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Abstract

Programmablehadingis a commontechniquefor productionan-
imation, but interactve programmableshadingis not yet widely
available. We supportinteractve programmableshadingon vir-
tually ary 3D graphicshardvare using a scenegraphlibrary on
top of OpenGL.We treatthe OpenGL architectureas a general
SIMD computer and translatethe high-level shadingdescription
into OpenGLrenderingpasses.While our systemusesOpenGL,
the techniquesdescribedare applicableto ary retainedmodein-
terfacewith appropriateextensionmechanismsindhardware API
with provisionsfor recirculatingdatathroughthegraphicspipeline.

We presenttwo demonstration®f the method. The rst is
a constrainedshadinglanguagethat runs on graphicshardware
supportingOpenGL1.2 with a subsetf the ARB imagingexten-
sions. We remove the shadinglanguageconstraintdy minimally
extendingOpenGL.Thekey extensionsare color range (support-
ing extendedrangeandprecisiondatatypes)andpixel texture (us-
ing frametuffer valuesasindicesinto texture maps). Our second
demonstrationis a renderersupportingthe RenderManinterface
andRenderMarShadingLanguageon a softwareimplementation
of this extendedOpenGL.For both languagesopur compilertech-
nology cantake adwantageof extensionsand performancecharac-
teristicsuniqueto ary particulargraphicshardvare.

CR categoriesand subject descriptors: 1.3.3 [Computer
Graphics]:Picture/lmaggeneration|.3.7 [ImageProcessing]En-
hancement.

Keywords: GraphicsHardware,GraphicsSystems|llumina-
tion, LanguagesRendering Interactve Rendering/Non-Realistic
RenderingMulti-PassRendering Programmabl&hading Proce-
duralShadingTexture SynthesisTexture Mapping,OpenGL.

1 INTRODUCTION

Programmablshadings a meandor specifyingtheappearancef
objectsin a syntheticscene. Programsn a specialpurposelan-
guage known asshades, describdight sourcepositionandemis-
sion characteristicsgolor andre ective propertiesof surfaces,or
transmittanc@ropertieof atmospherienedia.Conceptuallythese
programsareexecutedor eachpointonanaobjectasit is beingren-
deredto producea nal color (andperhapsopacity)asseenfrom
agivenviewpoint. Shadinganguagesanbe quitegeneralhaving
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constructdamiliar from generalpurposeprogramminganguages
suchasC, including loops, conditionals,andfunctions. The most
commonis the RenderMarShading.anguagg32].

Thepower of shadinganguages$or describingntricatelight-
ing andshadingcomputationbeernwidely recognizedinceCook's
seminalshaddreeresearch7]. Programmablshadinghasplayed
a fundamentatole in digital contentcreationfor motion pictures
andtelevision for over a decade.The high level of abstractionn
programmablshadingenablesrtists storytellersandtheirtechni-
calcollaboratorgo translateheir creatve visionsinto imagesmore
easily Shadinglanguagesrealsousedfor visualizationof scien-
ti c data.Specialdatashades have beendevelopedto supportthe
depictionof volumedata[3, 8], andatexturesynthesisanguagéas
beenusedfor visualizingdata elds onsurfaceq9]. Imageprocess-
ing scriptinglanguage$22, 31] alsosharemuchin commonwith
programmablshading.

Despiteits proven usefulnessn softwarerenderinghardvare
acceleratiorof programmablehadinghasremainecelusive. Most
hardware supportsa parametricappearancenodel,suchasPhong
lighting evaluatedper vertex, with one or more texture mapsap-
plied after Gouraudinterpolationof the lighting results[29]. The
generatomputationahatureof programmablshadingandtheun-
boundedcomplity of shadershaskeptit from beingsupported
widely in hardware. This paperdescribes methodologyto support
programmableshadingin interactve visual computingby compil-
ing a shaderinto multiple passeshroughgraphicshardvare. We
demonstratés useon currentsystemswith a constrainedshading
languageandwe shav how to supportgeneralshadinglanguages
with only two hardwareextensions.

1.1 Related Work

Interactve programmableshading, with dynamically changing
shademandscenewasdemonstratedn the PixelFlow system26].
PixelFlov hasanarrayof generalpurposeprocessorshat canex-
ecutearbitrarycodeat every pixel. Shaderawritten in alanguage
basedon RenderMars aretranslatednto C++ programswith em-
beddednachinecodedirectivesfor thepixel processorsAn appli-
cationaccesseshaderghrougha programmablénterface exten-
sionto OpenGL.The primary disadwantagef this approachare
theadditionalburdenit placeson the graphicshardwareanddriver
software. Every systemthat supportsa built-in programmableén-
terfacemustinclude powerful enoughgeneralcomputingunits to
executethe programmablshadersLimitationsto thesecomputing
units, suchasa x edlocal memory will eitherlimit the shaders
thatmayberun, have a serereimpacton performanceor causehe
systemto revert to multiple passewithin the driver. Further ev-
ery suchsystemwill have a uniqueshadinglanguagecompileras
partof thedriver software. Thisis a sophisticategieceof software
which greatlyincreaseshe compleity of thedriver.

