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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

�

Now at IntrinsicGraphics

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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Level-of-Detail Shader s
Marc Olano, Bob Kuehne �
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Abstract
Currentgraphicshardwarecanrenderobjectsusingsimple
proceduralshadersin real-time. However, detailed,high-
quality shaderswill continueto stresstheresourcesof hard-
warefor sometime to come. Shaderswritten for �lm pro-
ductionandsoftwarerenderersmay stretchto thousandsof
lines. Thedif�culty of renderingef�ciently is compounded
when thereis not just one, but a scenefull of shadedob-
jects, surpassingthe capability of any hardware to render.
This problemhasmany similaritiesto therenderingof large
models,a problemthat has inspiredextensive researchin
geometriclevel-of-detailandgeometricsimpli�cation. We
introduceananalogousprocessfor shading,shadersimpli�-
cation. Startingfrom an initial detailedshader, shadersim-
pli�cation producesa new shaderwith extra level-of-detail
parametersthat control the shaderexecution. The resulting
level-of-detailshader, canautomaticallyadjustits rendered
appearancebasedon measuresof distance,size,or impor-
tanceaswell asphysicallimits suchasrenderingtimebudget
or textureusage.

CR categories and subject descriptors: I.3.3 [Com-
puter Graphics]: Picture/Imagegeneration— Display al-
gorithms; I.3.7 [ComputerGraphics]: Three-Dimensional
GraphicsandRealism— Color, shading,shadowing andtex-
ture.

Keywords: Interactive Rendering,RenderingSystems,
HardwareSystems,ProceduralShading,Languages,Multi-
PassRendering,Level-of-Detail, Simpli�cation, Computer
Games,Re�ectance& ShadingModels.

1 INTRODUCTION
Proceduralshadingis a powerful technique,�rst explored
for softwarerenderingin work by CookandPerlin[10, 35],
andpopularizedby the RenderManShadinglanguage[20].
A shaderis a simpleprocedurewritten in a specialpurpose

� email:f olano,rpk g@sgi.com

Figure1: LOD shader upholstering a Le Corbusier chair.

high-level languagethatcontrolssomeaspectof theappear-
anceof anobjectto which it is applied.Thetermshaderis
usedgenericallyto refer to proceduresthatcomputesurface
color, attenuationof light througha volume (as with fog),
light color and direction, �ne changesto the surfaceposi-
tion, or transformationof controlpointsor vertices.

Recentgraphicshardware can rendersimple procedural
shadersin real-time[4, 5, 31, 33, 34, 36]. Shadersthat ex-
ceedthehardware's abilitiesfor renderingof a singleobject
mustbe renderedusingmultiple passesthroughthe graph-
ics pipeline. The resultingmulti-passshaderscan achieve
real-timeperformance,but many complex shadersin asingle
scenecaneasilyoverwhelmany graphicshardware.Evenfor
shadersthat executein a singlerenderingpass,the number
of texturesor combinerstagesusedcanaffectoverallperfor-
mance[31].

Considera realisticshaderfor a leatherchair. Featuresof
this shadermay includean overall leathertexture or bump
map,acoupleof measuredBRDFs(bidirectionalre�ectance
distribution functions) for worn and unworn areason the
seat, bumps for the stitching, with dust collected in the
crevices,scuff marks,changesin color dueto variationsin
the leather, and potentially even more. Sucha shadercan
provide a satisfyinginteractive renderingof theseatfor de-
tailedexamination,but is overkill asyou move away to see
the rest of the room andall the other, buildings, treesand
pedestriansusing shadersof similar complexity. Figure 1
doesnot have all the featuresdescribed,but with a bump
mapandmeasuredleatherBRDF it still exceedscurrentsin-
glepassrenderingcapabilities.

In this paper, we introducelevel-of-detail shaders(LOD
shaders)to solve the problemof providing both interactive
performanceand convincing detailedshadingof many ob-
jects in a scene.A level-of-detailshaderautomaticallyad-
juststheshadingcomplexity basedononeor moreinputpa-
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rameters,providingonly thedetailappropriatefor thecurrent
viewing conditionsandresourcelimits. Wepresentageneral
framework for creatinga level-of-detail shaderfrom a de-
tailedsourceshaderwhichcouldbeusedfor automaticLOD
shadergeneration. Finally, we provide detailsand results
from our building-block basedlevel-of-detail shadertools,
wherethe generalframework for shadersimpli�cation has
beenmanuallyappliedto building-block functionsusedfor
writing complex shaders.

1.1 Backgr ound
This work is directly inspiredby the body of researchon
geometricsimpli�cation. Speci�cally, many of our shader
simpli�cation operationsaremodeledafteroperationsfrom
the topology-preservinggeometriclevel-of-detail literature.
Schroederand Turk both performedearly work in auto-
maticmeshsimpli�cation usinga seriesof local operations,
eachresultingin a smallertotal polygoncountfor theentire
model[39, 41]. Hoppeusedthecollapseof anedgeto asin-
glevertex asthebasiclocalsimpli�cation operation.Healso
introducedprogressivemeshes,whereall simpli�ed versions
of amodelarestoredin a form thatcanreconstructedto any
level at run-time[24]. Theseideashavehadalargein�uence
on morerecentpolygonalsimpli�cation work ([16, 22, 25]
andmany others).

Many shadersimpli�cations involvegeneratingtexturesto
standin for oneor moreothershadingoperations.Guenter,
KnoblockandRuf replacedstaticsequencesof shadingop-
erationswith pre-generatedtextures[19]. Heidrich hasan-
alyzedtexture sizesandsamplingratesnecessaryfor accu-
rateevaluationof shadersinto texture[32]. In a relatedvein,
texture-impostorbasedsimpli�cation techniquesreplacege-
ometrywith pre-renderedtextures,either for indoor scenes
ashasbeendoneby Aliaga[2] or outdoorscenesasby Shade
etal. [40].

We alsodraw on thebodyof BRDF approximationmeth-
ods. Like shadingfunctions, BRDFs are positive every-
where.Fournierusedsingularvaluedecomposition(SVD) to
�t aBRDFto sumsof productsof functionsof light direction
andview directionfor usein radiosity[13]. KautzandMc-
Coolpresentedasimilarmethodfor real-timeBRDFrender-
ing, computingfunctionsof view, light, or otherbasesastex-
turesusingeitherSVD or a simplernormalizedintegration
method[27]. McCool,Ang andAhmad'shomomorphicfac-
torizationusesonly productsof 2D texturelookups,�t using
least-squares[29]. In a relatedarea,RamamoorthiandHan-
rahanuseda commonsetof sphericalharmonicbasistex-
turesfor reconstructingirradianceenvironmentmaps[37].

This work is alsodirectly derivedfrom efforts to antialias
shaders.The primary form of antialiasingprovided in the
RenderManshadinglanguageis a manualtransformationof
the shader, relying on the shader-writer's knowledgeto ef-
fectively remove high-frequency componentsof the shader
or smooththe sharptransitionsfrom an if , by insteadus-
ing a smoothstep (cubic spline interpolationbetweentwo
values)or filterstep (smoothstepacrossthecurrentsam-

ple width) [11]. Perlin describesautomaticuseof blending
where if is usedin the shadingcode[11]. Heidrich and
hiscollaboratorsalsodid automaticantialiasing,usingaf�ne
arithmeticto computethe shadingresultsandestimatethe
frequency anderrorin theresults[23].

