgeometrythat
touchedfewerpixels.

5.1 Drawbac ks
Our currentsystemhasa numberof inef�ciencies that impactour
performance.First, sincewe do not usedeferredshading,we may
spendseveralpassesrenderinganobjectthat is hiddenin the �nal
image. Therearea varietyof algorithmsthat would help (for ex-
ample,visibility culling at thescenegraphlevel), but we have not
implementedany of them.

Second,the boundingbox of objectsin screenspaceis used
to de�ne the active pixels for many passes.Consequentlypixels
within the boundingbox but not within the objectaremoved un-
necessarily. This taxesoneof themostimportantresourcesin hard-
ware:bandwidthto andfrom memory.
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Third, we have only includeda minimal setof optimization
rulesin ourcompiler. Many currenthardwaresystemsshareframe-
buffer and texture memorybandwidth. On thesesystems,stor-
ageandretrieval of intermediateresultsbearsa particularlyhigh
price. This is a primary motivation for doing asmany operations
per passaspossible.Our iburg-like rule matchingworkswell for
the pipelineof simpleunits found in standardOpenGL,but more
complex units (asfound in somenew multitextureextensions,for
example)requiremorepowerful compilertechnology. Two possi-
bilities aresurveyedby Harris[15].

5.2 Advantages
Our methodologyallows researchanddevelopmentto proceedin
parallel as shadinglanguages,compilers,and hardware indepen-
dently evolve. We can take advantageof the uniquefeatureand
performanceneedsof differentapplicationareasthroughspecial-
izedshadinglanguages.

The applicationdoesnot have to handlethe complexities of
multipassshadingsincethe applicationinterfaceis a scenegraph.
This modelis a naturalextensionof mostinteractive applications,
whichalreadyhavearetainedmodeinterfaceof somesortto enable
usersto manipulatetheir data. Applicationsstill retain the other
advantagesof having ascenegraph,likeocclusionculling andlevel
of detailmanagement.

As mentioned,we have only implementeda few of themany
possiblecompiler optimizations. As the compiler improves, our
performancewill improve, independentof languageor hardware.

Finally, therapidpaceof graphicshardwaredevelopmenthas
resultedin systemswith adiversesetof featuresandrelativefeature
performance.Our designallows an applicationto usea shading
languageon all of thesystems,andstill take advantageof many of
theiruniquecharacteristics.Hardwarevendorsdonotneedtocreate
theshadingcompilerandretaineddatastructuressincethey operate
above thelevel of thedrivers.Further, sincecomplex effectscanbe
supportedonunextendedhardware,designersarefreetocreatefast,
simplehardwarewithoutcompromisingon capabilities.

6 CONCLUSION
We have createda softwarelayerbetweenthe applicationandthe
hardwareabstractionlayer to translatehigh-level shadingdescrip-
tionsinto multi-passOpenGL.Wehavedemonstratedthisapproach
with two examples,a constrainedshadinglanguagethatrunsinter-
actively oncurrenthardware,anda fully generalshadinglanguage.
We have alsoshown thatgeneralshadinglanguages,like theRen-
derManShadingLanguage,canbeimplementedwith only two ad-
ditionalOpenGLextensions.

Thereis a continuumof possiblelanguagesbetweenISL and
the RenderManShadingLanguagewith different levels of func-
tionality. Wehaveappliedourmethodto two differentshadinglan-
guagesin partto demonstrateits generality.

Thereare many avenuesof future research. New compiler
technologycanbedevelopedor adaptedfor programmableshading.
Therearesigni�cant optimizationsthatwe areinvestigatingin our
compilers. Researchis alsoneededto understandwhat hardware
featuresarebestfor supportinginteractive programmableshading.
Finally, given exampleslike the scienti�c visualizationconstructs
describedby Craw�s thatarenot foundin theRenderManshading
language[9], we believe the wide availability of interactive pro-
grammableshadingwill spurexcitingdevelopmentsin new shading
languagesandnew applicationsfor them.
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