Our approachto programmableshadingstandsin contrastto
theprogrammabl&ardvwaremethod.lts inspirationis alongline of
interactve algorithmsthatfollow a generatheme:treatthe graph-
ics hardwareasa collectionof primitive operationghatcanbeused



tobuild upa nal solutionin multiple passesEarly exampleof this
modelincludemulti-passshadas, planarre ections, highlightson

top of texture,depthof eld, andlight mapg2, 10]. Therehasbeen
a dramaticsuige of researchn this areaover the pastfew years.
Sophisticatedppearanceomputationswhichhadpreviously been
availableonly in softwarerenderershave beenmappedo generic
graphicshardware. For example,lighting per pixel, generalbidi-

rectionalre ectancedistributionfunctions,andbumpmappingnow

runin real-timeon hardwarethatsupportsioneof thoseeffectsna-
tively [6, 17,20, 24].

Consumegamedike ID Software's Quale 3 make extensve
useof multi-passeffects[19]. Quale 3 recognizeghat multi-pass
providesa e xible methodfor surfacedesignandtakestheimpor
tantstepof providing a scriptingmechanisnfor renderingpasses,
including control of OpenGLblendingmode,alphatestfunctions,
andvertex texture coordinateassignmentlin its currentform, this
scripting languagedoesnot provide accesdo all of the OpenGL
statenecessario treatOpenGLasa generalSIMD machine.

A team at Stanford has been investigating real-time pro-
grammableshading.Their focusis a framavork andlanguagehat
explicitly dividesoperationsnto thosethatareexecutedatthever
tex processingtagen thegraphicspipelineandthosethatareexe-
cutedatthefragmentprocessingtage25].

The hardvare in all of thesecasesis being usedas a com-
puting machineratherthana specialpurposeaccelerator Indeed,
graphicshardware hasbeenusedto accelerateechniquesuchas
back-projectionfor tomographicreconstructior{5] and radiosity
approximation$21]. It is now recognizedhatsomenen hardware
featuressuchasmulti-texture[24, 29], pixel texture[17], andcolor
matrix [23], areparticularlyvaluablefor supportingheseadwanced
computationsnteractely.

1.2 Our Contrib ution

In this paper we embraceand extend previous multi-passtech-
niques. We treatthe OpenGLarchitectureasa SIMD computer
OpenGLactsasan assemblylanguagefor shaderexecution. The
challenge,then, is to corvert a shaderinto an efcient set of
OpenGLrenderingpasse®n a givensystem.We introducea com-
piler betweertheapplicationandthegraphicdibrary thatcantarget
shadergo differenthardvareimplementations.

This philosophyof placing the shadingcompiler abore the
graphicsAPI is at the core of our work, and hasa number of
adwantages. We believe the numberof languagedor interactie
programmableshadingwill grow and evolve over the next sev-
eral years,respondingo the unique performanceand featurede-
mandsof differentapplicationareas. Likewise, hardware will in-
creasdn performanceand mary new featureswill be introduced.
Our methodologyallows the languages¢compiler andhardwareto
evolve independentlypecausehey arecleanlydecoupled.

This paperhasthreemain contritutions. First, we formalize
theideaof usingOpenGLasanassemblyanguagento which pro-
grammableshadersretranslatedandwe shav how to apply dy-
namictree-revriting compilertechnologyto optimizethe mapping
betweenshadinglanguagesand OpenGL(Section2). Secondwe
demonstratéhe immediateapplicationof this approachby intro-
ducing a constrainedshadinglanguagethat runs interactively on
mostcurrenthardwaresystemgSection3). Third, we describehe
color rangeand pixel texture OpenGL extensionsthat are neces-
sary and sufcient to accelerateully generalshadinglanguages
(Section4). As a demonstratiorof the viability of this solution,
we presenta completeRenderMarrenderetincluding full support
of the RenderManShadingLanguagerunning on a software im-
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Figure1l: A simplied bloc k diagr am of the OpenGL archi-
tecture.  Geometr ic data passes through the vertex oper-
ations, rasterization, and fragment oper ations to the frame-
buffer. 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.

plementatiorof this extendedOpenGL.We closethe paperwith a
discussior(Section5) andconclusion(Sectiont).

2 THE SHADING FRAMEWORK

Thereis greatdiversity in modern3D graphicshardware. Each
graphicssystemincludesuniquefeaturesandperformanceharac-
teristics. Counteringthis diversity, all moderngraphicshardware
alsosupportghebasicfeaturesof the OpenGLAPI standard.

While it is possibleo addshadingextensiongo graphicshard-
ware,OpenGLis powerful enoughto supportshadingwith no ex-
tensionsatall. Building programmablehadingon top of standard
OpenGLdecoupleghe hardware and drivers from the language,
and enablesshadingon every existing and future OpenGL-based
graphicssystem.

A compilerturns shadingcomputationsnto multiple passes
throughthe OpenGLrenderingpipeline (Figure 1). This compiler
canproducea generaketof renderingpassesor it canuseknowl-
edgeof thetargethardwareto pick anoptimizedsetof passes.