Finally, therehavebeenseveralresearcherswhohavedone
moreambitiousshadertransformations.Goldmandescribed
multiple versionsof a fur shaderusedin several movies,
thoughswitchesbetweenrealfur andfakefur wereonly done
betweenshots[18]. Kajiya wasthe�rst to posetheproblem
of converting large-scalesurfacecharacteristicsto a bump
mapor BRDF representation[26]. Along this line, Fournier
usednonlinearoptimizationto �t a bump mapto a sumof
severalstandardPhongpeaks[12]. Cabral,Max andSpring-
meyer addressedthe conversionfrom bump mapto BRDF
througha numericalintegrationpre-process[7], andBecker
and Max solved it for conversion from RenderMan-based
displacementmapsto bumpmapsandthento a BRDF rep-
resentation[6]. More recently, Apodacaand Gritz manu-
ally createdahierarchyof �ltered level-of-detailtextures[3],
while Kautz approachedthe problem in reverse, creating
bumpmapsto statisticallymatchachosenfractalmicro-facet
BRDF [28].

This work is set within the context of recentadvances
in interactive shadinglanguages,motivating the needfor
shadersthatcantransitionsmoothlyfrom highquality to fast
rendering. The �rst suchsystemby Rhoadeset al. was a
relatively low-level languagefor thePixel-Planes5 machine
at UNC [38]. This was followed by Olanoandcollabora-
torswith a full interactive shadinglanguageon UNC's Pix-
elFlow system[33]. Peercy andcoworkersat SGI createda
shadinglanguagethat runsusingmultiple OpenGLRender-
ing passes[34]. Thework presentedhereusestheirOpenGL
ShaderISL languageastheformatfor bothinputshadersand
LOD shaderresults.

Therearemany emerging optionsfor assembler-level in-
terfacesto hardwareacceleratedshading,includingofferings
by NVIDIA andATI aswell asashadinginterfacewithin Di-
rectX [4, 5, 30, 31]. The shadinggroupat Stanford,led by
Kekoa ProudfootandBill Mark, createdanotherhigh-level
real-timeshadinglanguagethatcanbecompiledinto either
multiple renderingpassesor a singlepassusingNVIDIA or
ATI hardwareextensions[36]. A groupat 3DLabs,led by
RandiRost, is alsospearheadingan effort to createa high-
level shadinglanguagefor OpenGLversion2.0.

2 USING LOD SHADERS
UsingasingleLOD shaderthatencapsulatestheprogression
of levelsof detailprovidesmany of theadvantagesfor sim-
pli�ed shadersthat progressive meshesprovide for geome-
try. The following directly echosthe points from Hoppe's
original progressivemeshpaper[24].

� Shadersimpli�cation: The LOD shadercanbe gener-
atedautomaticallyfrom aninitial complex shaderusing
automatictools (thoughas in the early daysof mesh
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simpli�cation, thesetools are not yet as automaticas
wewould like).

� LOD approximation: Likeaprogressivemesh,anLOD
shadercontainsall levels of detail. Thus it can in-
clude the shaderequivalent of Hoppe's geomorphsto
smoothlytransitionfrom onelevel to thenext.

� Progressivetransmissionand compression: The rep-
resentationof a shaderis muchsmallerthan that of a
mesh.Evenrelatively complex RenderManshadersare
typically only afew thousandlinesof code.Shadersfor
real-timeare seldommore complex than several tens
of lines of code. Yet a scenewith thousandsof LOD
shadersmaystill bene�t by �rst storingandsendingthe
simplestlevels followed by transmissionof the more
complex levels.

� SelectiveRe�nement: Selective re�nement for meshes
refersto simplifying someportionsof the meshmore
than othersbasedon currentviewing conditions,en-
compassingboth variation across the object and a
guideddecisionon which of the storedsimpli�cations
to apply. For an LOD shadertheseaspectsaretreated
independently. Currenthardwaredoesnot realizeany
bene�t from shadingvariationsacrossa singleobject,
but a singleLOD shaderwill presenta high quality ap-
pearanceon somesurfaceswhile usinga lower quality
for others,basedon distance,viewing angleor other
factors. The LOD shadermay alsoapply certainsim-
pli�cations andnotothersbasedonpressurefrom hard-
wareresourcelimits. For example,if availabletexture
memory is low, texture-reducingsimpli�cation steps
may be appliedin one part of the shaderwhile leav-
ing morecomputation-heavy portionsof the shaderto
berenderedat full detail.

Many of thesepointsdependon the storageof an LOD
shader. Startingfrom a complex shaderwe createa series
of simpli�cation operationsto producethe mostsimpli�ed
shader, representedasanothershaderin the sourceshading
language.This combinedshaderincludesall of the levels
within a singleshadingfunction with additionallevel con-
trol parameters.This providesseveral practicaladvantages
astheLOD shaderis indistinguishable,beyondits additional
parameters,from a non-LODshader. SinceOpenGLShader
(andmostothershadingsystems)setshaderparametersby
name,with defaultvaluesfor unsetparameters,LOD shaders
areeasilyinterchangedwith othershaders.For example,this
canallow easydropin replacementof thecoveringon a car
seat,from a simplestand-into a non-LODvinyl shader, an
LOD leathershader, or anLOD fabricshader.

The set of level-control parametersare the one aspect
thatdistinguishestheinterfaceto anLOD shaderfrom other
shaders.For interchangeableusetheparametersetshouldbe
agreeduponby both the applicationand shadersimpli�er.
Theseparametersareusedwithin theLOD shaderto switch

FB=diffuse();

FB*=texture("tex");

a) basic block

FB=diffuse();
if (time<10)

FB*=texture("tex");

b) split blocks

Figure2: Candidate blocks. a) a single basic block that could be

simpli�ed. b) blocks split by a conditional — will not be merged to-

gether

andblendbetweendifferent levels aswell as to de�ne the
rangeswhereeachlevel is valid. As with geometriclevel-of-
detail,parameterchoicesmayincludedistanceto theobject,
approximatescreensizeof the renderedobject, importance
of theobject,or availabletime budget.For shading,we may
alsoaddbudgetsfor hardwareresourcelimits suchastexture
memoryavailability. Many of theseparameterscouldinstead
becollectedinto a singleaggregateparameter, or controlled
throughanoptimizationfunctionasdoneby Funkhouserand
Séquin[15]. All examplesin thispaperuseasingleparame-
ter setusingadistancemetric.

3 SIMPLIFICATION FRAMEWORK
Shadersimpli�cation createsan LOD shaderfrom an arbi-
trary sourceshader. We describethe simpli�cation process
in termsof four stages.First, identify candidateblocksof
shadercode.Second,producea setof simpli�ed versionsof
thecandidateblocks.Third, associatelevel parameterswith
thesimpli�ed blocks,and�nally assembletheresultinto an
LOD shader. Thesestagescanbe repeatedto achieve fur-
thersimpli�cation, wheretwo or moresimpli�ed blockscan
becombinedinto a singlelargercandidateblock for another
simpli�cation run.

3.1 Finding Candidate Bloc ks
The �rst steptowardcreatinganLOD shaderis identifying
blocksof shadercodethatarecandidatesfor simpli�cation.
Thesearelikeedgesfor edge-collapsebasedpolygonalsim-
pli�cation. Findingthesetof candidateblocksin a shaderis
slightly morecomplicatedthan�nding thesetof edgesin a
model,but canbedonewith a staticanalysisof theoriginal
shadercode.

A static analysisis one donebeforeactualexecution; it
only hasaccessto whatcanbeinferredfrom thesourcecode
itself. In particular, resultsfor conditionalsandloopsinvolv-
ing compile-timeconstantsareknown (uniform in ISL par-
lance),but not onesthat might changeat run-time(param-
eter in ISL). As a result,choosinga staticanalysisrestricts
simpli�cation possibilitiesto whatcanbedonewithin a ba-
sic block, without crossinga run-time loop or conditional
(Figure2).

Eachblock within theshaderhassomevariablesthatare
input to the computationswithin the block andothersthat
are resultscomputedby the block. Expressionswithin the
block form a dependencegraphwith operationsrepresented
asnodesin thegraphandvariablesasedgeslinking operation
to operation. This graphcanbe partitionedinto subgraphs
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Figure3: Removal of operations as contributions become imper-

ceptible. Top row, left to right: Close-up of torus mapped with detail

dust and scratch textures, with dust and scratches removed, with

specular mask removed. Bottom row, left to right: image sequence

of the wood applied to a cone with each removal displayed at it's

expected switching distance.

whereeachsubgraphcomputesoneblockoutputor interme-
diate result. Thesesubgraphsare the candidateblocks for
simpli�cation. Any basicblock canbe partitionedin many
ways,andthechoiceof blockpartitioningis somewhatanal-
ogousto choosingedgesfor meshsimpli�cation.

3.2 Simpli�cations
Eachof thecandidateblocksdescribedabove computesone
resultbasedonasetof inputs.Thesimpli�cation operations
on this block performa local substitutionof a simplerform
in placeof the original, producingequivalentoutputwhile
keepingthe form of the total shaderthe same. Simpli�ca-
tions thatarenot lossyarehandledby theshadingcompiler
optimization[19, 33,34,36].

Simpli�cations arechosenby matchinga setof heuristic
rules. While logically separate,the selectionof simpli�ca-
tion rulesandpartitioningof thebasicblock canbedoneat
thesametime usinga tool like iburg [14]. Iburg is a com-
piler toolsdesignedfor usein codegeneration.Givenapiece
of coderepresentedasan expressiontree, it �nds the least
cost cover by a set of rules througha bottom-updynamic
programmingalgorithm.

Findingsimpli�cation rulecostsfor useby iburg requires
analysisof input texturesas well as the shaderitself, and
applicationof a rule may requiregeneratinga new derived
textureaspartof theLOD shadergenerationpre-process.

Weclassifytheserule-basedsubstitutionsinto oneof four
forms.

Remove: A candidateblock that doesn't contribute
enoughanymore,or thatconsistsof only high-frequency ele-
mentsabovetheNyquistfrequency is replacedby aconstant.
This effectively removestheeffect of portionsof theshader
thatareno longersigni�cant (Figures3,4).

Collapse: A candidateblock consistingof severalopera-

Figure4: Band-limited Perlin noise texture, noise at a distance, and

noise replaced with average value

Figure5: Collapsing two texture operations into a single texture.

Left to right, the two initial textures, the two textures transformed

and overlaid, the collapsed texture result, and an example of the col-

lapsed texture in use as dust and scratch wood detail.

tionsmaybemergedinto a singlenew operation.For exam-
ple,acoarsetextureandarotatedandrepeateddetailtexture
canbecombinedinto a singlemergedtextureof a new size
(Figure5).

Substitute: A candidateblock identi�ed as implement-
ing a known shadingmethodmay be replacedby a simpler
methodwith similar appearance.For example,a bumpmap
can be replacedby a glossmap to modulatethe highlight
intensity, or a simpletexture map(Figure6). A texture in-
dexed by the surfacenormal is probablypart of a lighting
model, and dependingon the contentsof the texture, may
bereplacedby thebuilt-in diffuselighting model.Similarly,
a texture indexedby thehalf anglevector(norm(V + L) for
view vectorV andlight vectorL) is a candidatefor replace-
mentby oneor moreapplicationsof thebuilt-in Phongspec-
ular model.A texturecanbereplacedby a smallerlow-pass
�ltered versionof thetextureandaconstantrepresentingthe
removedhigh-frequency terms.

Approximate: Approximation rules treat the candidate
block asa generalfunction to be approximated.They can
theoreticallybe appliedto any block, thoughnot alwaysas
effectively astheapplication-speci�crules.

While a variety of function approximationmethodsare
possible,we have focusedon onesdevelopedfor BRDF ap-
proximation[27, 29]. As thesemethodsare texture-based,
they aremostusefulwhentotal textureusageis not thelimit-
ing factor. Two issuespreventour approximationrulesfrom
beingmoregenerallyuseful,thoughwe believe they areas-
pectsof theapproximationswe choseto exploreandnot all
applicablefunctionapproximationmethods.
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Figure6: Replacing a bump map with a texture. Left to right, the

original bump map, the bump texture at full scale, and the bump map

and texture at the expected switching distance.

First, theseapproximationsare basedon a factorization
into productsor sumsof productsof functionsof two vari-
ablesthatcanbestoredin a texture. In theright coordinate
system,BRDFsarewell suitedto this factorization,usually
requiringonly oneor two terms. Automaticsimpli�cation
calls for automaticdeterminationof a coordinatesystem.
Arbitrary shadingexpressionscanalso be poorly suitedto
sucha factorizationin any coordinatesystem,allowing no
acceptableapproximationby thehomomorphicfactorization
method,or needingsomany SVD termsasto becomemore
expensive thantheoriginalexpression.

Second,the least squaresor singular value decomposi-
tion problemsare statedin termsof matriceswith a num-
ber of rows andcolumnsequalto the total numberof tex-
elsin eachapproximatingtexture.Computingthesetextures
rapidly scalesto gigabytes,evenfor modestcomponenttex-
ture sizes. Worse, we want to speculatively computethe
approximationsto evaluatetheir �tness. The original ap-
plication to BRDFs limited the componenttexture sizesto
32x32or 64x64resultingin computationswith 1024x1024
to 4096x4096matrices.

3.3 Level Parameter s
Selectionof simpli�ed versesunsimpli�ed blocks is based
on oneor several level parameters.For example,switching
from a band-limitednoisetextureto a constantvalueshould
happenwhenthechangesin thenoisetextureareno longer
visible (Figure4). Thatpoint canbeapproximatedbasedei-
ther on the distanceor screensizeof the object. The same
transitioncanalsobetriggeredby a lackof availablerender-
ing time, or a lack of availabletexture memoryto storethe
noisetexture.

To managethesedifferentlevel parameters,we canasso-
ciatea rangefor eachparameterwith eachsimpli�ed block.
Using the noiseexampleabove, a constantshouldbe used
insteadof the noisetexture whenever the available texture
memoryis lessthan the sizeof the texture, or thereis not
enoughtime to renderanothertexture,or theexpectedmap-
ping to screenpixelswill blur theband-limitednoiseaway.