2.1 OpenGL as an Assemb ly Langua ge

Onekey obsenrationallows shaderso betranslatednto multi-pass
OpenGL:asinglerenderingpasss alsoageneralSIMD instruction
— the sameoperationsare performedsimultaneouslyor all pixels

in anobject. At the simplestlevel, the frameluffer is anaccumu-
lator, texture or pixel buffers sene as perpixel memorystorage,
blendingprovides basicarithmeticoperations)ookup tablessup-
port function evaluation,the alphatest provides a variety of con-

ditionals,andthe stencilbuffer allows pixel-level conditionalexe-

cution. A shadercomputationis brokeninto pieces,eachof which

canbe evaluatedby an OpenGLrenderingpass. In this way, we

build up a nal resultfor all pixelsin anobject(Figure2). There
aretypically severalwaysto mapshadingoperationsnto OpenGL.
We have implementedhefollowing:

Data Types: Datawith thesamevaluefor every pixelin anob-
jectarecalleduniform while datawith valuesthatmayvary from
pixel to pixel arecalledvarying Uniform datatypesare handled
outsidethe graphicspipeline. The frametuffer retainsintermediate
varyingresults.Its four channelsnay hold onequadruplgsuchas
a homogeneoupoint), onetriple (suchasa vector normal, point,
or color)andonescalaror four independenscalarsWe have made
no attemptto handlevarying datatypeswith morethanfour chan-
nels. The framehuffer channelgandhenceindependenscalarsor



#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; y
FB*=a; —
FB += environment("env");

Figure2: SIMD Computation of a Shader. Some of the different
passes for the shader written in ISLlisted on the left are shown

as thumbnails down the right column. The result of the com-
plete shader isshown on the lower left.

the componentf triples and quadruplesan be updatedselec-
tively oneachpassy settingthewrite-maskwith glColorMask

Variables: Varying global, local, and temporaryvariables
are transferredfrom the frametuffer to a namedtexture using
glCopyTexSublmage2D , which copiesa portion of the frame-
buffer into a portion of a texture. In our systemthesetexturescan
be onechannelintensity)or four channel{RGBA), dependingn
thedatatypethey hold. Variablesareusedeitherby draving a tex-
turedcopy of theobjectboundingbox or by drawing theobjectge-
ometryusinga projectie texture. The relative speedof thesetwo
methodswill vary from graphicssystemto graphicssystem. In-
tensitytexturesholding scalarvariablesare expandednto all four
channelgluringrasterizatiorandcanthereforeberestorednto ary
framehuffer channel.

Arithmetic Operations: Most arithmeticoperationsareper
formedwith framehuffer blending. They have two operands:the
frameluffer contentsand an incoming fragment. The incom-
ing fragmentmay be producedeither by draving geometry(ob-
ject color, a texture, a storedvariable,etc.) or by copying pix-
els from the frameluffer and through the pixel operationswith
glCopyPixels Data can be permuted(swizzled from one
frameluffer channelto anotheror linearly combinedmore gen-
erally using the color matrix during a copy. The framehuffer
blending mode, set by glBlendEquation , glBlendFunc
andglLogicOp , supportoverwriting,addition,subtractionmul-
tiplication, bit-wise logical operationsandalphablending. Unex-
tendedOpenGLdoesnot have a divide blendmode.We handledi-
vide usingmultiplicationby the reciprocal. Thereciprocalis com-
putedlike other mathematicafunctions(seebelon). More com-
plicatedbinary operationsare reducedto a combinationof these
primitive operations.For example,a dot productof two vectorsis

a component-wisenultiplication followed by a pixel copy with a
color matrix thatsumstheresultingthreecomponentsogether

Mathematical and Shader Functions: Mathematicaffunc-
tionswith a singlescalaroperande.g. sin or reciprocal)usecolor
or texture lookup tablesduring a framehuffer-to-frameluffer pixel
copy. Functionswith morethanoneoperande.g. atan2)or a sin-
gle vectoroperand(e.g. normalizeor color spaceconversion)are
brokendown into simplermonadicfunctionsandarithmeticopera-
tions,eachof which canbesupportedn apasshroughthe OpenGL
pipeline. Someshaderfunctions,suchastexturing and diffuse or
specularlighting, have direct correspondenti OpenGL.Often,
comple mathematicalind shaderfunctionsare simply translated
to aseriesof simplershadinganguageunctions.

Flow Control: Stenciling, set by glStencilFunc and
glStencilOp , limits the effect of all operationgo only a subset
of the pixels, with otherpixels retainingtheir original framehuffer
values. We useonebit of the stencilto identify pixelsin the ob-
ject, and additionalstencil bits to identify subsetf thosepixels
that passvarying conditionals(if-then-elseconstructsand loops).
Onestencilbit is devotedto eachlevel of nesting.Loopswith uni-
form controlandconditionalswith uniform relationsdo not needa
stencilbit to controltheirin uence becausehey affectall pixels.

A two stepprocesds usedto setthe stencilbit for a varying
conditional. First, therelationis computedwith normalarithmetic
operationssuchthattheresultendsup in the alphachannelbf the
framehuffer. Thevalueis zerowherethe conditionis trueandone
whereit isfalse.Next, apixel copy is performedwith thealpha
testenabled(setby glAlphaFunc ). Only fragmentsthat pass
the alphatestarepassedn to the stencilingstageof the OpenGL
pipeline. A stencilbit is setfor all of thesefragments.The stencil
remainsunchangedor fragmentghatfailedthealphatest.ln some
casesthe rst operationn the bodyof theconditionalcanoccurin
thesamepassthatsetsthe stencil.