3.4 Assemb le
Given the simpli�ed blocks and level parameterranges,it
is straightforwardto assemblethemwith appropriatecondi-
tionalsinto anLOD shader. Rendering-metriclevel parame-

Shader Level 1 Level 2 Level 3
Plastic (Collapse) 36.4,27.6 44.5,34.4 —, —
Wood(Remove) 18.4,11.6 18.9,11.9 19.1,64.3
Leather (Replace) 25.4,14.1 43.7,25.3 79.8,64.3

Table 1: Result times for test LOD shaders on the 1772 triangle

chair model performed on an SGI Octane MXE. Each table entry in-

cludes frames-per-second for a small window size, and a large win-

dow size with 4x the rendered pixels.

Shader Level 1 Level 2 Level 3
Plastic (Collapse) 52.9,33.8 68.2,42.1 —, —
Wood(Remove) 20.7,9.2 23.0,10.0 25.2,10.7
Leather (Replace) 30.7,12.3 55.2,22.8 140.9,80.3

Table 2: Result times for test LOD shaders on a 3280 triangle

draped cloth model consisting of 40 length-82 triangle strips, per-

formed on an SGI Octane MXE. Each table entry includes frames-

per-second for a small window size, and a large window size with 4x

the rendered pixels.

ters,likedistanceor screencoverage,aresharedby all blocks
in theshader, eachemittingastatementof theform

if(distance < low_threshold)
do_simplified_block

else if(distance < high_threshold)
do_transition_block

else
do_original_block

For resource-accountinglevel parameters(e.g. available
timeor texturememory)theblocksareprioritized,andcom-
parisonsareemittedfor thetotalconsumedby thisblockand
all higherpriority blocks.

4 RESULTS
Wehavedescribedageneraltheoryof shadersimpli�cation.
Ourcurrentresultsareamodeststartwithin this framework.
Speci�cally, we have produceda set of LOD-aware build-
ing block functionsfor shaderconstruction. This style of
shaderwriting is similar to Abram andWhitted's graphical
building-blockshadersystem[1]. Examplebuilding-blocks
include bump map, a BRDF model, Fresnelre�ectance,
or noise or turbulencetextures with a lookup as usedby
Hart [21].

Our LOD blockswerecreatedby manuallyfollowing the
stepsdescribedin our simpli�cation framework: identify
candidateblockswithin abuilding block function,applyone
of thesimpli�cation rulesdescribedin Section3.2,associate
it with a rangeof an aggregate level parameter, and cre-
ateconditionalblocksfor the original code,transitioncode
andsimpli�ed code. Despitethe manualsimpli�cation, we
call this semi-automaticbecauseany shaderswritten using
the building blocks,eitherknowing aboutlevel-of-detailor
not,becomeLOD shadersby switchingto theLOD building
blocks.
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Shader Level 1 Level 2 Level 3
Plastic (Collapse) 9.2,11.2 11.8,14.0 —, —
Wood(Remove) 3.6,5.3 4.1,5.8 4.5,6.5
Leather (Replace) 6.4,8.8 14.7,18.7 27.7,35.7

Table 3: Result times for test LOD shaders on the 1772 triangle

chair model performed on an SGI O2. Each table entry includes

frames-per-second for a small window size, and a large window size

with 4x the rendered pixels.

Shader Level 1 Level 2 Level 3
Plastic (Collapse) 13.6,15.9 18.2,20.4 —, —
Wood(Remove) 4.9,6.9 5.4,7.6 6.0,8.5
Leather (Replace) 8.1,10.3 19.8,23.9 40.3,52.3

Table 4: Result times for test LOD shaders on the 3280 triangle

draped cloth model performed on an SGI O2. Each table entry in-

cludes frames-per-second for a small window size, and a large win-

dow size with 4x the rendered pixels.

Tables1–4show LOD shadertiming in framespersecond
for severalsampleLOD shaders.Eachshaderdemonstrates
severaltransitionsof speci�c LOD simpli�cation operations.
The Wood shaderusedin thesetests�rst removesan over-
lay scratchtexture,thenremovesa specularmaskingopera-
tion, creatingthreelevels-of-detail. Figure3 shows the re-
moval LOD sequence.The Plasticshaderdemonstratesthe
collapsesimpli�cation by taking two textures,eachapplied
with its own transformation,andmerging thesetwo separate
texturepassesin athird texture.Thisresultanttextureis then
usedto shadetheobjectin a singletexture for lower levels-
of-detail asshown in Figures5 and7. The Leathershader
demonstratesthe replacesimpli�cation in the �rst level-of-
detail by replacinga true bump mapwith a simpletexture.
The secondlevel in the Leatherremovesthe texture with a
simpleconstantcolor. Resultsof thisoperationsequenceare
seenin Figure9.

An overview of theperformanceresultsshowsmuchwhat
wewouldexpect— thatlessdetailedshadersresultin faster
overall rendering.However, asthedifferentresultsindicate,
theshadingoperationsarenotpurely�ll-limited, andrender-
ing nearly4x fewer pixels in certaincasesresultsin only a
modestperformanceimprovement.As certainpassesoccur,
theobject'sgeometryis alsore-rendered,yieldingacoupling
betweentypeof renderingpassesconstructedfor aparticular

Figure7: Plastic shader and cloth model.

Figure8: Two replace simpli�cations in a bumpy leather shader.

shaderandthatshader's. This impliesthatLOD shaderscan
accomplishonly partof thetask,andshouldalsobeaccom-
paniedby geometricsimpli�cation.

5 CONCLUSIONS AND FUTURE WORK
WehavepresentedLOD shaders:proceduralshadersthatau-
tomaticallyadjusttheir level of shadingdetailfor interactive
rendering.Wealsopresentedageneralframework for shader
simpli�cation — theprocessof creatingLOD shadersfrom
an ordinaryshader. This framework is suf�ciently general
to serve asa guidefor manualshadersimpli�cation or asa
basisfor automaticsimpli�cation. Finally, we presentedour
resultsfor semi-automaticshadersimpli�cation usingman-
ually generatedshadingfunction building blocks for SGI's
OpenGLShader. TheseLOD shaderbuilding blocksimple-
mentthesamefunctionsasbuilding blocksalreadyprovided
with OpenGLShader, but with addedlevel-of-detailparam-
etersto controlaspectsof their shadingcomplexity.

In the future, we would like to createtools for fully au-
tomatic shadersimpli�cation. Our current simpli�cation
framework alsoonly considersastaticanalysisof theshader
for simpli�cation. Following the leadof texture-basedsim-
pli�cation researcherslikeAliagaandShadeetal.,wecould
generatenew textureson the �y warpingthemfor useover
several framesor updatingwhen they becometoo differ-
ent[2, 40].

Logically, it shouldbepossibleto generalizeour remove,
collapseandsubstitutionrules into a morewidely applica-
ble approximationrule form. Otherfunction�tting methods
shouldbetriedto maketheapproximationrulesmoreuseful.

Sincerenderingwith LOD shaderswill usuallybeaccom-
paniedby geometriclevel-of-detail, they should be more
closely linked. Cohenet al. Garlandand Heckbertand
othershave shown that geometricsimpli�cation canbe af-
fectedby appearance[8, 17]. Shadersimpli�cation should
alsobe affectedby geometriclevel-of-detail (e.g. whether
per-vertex Phongshadingis a goodsubstitutefor a texture-
basedilluminationdependsonhow theobjectis tessellated).

Finally, we provide no guaranteeson the �delity of our
simpli�cations. Many geometricsimpli�cation algorithms
have beensuccessfulwithout providing exact error metrics
or bounds. However, algorithmssuchassimpli�cation en-
velopesby Cohenet al. provide hardboundson theamount
of error introducedby a simpli�cation [9], guaranteesthat
areimportantfor someusers.Furtherinvestigationis neces-
saryto boundtheerrorintroducedby shadersimpli�cation.
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I. Introduction

ISL is a shading language designed for interactive display. Like other shading languages,
programs written in ISL describe how to find the final color for each pixel on a surface.
ISL was created as a simple restricted shading language to help us explore the
implications of interactive shading. As such, the language definition itself changes often.
While this may be a snapshot specification for ISL, ISL is not proposed as a formal or
informal language standard. Shading language design for interactive shading is still an
open area of research.

A. Features in common with other shading languages

The final pixel color comes from the combined effects of two function types. A light
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shader computes the color and intensity for a light hitting the surface. Light shaders can
be used for ambient, distant and local lights. Several light shaders may be involved in
finding the final color for a single pixel. A surface shader computes the base surface color
and the interaction of the lights with that surface. The term shader is used to refer to either
of these special types of function.

All shading code is written with a single instruction, multiple data (SIMD) model. ISL
shaders are written as if they were operating on a single point on the surface, in isolation.
The same operations are performed for all pixels on the surface, but the computed values
can be different at every pixel.

Like other shading languages that follow the SIMD model, ISL data may be declared
varying or uniform. Varying values may vary from pixel to pixel, while uniform values must
be the same at every pixel on the surface.

B. Major differences from other shading languages

ISL has several differences and limitations that distinguish it from more full-featured
shading languages:

The primary varying data type in ISL is limited to the range [0,1]. Results outside this
range are clamped.
ISL does not allow texture lookups based on computed results.
ISL does not allow user-defined parameters that vary across the surface. Such
parameters must either be computed or loaded as texture.

ISL is also different from most other shading languages in that more than one surface
shader may be applied to each surface. The shaders are applied in turn and may
composite or blend their results. ISL no longer supports explicit atmosphere shaders. Any
light transmission effects between the surface and eye can be handled in the final shader
applied to each surface.

II. Files

The appearance of a shaded surface is defined by one or more ISL surface shaders and
possibly one or more ISL light shaders. Each shader is defined in its own ISL source files,
which should have the file name extension .isl.

A. File contents

Only one shader definition (whether light or surface) can appear in each .isl file. The .isl file
may include C preprocessor-like #include directives to get access to functions or global
variable definitions stored in another file.

Comments in isl may be either C or C++-style (/*comment*/ or // comment to end
of line )
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B. File compilation

There are two ways to compile a set of ISL files into the rendering passes used to
compute surface appearance. The first is to use the ISL run-time library. The second is to
use the command line compiler and translator. Both are documented in the shader(1)
man page. The ISL Library consists of a set of C++ classes that enable an application to
compile that appearance consisting of ISL shaders into an OpenGL stream. The
compiled appearance can be associated with geometry from the application, and
rendered to an OpenGL rendering context opened by the application. The ISL compiler,
islc, converts a set of ISL files into a pass description (.ipf) file. Information on running islc
can be found on the islc(1) man page. The pass description file can be converted either to
C OpenGL code with the command line translator ipf2ogl (see the ipf2ogl(1) man page),
or to a Performer pass file with the command line translator ipf2pf (shipped with
Performer 2.4 or later).

III. Data types

All ISL data is classified as either varying, parameter or uniform. Varying data may hold a
different value at each pixel. Parameter data must have the same value at every pixel on
a surface, but can differ from surface to surface or from frame to frame. Changes to
varying or parameter data do not require recompiling the shader. Uniform data also has
the same value at every pixel on the surface, but changes to uniform data only take effect
when the shader is recompiled.

The complete list of ISL data types is:
uniform

float uf
uf and pf are each a single floating point value

parameter
float pf

uniform
color uc

uc and pc are each a set of four floating point values, representing
a color, vector or point. For colors, the components are ordered
red, green, blue and alpha. For points, the components are ordered
x,y,z and w.

parameter
color pc

varying
color vc

vc is a four element color, vector or point that may have different
values at each pixel on the surface. Elements of the color are
constrained to lie between 0 and 1. Negative values are clamped to
zero and values greater than one are clamped to one

uniform
matrix um

umand pmare each a set of sixteen floating point values,
representing a 4x4 matrix in row-major order (all four elements of
first row, all four elements of second row, ...)parameter

matrix pm

uniform
string us

us is a character string, used for texture names.
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ISL also allows 1D arrays of all uniform and parameter types, using a C-style
specification:

uniform float
ufa [ n]

ufa is an array with n uniform float point elements,
ufa[0] through ufa[n-1]

parameter float
pfa [ n]

ufa is an array with n parameter float point elements,
pfa[0] through pfa[n-1]

uniform color
uca [ n]

uca is an array with n uniform color elements, uca[0]
through uca[n-1] .

parameter color
uca [ n]

pca is an array with n parameter color elements, pca[0]
through pca[n-1] .

uniform matrix
uma[ n]

umais an array with n uniform matrix elements, uma[0]
through uma[n-1]

parameter matrix
pma[ n]

pmais an array with n parameter matrix elements, pma[0]
through pma[n-1]

uniform string
usa [ n]

usa is an array with n uniform string elements, usa[0]
through usa[n-1]

IV. Variables and identifiers

Identifiers in ISL are used for variable or function names. They begin with a letter, and
may be followed by additional letters, underscores or digits. For example a, abc, C93d,
and d_e_f are all legal identifiers.

Several variables are predefined with special meaning:
varying color FB Current frame buffer contents. This is the intermediate

result location for almost all varying operations.
parameter matrix

shadermatrix
Arbitrary matrix associated with the shader at
compile time. This may be used to control the
coordinate space where the shader operates.

parameter color
lightVector

Within a light shader, the direction the light is shining.
This vector may be modified by the light shader.
Within a surface shader, the direction of the most
recent light.

uniform float pi The math constant.
uniform float

numambientlights
Number of ambient lights in the current
islAppearance.

uniform float
numdirectlights

Number of direct lights (= both local and distant
lights) in the current islAppearance.

V. Uniform operations
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In the following, uf and uf0 - uf15 are uniform floats; ufa is an array of uniform floats;
uc, uc0 and uc1 are uniform colors; uca is an array of uniform colors; um, um0and um1
are uniform matrices; umais an array of uniform matrices; us, us0 and us1 are uniform
strings; usa is an array of uniform strings; and ur , ur0 and ur1 are uniform relations.

A. uniform float

Operations producing a uniform float:
variable

reference
Value of uniform float variable.

float constant One of the following non-case-sensitive patterns:
0xH(hex integer);
0O(octal integer);
D; D. ; . D; D. D;
DeSD; D.e SD; . DeSD; D. DeSD

Where
H= 1 or more hex digits (0-9 or a-f)
O= 1 or more octal digits (0-7)
D= 1 or more decimal digits (0-9)
S = +, - or nothing

( uf ) Grouping intermediate computations.