The passescorrespondingo the different blocks of shader
codeat different nestinglevels affect only thosepixels that have
theproperstencilmask.Becauseve areexecutinga SIMD compu-
tation, it is necessaryo evaluateboth branche®f if-then-elsecon-
structswhoserelationvariesacrossanobject. The stencilcompare
for the elseclausesimply usesthe complemenbof the stencilbit for
the thenclause. Similarly, it is necessaryo repeata loop with a
varyingterminationconditionuntil all pixelswithin the objectexit
theloop. This requiresa testthatexaminesall of the pixelswithin
the object. We usethe minmaxfunction from the ARB imaging
extensionaswe copy the alphachannelto determinef ary alpha
valuesare non-zero(signifying they still passthe looping condi-
tion). If so,theloop continues.

2.2 OpenGL Encapsulation

We encapsulat®©penGLinstructionsin threekinds of rendering
passes:GeomRsses CopyRisses and CopyExPasses Geom-
Passeddrav geometryto useverte, rasterization,and fragment
operations.CopyPassesopy a subrgjion of the frameluffer (via
glCopyPixels ) backinto the sameplacein the framehuffer to
usepixel, rasterizationandfragmentoperations.A stencilallows
the CopyPassto avoid operatingon pixelsoutsidetheobject. Copy-
TexPassesopy asubrgion of theframeluffer into a texture object
(via glCopyTexSublmage2D ) andalsoutilize pixel operations.
Therearetwo subtypesof GeomRiss. The rst draws the object
geometry including normal vectorsand texture coordinates.The
seconddraws a screen-alignedoundingrectanglethat coversthe
objectusingstencilingto limit the operationgo pixels on the ob-
ject. Eachpassmaintainsthe relevant OpenGLstatefor its path



throughthe pipeline. Statechange®on draving are minimizedby
only settingthe statein eachpassthatis not default andimmedi-
atelyrestoringthatstateafterthe pass.

2.3 Compiling to OpenGL

Thekey to supportingnteractve programmablehadingis acom-

piler that translateghe shadinglanguagento OpenGLassembly
Thisis a CISC-like compilerproblembecaus@®penGLpassesire
compl« instructions. The problemis somevhat simpli ed dueto

constraintsn the languageandin OpenGLas an instructionset.
For example , we do not have to worry aboutinstructionscheduling
sincethereis no overlapbetweernrenderingpasses.

Our compilerimplementations guidedby a desireto retaget
thecompilerto easilytake advantageof uniquefeaturesandperfor
manceandto pick thebestsetof passe$or eachtargetarchitecture.
We alsowantto beableto supportmultiple shadinganguagesind
adaptaslanguage®volve. To help meetthesegoals,we built our
compiler using an in-housetool inspiredby the iburg code gen-
erationtool [11], thoughwe useit for all phasesof compilation.
Thistool nds theleast-costoveringof atreerepresentationf the
shadebasednatext le of patterns.

A simple examplecanshav how the tree-matchingool 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 single multi-texture
lookup,alsowith acostof one.In thiscase multi-textureis cheaper
becauseat hasa total costof oneinsteadof two. Using similar
matchingrulesandsemanticactions the compilercanmale useof
fragmentlighting, light texture, noisegenerationgdivide or condi-
tional blends or ary otherOpenGLextension[16, 27].

Theentireshadelis matchedat once,giving the setof match-
ing rulesthat cover the shademith the leasttotal cost. For exam-
ple,thecomputationsurroundingheabove pair of texturelookups
expandthe setof possiblematchingrules. GivenoperationA, tex-
ture lookup B, texture lookup C, and operationD, it may be pos-
sibleto do all of the operationsn four separateassegA,B,C,D),
to do the surroundingoperationsseparatelywhile combiningthe
texturelookupsinto one multi-texture passfor a total costof three
(A,BC,D), or to combineonecomputatiorwith eachtexturelookup
for acostof two (AB,CD). By consideringheentireshademwe can
choosethe setof matchingruleswith theleastoverall cost.

Whenwe usethetool for nal OpenGLpassgenerationwe
currently usethe numberof passessthe costfor eachmatching
rule. For performanceoptimization,the costsshouldcorrespond
to predictedrenderingspeedsothe costfor a GeomRsswould be
differentfrom the costfor a CopyPassor a CopyTexPass.

The patternmatchinghappensn two phaseslabelingandre-
ducing Labelingis donebottom-upthroughthe abstractsyntax
tree,usingdynamicprogrammingo nd theleast-cossetof pat-
tern matchrules. Reducingis donetop-davn, with one semantic
action run beforethe nodes children are reducedand one after
The iburg-like label/reducaool proved useful for more than just

nal passselection.We useit for shadeisyntaxchecking,constant

folding, andevenmemoryallocation(althoughmostof thememory
allocationalgorithmis in the codeassociateavith a smallnumber
of rules). The easeof changingcostsand creatingnenv matching
rules allows us to achieve our goal of e xible retageting of the
compilerfor differenthardwareandshadinganguages.

2.4 Scene Graph Support

Sinceobjectsmay be renderedmultiple times, it is necessaryo
retain geometrydataandto deliver it repeatediyto the graphics

hardware.In addition,shaderseedto beassociategvith objectsto

describetheir appearancesindthe shadersaindobjectsneedto be
translatednto OpenGLpasseso renderanimage.Our framevork

supportstheseoperationsn a scenegraphusedby an application
throughthe additionof new scenegraphcontainersandnew traver-

sals.

In ourimplementationywe have extendedhe Cosmo3Dscene
graphlibrary [30]. Cosmo3Dusesa familiar hierarchicalscene
graph. Internalnodesdescribecoordinatetransformationswhile
theleavesareShapenodesgachof which containsalist of Geome-
try andan Appeaance Traversalsof the scenggraphareknown as
actions A DrawAction for example,is appliedto the scenegraph
to renderthe objectsinto awindow.

We have implementeda new appearancelassthat contains
shaders. Whenincludedin a shapenode, this appearanceom-
pletely describeshow to shadethe geometryin the shape. The
shaderamay includea list of active light shadersa displacement
shader a surface shader and an atmosphereshader In addition,
we have implementedh new traversal,knowvn asa ShadeActionA
ShadeActiortonvertsascenggraphcontainingshapesvith thenew
appearancito anothetCosmo3Dscenggraphdescribinghemul-
tiple passedor all of the objectsin the original scenegraph. (The
transformatiorof scenggraphds apowerful, generatechniquehat
hasbeenproposedo addressa variety of problems[1].) The key
elementof the ShadeActionis the shadinglanguagecompilerthat
corvertstheshadersnto multiple passesA ShadeActioimaytreat
multiple objectsthat sharethe sameshaderasa single,combined
objectto minimizeoverhead A DrawAction appliedto this second
scenggraphrenderghe nal image.

The scenggraphpassednformationto the compilerincluding
the matrix to transformfrom the objects coordinatesysteminto
cameraspaceandthe screerspacefootprint for the geometry The
footprintis computedduring the ShadeActiorby projectinga 3D
boundingbox of the geometryinto screerspaceandcomputingan
axis-aligned2D boundingbox of the eight projectedpoints. Only
pixels within the 2D boundingbox are copiedon a CopyPassor
dravn onthequad-Geom&ssto minimizeunnecessargatamove-
mentwhenshadingeachobject.

We provide supportfor dehugging at the single-step,pass-
by-pasdevel throughspecialhooksinsertedinto the DrawAction.
Eachpassis heldin anextendedCosmo3DGroup node,whichin-
vokesthedehugginghookfunctionswhendravn. Eachpasss also
taggedwith theline of sourcecodethatgeneratedt, soeverything
from shadersource-lgel dehuggingto pass-by-passnagedumps
is possible. Hooksat the perpasslevel alsolet us monitor or es-
timateperformanceAt the coarsestevel, we can nd the number
of passesxecuted,but we canalso examineeachpassto record
detailslik e pixelswritten or time to draw.

3 EXAMPLE: INTERACTIVE SL

We have developeda constrainedhadinganguagecalledISL (for
Interactve Shading_anguage]25] andanISL compilerto demon-
strateour methodon currenthardware.ISL is similarin spiritto the
RenderMarShadingLanguagen thatit providesa C-like syntax
to specify perpixel shadingcalculations,andit supportsseparate
light, surface,andatmosphershadersDatatypesincludevarying
colors,anduniform oats, colors,matricesandstrings.Local vari-
ablescanholdbothuniformandvaryingvalues.Nestableo w con-
trol structuresncludeloopswith uniform control,anduniformand
varying conditionals. Thereare built-in functionsfor diffuseand
speculafighting, texturemapping projective textures ervironment
mappingRGBA one-dimensiondbokuptables.andperpixel ma-



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 It = (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] = O.;
m(3][2] = 0.;

m = It*\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); ¢ = FB;
FB = color(1,1,1,1); FB -=c;
FB *= texture(tl); 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. Ellipsesdenote where parameter s and state-
ments hav e been omitted. Some tables are in header les.

trix transformationsin addition,ISL supportsuniform shaderpa-
rametersanda setof uniform globalvariablegshadespacepbject
spacetime, andframecount).

We have intentionallyconstrainedSL in a numberof ways.
First, we only choseprimitive operationsand built-in functions
thatcanbe executedon ary hardwaresupportingpaseOpenGL1.2
plusthe color matrix extension.Consequentlymary currenthard-
waresystemscansupportISL. (If the color matrix transformation
is eliminated,ISL shouldrun arywhere.) This constraintprovides
the shademvriter with insightinto how limited precisionof current
commercialhardware may affect the shader Second the syntax
doesnot allow varying expressionof expressionswhich ensures
that the compiler doesnot needto createary temporarystorage
not alreadymadeexplicit in the shader As a result,the writer of
ashadeknows by inspectiorthe worst-caséemporarystoragere-
quiredby theshadingcode(althoughthecompileris freeto useless
storagejf possible).Third, arbitrarytexture coordinatecomputa-
tion is not supported.Texture coordinatesnustcomeeitherfrom
thegeometryor from the standarddpenGLtexturecoordinategen-
erationmethodsandtexture matrix.

Oneconsequencef thesedesignconstraintss thatISL shad-
ing codeis largely decoupledrom geometry For example,since
shademparametersire uniform thereis no needto attachthemdi-
rectly to eachsurfacedescriptionin the scenegraph. As aresult,
ISL andthe compilercanmigratefrom applicationto application
andscenggraphto scenegraphwith relative ease.