- uf Negate uf

uf0 + uf1 Add uf0 and uf1

uf0 - uf1 Subtract uf1 from uf0

uf0 * uf1 Multiply uf0 and uf1

uf0 / uf1 Divide uf0 by uf1

uc[ uf0 ] Gives channel floor(uf0) of color uc, where red is channel 0,
green is channel 1, blue is channel 2 and alpha is channel 3.

um[ uf0 ][ uf1 ] Gives element floor(4*uf0 + uf1) of matrix um

ufa [ uf ] Element floor(uf) of array ufa where element 0 is the first
element.

Behavior is undefined if floor(uf0) falls outside the array.

f ( ... ) Function call to a function returning uniform float result

Uniform float assignments take the following forms, where lvalue is either a uniform float
variable or a floating point element from a variable (var[uf0] for a uniform color or a
uniform float array, var[uf0][uf1] for a uniform matrix or uniform color array or
var[uf0][uf1][uf2] for a uniform matrix array):

lvalue = uf Simple assignment

lvalue += uf Equivalent to lvalue = lvalue + uf

lvalue -= uf Equivalent to lvalue = lvalue - uf
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lvalue *= uf Equivalent to lvalue = lvalue * uf

lvalue /= uf Equivalent to lvalue = lvalue / uf

B. uniform color

Operations producing a uniform color:
variable reference Value of uniform color variable

color( uf0 , uf1 , uf2 , uf3 ) red=uf0 ; green=uf1 ; blue=uf2 ; alpha=uf3

uf color(uf,uf,uf,uf)

( uc) Grouping intermediate computations

- uc

uc0 + uc1

uc0 - uc1

uc0 * uc1

uc0 / uc1

Each uniform float operation is applied component-
by-component

um[ uf ] Row floor(uf) of matrix um

uca [ uf ] Element floor(uf) of array uca , where element 0 is
the first element.

Behavior is undefined if floor(uf0) falls outside
the array.

f ( ... ) Function call to a function returning uniform color
result

Uniform color assignments take the following forms, where lvalue is either a uniform
color variable or a color element from a variable (var[uf0] for an element of a color
array or row of a uniform matrix or var[uf0][uf1] for a uniform matrix array):

lvalue = uc Simple assignment

lvalue += uc Equivalent to lvalue = lvalue + uc

lvalue -= uc Equivalent to lvalue = lvalue - uc

lvalue *= uc Equivalent to lvalue = lvalue * uc

lvalue /= uc Equivalent to lvalue = lvalue / uc

Color elements can also be set individually. See section A above.

C. uniform matrix

Operations producing a uniform matrix:
variable reference Value of uniform matrix variable
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matrix( uf0 , uf1 , uf2 , uf3 ,

uf4 , uf5 , uf6 , uf7 ,
uf8 , uf9 , uf10 , uf11 ,
uf12 , uf13 , uf14 , uf15 )

Matrix with rows (uf0,uf1,uf2,uf3) ,
(uf4,uf5,uf6,uf7) , (uf8,uf9,uf10,uf11)
and (uf12,uf13,uf14,uf15)

uf matrix(uf,0,0,0, 0,uf,0,0, 0,0,uf,0,
0,0,0,uf)

( um) Grouping intermediate computations

- um

um0 + um1

um0 - um1

Each uniform float operation is applied component-
by-component

um0 * um1 Matrix multiplication:
result[i][k] = sum j=0..3 (um0[i][j] *
um1[j][k])

uma[ uf ] Element floor(uf) of array umawhere element 0
is the first element.

Behavior is undefined if floor(uf0) falls
outside the array.

f ( ... ) Function call to a function returning uniform matrix
result

Uniform matrix assignments take the following forms, where lvalue is either a uniform
matrix variable or one element of a uniform matrix array variable, accessed as var[uf] :

lvalue = um Simple assignment

lvalue += um Equivalent to lvalue = lvalue + um

lvalue -= um Equivalent to lvalue = lvalue - um

lvalue *= um Equivalent to lvalue = lvalue * um

Matrix elements can also be set individually. See sections A and B above.

E. uniform string

Operations producing a uniform string:
variable

reference
Value of uniform string variable

constant string String inside double quotes ("string" )

usa [ uf ] Element floor(uf) of array usa where element 0 is the first
element.

Behavior is undefined if floor(uf0) falls outside the
array.
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f ( ... ) Function call to a function returning uniform string result

Strings can include escape sequences beginning with '\ ':
character sequence name

\ O Octal character code

\x H Hex character code

\n Newline
\t Tab
\v Vertical tab
\b Backspace
\r Carriage return
\f Form feed
\a Alert (bell)
\\ Backslash character
\? Question mark
\' Single quote
\" Embedded double quote

Uniform string assignments take the following forms, where lvalue is either a uniform string
variable or one element of an uniform string array variable, accessed by var[uf] :

lvalue = us Simple assignment

F. uniform relations

Operations producing a uniform relation (used in control statements discussed later):
uf0 ==

uf1

uf0 !=
uf1

uf0 >=
uf1

uf0 <=
uf1

uf0 > uf1

uf0 < uf1

Traditional comparisons: equal, not equal, greater or equal, less or
equal, greater, and less

uc0 ==
uc1

True if all elements of uc0 are equal to the corresponding elements of
uc1
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uc0 !=
uc1

true if any elements of uc0 does not equal the corresponding element
of uc1

um0 ==
um1

True if all elements of um0are equal to the corresponding elements of
um1

um0 !=
um1

True if any elements of um0does not equal the corresponding element
of um1

us0 ==
us1

us0 !=
us1

Traditional string comparison: equal and not equal

( ur ) Grouping intermediate computations

ur0 &&
ur1

True if both ur0 and ur1 are true

ur0 ||
ur1

True if either ur0 or ur1 are true

! ur True if ur is false

It is not possible to save uniform relation results to a variable.

VI. Parameter operations

In the following, pf and pf0 - pf15 are parameter floats; pfa is an array of parameter
floats; pc, pc0 and pc1 are parameter colors; pca is an array of parameter colors; pm,
pm0and pm1are parameter matrices; and pmais an array of parameter matrices. Also,
uf0 and uf1 are uniform floats and uc is a uniform color as defined above.

A. parameter float

Operations producing a parameter float:
variable

reference
Value of parameter float variable.

uf Convert uniform float to parameter float.

( pf ) Grouping intermediate computations.

- pf Negate pf

pf0 + pf1 Add pf0 and pf1

pf0 - pf1 Subtract pf1 from pf0

pf0 * pf1 Multiply pf0 and pf1

pf0 / pf1 Divide pf0 by pf1

pc[ pf0 ] Gives channel floor(pf0) of color pc, where red is channel 0,
green is channel 1, blue is channel 2 and alpha is channel 3.

pm[ pf0 ][ pf1 ] Gives element floor(4*pf0 + pf1) of matrix pm
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pfa [ uf ] Element floor(uf) of array pfa where element 0 is the first
element. Note that currently the array index must be uniform.