3.1 Compiler

We performsomesimpleoptimizationsin the parser For instance,
we do limited constantcompressiorby evaluating at parsetime
all expressionghataredeclareduniform. Whenparametersr the
shadecodechangewe mustreparsaheshaderin ourcurrentsys-
tem,we do this every time we performa ShadeActionA moreso-
phisticatedcompiler suchasthe oneimplementedor the Render
Man ShadingLanguage(Section4) performstheseoptimizations
outsidethe parser

We expandthe parsetreesfor all of the shadersn anappear
ance(light shaderssurfaceshaderandatmosphereshader)nto a
singletree. This treeis thenlabeledand reducedusing the tree
matchingcompilertool describedn Section2.3. Thecostsfedinto
the labelerinstructthe compilerto minimize the total numberof
passesegardlesof therelative performancef thedifferentkinds
of passes.

The compilerrecognizesand optimizessubepressionssuch
asatexture, diffuse, or speculatdighting multiplied by a constant.
The compileralsorecognizesvhena local variableis assigneda
valuethatcanbe executedin a singlepass.Ratherthanexecuting
the pass,storingthe result,andretrieving it whenreferencedthe
compilersimply replaceshe local variable usagewith the single
passhatdescribest.

3.2 Demonstration

We haveimplementedh simpleviewer ontop of theextendedscene
graphto demonstratéSL runninginteractvely. The viewer sup-
portsmouseinteractionfor rotationandtranslation.Userscanalso
modify shaderénteractiely in two ways. They caneditshadetext
les, andtheir changesare picked up immediatelyin the viewer.
Additionally, they canmodify parameter®y draggingsliders,ro-
tatingthumb-wheelspr enteringtext in acontrolpanel. Theviewer
createshecontrolpanelonthe y for ary selectedshaderChanges
to the parametersre seenimmediatelyin the window. Examples
of theviewer runningISL aregivenin Figures2 and3.



4 EXAMPLE: RENDERMAN SL

RenderMaris arenderingandscenedescriptioninterfacestandard
developedin the late 1980s[14, 28, 32]. The RenderManstan-
dard includesproceduraland bytestreanscenedescriptioninter-
faces. It alsode nes the RenderManShadingLanguage which
is the de facto standardor programmableshadingcapabilityand
represents well-de ned goal for anyoneattemptingto accelerate
programmablehading.

TheRenderMarShading_anguages extremelygeneralwith
control structurescommonto mary programminganguagestich
datatypes,and an extensve setof built-in operatorsandgeomet-
ric, mathematicalljighting, andcommunicatioriunctions.Thelan-
guageoriginally wasdesignedvith hardwareacceleratiorin mind,
socomplicatedr userde ned datatypesthatwould make acceler
ationmoredif cult arenotincluded.lt is alargebut straightforvard
taskto translatehe RenderMarShading_anguagento multi-pass
OpenGL,assuminghefollowing two extensions:

Extended Rangeand PrecisionData Types: Eventhe sim-
plestRenderMarshaderdave intermediatecomputationghatre-
quire data valuesto extend beyond the range [0-1], to which
OpenGL fragmentcolor valuesare clamped. In addition, they
needhigher precisionthanis found in currentcommercialhard-
ware. With the color range extension, color data can have an
implementation-speci cangeto whichit is clampedduringraster
ization and framehuffer operationgincluding color interpolation,
texture mapping,andblending). The framehuffer holds colors of
the new type, and the cornversionto a displayablevalue happens
only uponvideoscan-out.We have usedthe color rangeextension
with an IEEE singleprecision oating point datatype or a subset
thereofto supportthe RenderMarShading.anguage.

Pixel Texture: RenderMarallows texture coordinatedo be
computedprocedurally In this case,texture coordinatescannot
be expectedto changdinearly acrossa geometricprimitive, asre-
quiredin unextendedOpenGL.This generakwo-dimensionaindi-
rectionmechanisntanbesupportedvith theOpenGLpixel texture
extension[17, 18, 27]. This extensionallows the (possibly oat-
ing point) contentof the frameluffer to be usedastextureindices
whenpixelsarecopiedfrom the frameluffer. Thered,greenblue,
and alphachannelsare usedas texture coordinatess, t, r, andq,
respectrely. We usepixel texture not only to index two dimen-
sionaltexturesbut alsoto index extremely wide one-dimensional
textures. Thesewide texturesare usedaslookup tablesfor math-
ematicalfunctionssuchassin, reciprocal,andsqgrt. Thesecanbe
simplepieceavise linearapproximationsstartingpointsfor Newton
iteration,componentaisedto constructthe more complex mathe-
maticalfunctions,or evendirectone-to-onenappingsor areduced

oating pointformat.

4.1 Scene Graph Suppor t

The RenderMarShadingLanguagedemandgreatersupportfrom
thescenegraphlibrary thanISL becausg@eometryandshadersre
moretightly coupled. Varying parametes canbe suppliedasfour
valuesthat correspondo the cornersof a surface patch,and the
parameteiover the surfaceis obtainedthroughbilinear interpola-
tion. Alternatively, one parameteralue may be suppliedper con-
trol point for a bicubic patchmeshor a NURBS patch, and the
parameteiis interpolatedusing the samebasisfunctionsthat de-
ne thesurface.We associate (possiblyempty)list of namedpa-
rameterswith eachsurfaceto hold ary parametergrovided when
the surfaceis de ned. Whenthe surface geometryis tessellated
to form GeoSetgtrianglestrip setsandfan sets,etc.),its parame-
tersaretransferredo the GeoSetso thatthey 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 shadow maps gener ated on the y. The wood
oor , blue marble, red apple, and wood bloc k print 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 proprietary specular function; we use the de nition