Behavior is undefined if floor(uf0) falls outside the array.

f ( ... ) Function call to a function returning parameter float result

Parameter float assignments take the following forms, where lvalue is either a
parameter float variable or a floating point element from a variable (var[uf0] for a
parameter float array):

lvalue = pf Simple assignment

lvalue += pf Equivalent to lvalue = lvalue + pf

lvalue -= pf Equivalent to lvalue = lvalue - pf

lvalue *= pf Equivalent to lvalue = lvalue * pf

lvalue /= pf Equivalent to lvalue = lvalue / pf

B. parameter color

Operations producing a parameter color:
variable reference Value of parameter color variable

uc Convert uniform color to parameter color.

color( pf0 , pf1 , pf2 , pf3 ) red=pf0 ; green=pf1 ; blue=pf2 ; alpha=pf3

pf color(pf,pf,pf,pf)

( pc) Grouping intermediate computations

- pc

pc0 + pc1

pc0 - pc1

pc0 * pc1

pc0 / pc1

Each parameter float operation is applied
component-by-component

pm[ pf ] Row floor(pf) of matrix pm

pca [ uf ] Element floor(uf) of array pca , where element 0 is
the first element. Note that currently the array index
must be uniform.

Behavior is undefined if floor(uf0) falls outside
the array.

f ( ... ) Function call to a function returning parameter color
result

Parameter color assignments take the following forms, where lvalue is either a
parameter color variable or a color element from a variable (var[uf0] for an element of
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a color array):
lvalue = pc Simple assignment

lvalue += pc Equivalent to lvalue = lvalue + pc

lvalue -= pc Equivalent to lvalue = lvalue - pc

lvalue *= pc Equivalent to lvalue = lvalue * pc

lvalue /= pc Equivalent to lvalue = lvalue / pc

Unlike uniform colors, parameter colors cannot currently be set by element.

C. parameter matrix

Operations producing a parameter matrix:
variable reference Value of parameter matrix variable

um Convert uniform matrix to parameter matrix.

matrix( pf0 , pf1 , pf2 , pf3 ,

pf4 , pf5 , pf6 , pf7 ,
pf8 , pf9 , pf10 , pf11 ,
pf12 , pf13 , pf14 , pf15 )

Matrix with rows (pf0,pf1,pf2,pf3) ,
(pf4,pf5,pf6,pf7) , (pf8,pf9,pf10,pf11)
and (pf12,pf13,pf14,pf15)

pf matrix(pf,0,0,0, 0,pf,0,0, 0,0,pf,0,
0,0,0,pf)

( pm) Grouping intermediate computations

- pm

pm0 + pm1

pm0 - pm1

Each parameter float operation is applied
component-by-component

pm0 * pm1 Matrix multiplication:
result[i][k] = sum j=0..3 (um0[i][j] *
um1[j][k])

pma[ uf ] Element floor(uf) of array pmawhere element 0
is the first element. Note that currently the array
index must be uniform.

Behavior is undefined if floor(uf0) falls
outside the array.

f ( ... ) Function call to a function returning parameter
matrix result

Parameter matrix assignments take the following forms, where lvalue is either a
parameter matrix variable or one element of a parameter matrix array variable, accessed
as var[uf] :

lvalue = pm Simple assignment
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lvalue += pm Equivalent to lvalue = lvalue + pm

lvalue -= pm Equivalent to lvalue = lvalue - pm

lvalue *= pm Equivalent to lvalue = lvalue * pm

Unlike uniform matrices, parameter matrices cannot currently be set by element.

D. Parameter relations

Operations producing a parameter relation closely parallel the uniform relations covered
earlier. They can be used in control statements discussed later:

pf0 ==
pf1

pf0 !=
pf1

pf0 >=
pf1

pf0 <=
pf1

pf0 > pf1

pf0 < pf1

Traditional comparisons: equal, not equal, greater or equal, less or
equal, greater, and less

pc0 ==
pc1

True if all elements of pc0 are equal to the corresponding elements of
pc1

pc0 !=
pc1

true if any elements of pc0 does not equal the corresponding element
of pc1

pm0 ==
pm1

True if all elements of pm0are equal to the corresponding elements of
pm1

pm0 !=
pm1

True if any elements of pm0does not equal the corresponding element
of pm1

( pr ) Grouping intermediate computations

pr0 &&
pr1

True if both pr0 and pr1 are true

pr0 ||
pr1

True if either pr0 or pr1 are true

! pr True if pr is false

It is not possible to save parameter relation results to a variable.

VII. Varying operations
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In the following, vc is a varying color. Also, pf0 and pf1 are parameter floats and pc is a
parameter color as defined above.

A. varying color

Operations producing a varying color:
variable

reference
Value of varying color variable

Note: when a varying variable is used, texgen value of -3 is
passed to the application geometry drawing function (see the
description under texture() ). While the geometry drawing
function may choose to act on this value, OpenGL Shader will
set the texture generation mode appropriately.

pc Convert parameter color to varying, clamping the resulting color
to [0,1]. After this conversion, every pixel has its own copy of the
color value.

Possible targets for varying assignments are:
FB All channels of the framebuffer

FB. C Set only some channels, leaving the others alone. Cis a channel specification,
consisting of some combination of the letters r ,g,b and a to select the red,
green, blue and alpha channels. Each letter can appear at most once, and
they must appear in order. This can be used to isolate individual channels:
FB.r , FB.g , FB.b , FB.a , or to select arbitrary groups of channels: FB.rgb ,
FB.rb , FB.ga .

Varying assignments into the framebuffer can take the following forms, where lvalue is
FBor FB. C(as described above):

FB =
f ( ... )

Function call to a function returning varying color result

All varying functions also implicitly have access to the value of FB
when the function is called.

Except for certain built-in functions explicitly noted later, varying
functions can only be assigned directly into all channels of the
framebuffer. To combine the results of a varying function with the
existing frame buffer contents, you must save the existing frame
buffer into a variable. For example:

NO OK

FB.r = f();
varying color a = FB;
FB = f();
FB.bga = a;

lvalue =
vc

Copy vc into lvalue
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vc

lvalue -=
vc

lvalue *=
vc

lvalue += Add, subtract, or multiply lvalue and vc , putting the result in
lvalue .

Assignments into varying variables can only take this form:
variable = FB Copy framebuffer to variable

B. varying relations

Operations producing a varying relation (used in control statements discussed later):
FB[ vf0 ]

== vf1

FB[ vf0 ]
!= vf1

FB[ vf0 ]
>= vf1

FB[ vf0 ]
<= vf1

FB[ vf0 ] >
vf1

FB[ vf0 ] <
vf1

Traditional comparisons: equal, not equal, greater or equal, less or
equal, greater, and less

Performs per-pixel comparison between frame buffer channel uf0
and reference value uf1 . Frame buffer channel 0 is red, channel 1 is
green, channel 2 is blue and channel 3 is alpha.

It is not possible to save varying relation results to a variable.