from the RenderMan specication. The blue marble, wood
oor ,and apple do not match because of differences inin the
noise function. Other discrepancies typically are due to lim-
ited precision lookup tables used to help evaluate mathem at-
ical functions . (Credit: LGParquetPlank by Larry Gritz, SHW\el-
vet and SHWbrushedmetal by Stephen Westin, DPBlueMarble
by Darwin Peache y, eroded from the RenderMan compan-

ion, JMreda pple by Jonathan Merritt, and woodbloc kprint
by Scott Johnston. Courtesy of the RenderMan Repository
http://www.renderman.org )



anddrawvn asvertex colorsby the passeproducedy thecompiler
Similarly, a shademmay requirederiatives of surfaceproperties,
suchas the partial derivatives of the position (dP/du and dP/dv)
either as global variablesor through a differential function such
as calculatenormal . A shadermay also use deriatives of
usersuppliedparametersThecompilercanrequesfrom thescene
graphary of thesequantitiesevaluatedover a surfaceat the same
pointsusedin its tessellationAs with ary otherparameterthey are
computednthehostandstoredn thevertex colorsfor thesurface.
Wherepossible lazy evaluationensureghatthe userdoesnot pay
in time or spaceor this supportunlessrequested.

4.2 Compiler

Our RenderMarcompileris basedon multiple phasef the tree-
matchingtool describedn Section2.3. Thephasesnclude:

Parsing: convert sourceinto aninternaltreerepresentation.

PhaseO:detecterrors

Phasel:performcontet-sensitie typing (e.g. noise texture)

Phase2:detectandcompressainiform expressions

Phase3:compute‘differencetrees”for Derivatives

Phase4:determinevariableusageandlive rangeinformation

Phaseb5:identify possibleOpenGLinstructionoptimizations

Phase6:allocatememoryfor variables

Phase7:generat@ptimized,machinespeci c OpenGL

The mappingof RenderMarto OpenGLfollows the method-
ology describedn Section2.1. Texturing andsomelighting carry
over directly; mostmath functionsare implementedwith lookup
tables;coordinatetransformationsreimplementedwith the color
matrix;loopswith varyingterminationconditionaresupportedvith
minmax;andmary built-in functions(includingilluminance solar
andilluminate) are rewritten in termsof simpleroperations.Fea-
tureswhosemappingto OpenGLis moresophisticatedhclude:

Noise: The RenderManSL provides band-limited noise
primitives that include 1D, 2D, 3D, and 4D operandsand single
or multiple componenbutput. We use oating pointarithmeticand
texturetablesto supportall of thesefunctions.

Derivatives: The RenderMarSL providesaccesgo surface-
derivative information through functions that include Du, Dv,
Deriv , area , andcalculatenormal . Wededicateacompiler
phaseto fully implementthesefunctionsusinga techniquesimilar
thatdescribedy Larry Gritz [12].

A numberof optimizationsare supportedby the compiler
Uniform expressionsareidenti ed andcomputedoncefor all pix-
els. If texture coordinatesrelinear functionsof s andt or vertex
coordinatesthey arerecognizedasa single passwith somecom-
binationof texture coordinategeneratiorandtexture matrix. Tex-
ture memoryutilization is minimized by allocatingstoragebased
onsingle-stati@assignmenandlive-rangeanalysig4].

4.3 Demonstration

We have implementeda RenderMamrenderercompletewith shad-
ing languagebytestreamand procedurainterfaceson a software
implementationof OpenGL including color rangeand pixel tex-
ture. We experimentedvith subset®f IEEE singleprecision oat-
ing point. An interestingexamplewasa 16 bit oating pointformat
with a sign bit, 10 bits of mantissaand5 bits of exponent. This
format was sufcient for mostshadersput fell shortwhencom-
puting derivatives and relateddifference-orientedunctions such
ascalculatenormal . Our softwareimplementatiorsupported
other OpenGL extensions(cube ervironmentmapping,fragment
lighting, light texture,andshadw), but they arenotstrictly neces-
saryasthey canall be computedusingexisting features.

ISL Image celtic | leaves | bump | rot | toon
MPix Filled 2.8 4.3 12 | 22| 19
Frames/Second| 6.8 7.3 9.6 | 125| 4.6
RSL Image teapots| apple | print
MPix Filled 500 280 144

Table 1l: Performance for 512x512 images on Silicon Graphics
Octane/MXI

TheRenderMarbytestreaninterfacewasimplementedntop
of theRenderMarproceduralnterface.Whendatais passedo the
proceduralinterface,it is incorporatednto a scenegraph. Higher
ordergeometrigorimitivesnotnative to Cosmo3Dsuchastrimmed
quadricsandNURBS patchesareaccommodatetly extendingthe
scenegraphlibrary with parametricsurfacetypes,which aretes-
sellatedust beforedrawing. At the WorldEndproceduratall, this
scenggraphis renderedusinga ShadeActiorthatinvokesthe Ren-
derManshadinganguagecompilerfollowedby a DrawAction.

To establishthat the implementationwas correct,over 2000
shadinganguagéests,ncludingpoint-featuregests publicly avail-
able shadersand more sophisticatedhadersvere written or ob-
tained. Theresultsof our renderemwerecomparedo Pixar's com-
mercially available PhotoRealisticRenderManrenderer While
never bit-for-bit accurate the shadingis typically comparableto
the eye (with expecteddifferenceglue,for instanceo the noise
function). A collectionof examplesis givenin Figure4. We fo-
cusedprimarily onthe challengeof mappingthe entirelanguageo
OpenGL,sothereis considerableoomfor furtheroptimization.

There are a few notablelimitations in our implementation.
Displacemenshadersareimplementedbut treatedas bump map-
ping shaderssurfacepositionsarealteredonly for the calculation
of normals,not for rasterization. True displacementvould have
to happenduring objecttessellatiorand would have performance
similar to displacemeninappingin traditionalsoftwareimplemen-
tations. Transparengcis not implemented. It is possible,but re-
quiresthescenagraphto depth-sorpotentiallytransparersurfaces.
Pixel texture, asit is implementeddoesnot supporttexture lter -
ing, whichcanleadto aliasing.Ourrenderealsodoesnotcurrently
supporthigh quality pixel antialiasing,motion blur, and depthof
eld. Onecouldimplementall of thesethroughthe accumulation
buffer ashasbeendemonstratedlsevhere[13].

5 DISCUSSION

We measuretheperformancef severalof ourISL andRenderMan
shadergTablel). The performanceaumbersor millions of pixels
lled areconserative estimatesincewe countedall pixelsin the
objects 2D boundingbox evenwhendraving objectgeometrythat
touchedfewer pixels.

5.1 Drawbacks

Our currentsystemhasa numberof inef ciencies thatimpactour
performanceFirst, sincewe do not usedeferredshadingwe may
spendseveral passesenderingan objectthatis hiddenin the nal
image. Therearea variety of algorithmsthat would help (for ex-
ample,visibility culling atthe scenegraphlevel), but we have not
implementedary of them.

Secondthe boundingbox of objectsin screenspaceis used
to de ne the active pixels for mary passes.Consequentlypixels
within the boundingbox but not within the objectare moved un-
necessarilyThistaxesoneof the mostimportantresourcedn hard-
ware:bandwidthto andfrom memory



Third, we have only includeda minimal set of optimization
rulesin ourcompiler Mary currenthardwaresystemshareframe-
buffer and texture memory bandwidth. On thesesystems,stor
ageandretrieval of intermediateresultsbearsa particularly high
price. This is a primary motivation for doing as mary operations
per passaspossible.Our iburg-like rule matchingworks well for
the pipeline of simpleunits found in standardOpenGL,but more
comple units (asfoundin somenew multitexture extensions for
example)requiremore powerful compilertechnology Two possi-
bilities aresuneyed by Harris[15].

5.2 Advantages

Our methodologyallows researchand developmentto proceedin

parallel as shadinglanguagescompilers,and hardware indepen-
dently evolve. We cantake adwantageof the uniquefeatureand
performanceneedsof differentapplicationareasthroughspecial-
izedshadindanguages.

The applicationdoesnot have to handlethe compleities of
multipassshadingsincethe applicationinterfaceis a scenegraph.
This modelis a naturalextensionof mostinteractie applications,
whichalreadyhave aretainednodeinterfaceof somesortto enable
usersto manipulatetheir data. Applicationsstill retainthe other
adwantage®f having asceneyraph like occlusionculling andlevel
of detailmanagement.

As mentionedwe have only implementech few of the mary
possiblecompiler optimizations. As the compilerimproves, our
performancevill improve, independentf languageor hardware.

Finally, the rapid paceof graphicshardwaredevelopmenthas
resultedn systemswith adiversesetof featuresandrelative feature
performance. Our designallows an applicationto usea shading
languageon all of the systemsandstill take advantageof mary of
theiruniquecharacteristicsHardwarevendorsdonotneedo create
theshadingcompilerandretaineddatastructuresincethey operate
above thelevel of thedrivers.Further sincecomple effectscanbe
supportednunetendechardvare,designersirefreeto createfast,
simplehardwarewithout compromisingon capabilities.

6 CONCLUSION

We have createda software layer betweenthe applicationandthe
hardware abstractiorlayer to translatehigh-level shadingdescrip-
tionsinto multi-pasOpenGL We have demonstratethisapproach
with two examples a constraineghadinganguagehatrunsinter-
actively on currenthardware,andafully generakhadinganguage.
We have alsoshawvn thatgeneralshadinglanguageslike the Ren-
derManShading.anguagecanbeimplementedvith only two ad-
ditional OpenGLextensions.

Thereis a continuumof possiblelanguagedetweenSL and
the RenderManShadingLanguagewith differentlevels of func-
tionality. We have appliedour methodto two differentshadingan-
guagesn partto demonstratés generality

Thereare mary avenuesof future research. New compiler
technologycanbedevelopedor adaptedor programmablshading.
Therearesigni cant optimizationsthatwe areinvestigatingn our
compilers. Researchs alsoneededo understandvhat hardware
featuresarebestfor supportinginteractve programmablehading.
Finally, given exampleslike the scienti ¢ visualizationconstructs
describedy Craw s thatarenotfoundin the RenderMarshading
languag€9], we believe the wide availability of interactve pro-
grammablehadingwill spurexciting developmentsn new shading
languagesndnew applicationgor them.
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