VIII. Built-in functions

The following is the set of provided functions returning uniform results.
uniform float abs(uniform

float x)

parameter float
abs(parameter float x)

absolute value of x

uniform float acos(uniform
float x)

parameter float
acos(parameter float x)

inverse cosine, radian result is between 0 and
pi

uniform float asin(uniform
float y)

inverse sine, radian result is between -pi/2
and pi/2
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parameter float
asin(parameter float y)

uniform float atan(uniform
float f )

parameter float
atan(parameter float f )

inverse tangent, radian result is between -pi/2
and pi/2

uniform float atan(uniform
float y; uniform float x)

parameter float
atan(parameter float y;
parameter float x)

inverse tangent of y/x, radian result is
between -pi and pi

uniform float ceil(uniform
float x)

parameter float
ceil(parameter float x)

round x up (smallest integer i >= x)

uniform float clamp(uniform
float x; uniform float a;
uniform float b)

parameter float
clamp(parameter float x;
parameter float a;
parameter float b)

clamp x to lie between a and b

uniform float cos(uniform
float r )

parameter float
cos(parameter float r )

cosine of r radians

uniform float exp(uniform
float x)

parameter float
exp(parameter float x)

ex

uniform float floor(uniform
float x)

parameter float
floor(parameter float x)

round x down (largest integer i <= x)

uniform matrix
inverse(uniform matrix m)

matrix inverse
m*inverse(m) = inverse(m)*m =
identity matrix
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parameter matrix
inverse(parameter matrix
m)

uniform float log(uniform
float x)

parameter float
log(parameter float x)

natural log of x

uniform float max(uniform
float x; uniform float y)

parameter float
max(parameter float x;
parameter float y)

maximum of x and y

uniform float min(uniform
float f ; uniform float g)

parameter float
min(parameter float f ;
parameter float g)

minimum of x and y

uniform float mod(uniform
float n; uniform float d)

parameter float
mod(parameter float n;
parameter float d)

Remainder of division n/d

n - d*floor(n/d)

uniform matrix
perspective(uniform float
d)

parameter matrix
perspective(parameter
float d)

matrix to perform perspective projection
looking down the Z axis with a field of view of
d degrees.
matrix( cotan(d/2), 0, 0, 0,

0, cotan(d/2), 0, 0,
0, 0, 1, 1,
0, 0, -2, 0)

uniform float pow(uniform
float x; uniform float y)

parameter float
pow(parameter float x;
parameter float y)

xy

uniform matrix
rotate(uniform float x;
uniform float y; uniform
float z; uniform float r )

rotate r radians around axis (x,y,z)
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parameter matrix
rotate(parameter float x;
parameter float y;
parameter float z;
parameter float r )

uniform float round(uniform
float x)

parameter float
round(parameter float x)

round x to the nearest integer

uniform matrix scale(uniform
float x; uniform float y;
uniform float z)

parameter matrix
scale(parameter float x;
parameter float y;
parameter float z)

matrix(x,0,0,0, 0,y,0,0, 0,0,z,0,
0,0,0,1)

uniform float sign(uniform
float x)

parameter float
sign(parameter float x)

sign of x: -1, 0 or 1

uniform float sin(uniform
float r )

parameter float
sin(parameter float r )

sine of r radians

uniform float
smoothstep(uniform float
a; uniform float b;
uniform float x)

parameter float
smoothstep(parameter
float a; parameter float
b; parameter float x)

smooth transition between 0 and 1 as x
changes from a to b.

0 for x < a , 1 for x > b

uniform color spline(uniform
float x; uniform color
c[])

uniform float spline(uniform
float x; uniform float
c[])

evaluate Catmull-Rom spline at x based on
control point vector, c.

A Catmull-Rom spline passes through all
of the control points. The derivative of the
curve at each control point is half the
difference between the next and previous
control points. The full curve is covered
between x=0 and x=1
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parameter color
spline(parameter float x;
parameter color c[])

parameter float
spline(parameter float x;
parameter float c[])

uniform float sqrt(uniform
float x)

parameter float
sqrt(parameter float x)

square root of x

uniform float step(uniform
float a; uniform float x)

parameter float
step(parameter float a;
parameter float x)

0 for x<a
1 for x>=a

uniform float tan(uniform
float r )

parameter float
tan(parameter float r )

tangent of r radians

uniform matrix
translate(uniform float x;
uniform float y; uniform
float z)

parameter matrix
translate(parameter float
x; parameter float y;
parameter float z)

matrix(1,0,0,0, 0,1,0,0, 0,0,1,0,
x,y,z,1)

The following is the set of provided functions returning varying color results.

varying color texture(
uniform string
texturename [ ;
parameter matrix
xform [ ;
uniform float
texgen ]] )

varying color texture(
uniform float

Map texture onto surface, using texture coordinates
defined with object geometry. Versions with array
textures are 1D texturing only (using the s texture
coordinate).

Optional float texgen (>= 0) is passed to the
geometry drawing function so it can generate a
different (application defined) set of per-vertex
texture coordinates. If texgen is not given, a value
of 0 will be passed to the geometry drawing
function.
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texturearray [] [ ;
parameter matrix
xform [ ;
uniform float
texgen ]] )

varying color texture(
uniform color
texturearray [] [ ;
parameter matrix
xform [ ;
uniform float
texgen ]] )

Optional matrix xform is a matrix for
transforming the texture coordinates. If xform is
not given, the identity matrix is used (i.e. texture
coordinates are used as given).

Note: negative texgen values are used for
built-in texture generation modes. These negative
values are also passed to the geometry drawing
function. While the geometry drawing function may
choose to act on these value, OpenGL Shader will
set the texture generation mode appropriately.

texture use texgen code
texture() >= 0
project() -1
environment() -2

varying variable use -3

varying color
environment(
uniform string
texturename [ ;
parameter matrix
xform ] )

varying color
environment(
uniform float
texturearray [] [ ;
parameter matrix
xform ] )

varying color
environment(
uniform color
texturearray [] [ ;
parameter matrix
xform ] )

Map texture onto surface, as a spherical
environment map. Versions with array textures are
1D texturing only (using the s texture coordinate).

Optional matrix xform is a matrix for
transforming the texture coordinates. For example,
it can be used to set the map up direction. If xform
is not given, the identity matrix is used (i.e. texture
coordinates are used as generated).

Note: environment also passes a texgen
value of -2 to the application geometry drawing
function.

varying color project(
uniform string
texturename [ ;
parameter matrix
xform ] )

varying color project(
uniform float
texturearray [] [ ;

Project texture onto surface using parallel
projection down the Z axis. Versions with array
textures are 1D texturing only (using the X
coordinate only).

Optional matrix xform is a matrix for
transforming before projection. For example, to
project in shader space, use
inverse(shadermatrix) . If xform is not given,
the identity matrix is used.
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parameter matrix
xform ] )

varying color project(
uniform color
texturearray [] [ ;
parameter matrix
xform ] )

Note: project() also passes a texgen value
of -1 to the application geometry drawing function.

varying color
transform(parameter
matrix xform )

Transform the varying color in the frame buffer by
the given matrix

varying color
lookup(parameter
float lut [])

varying color
lookup(parameter
color lut [])

Lookup each frame buffer channel in the given
lookup table.

Each channel is handled independently, so the
resulting red component of the result comes from
the red component lut[n*FB.r] . Similarly, for
green from lut[n*FB.g] and blue from
lut[n*FB.b]

varying color
blend(varying color
v)

Channel by channel blend: FB*(1-v) + v =
v*(1-FB) + FB

varying color
over(varying color v)

Alpha-based blend of FBover v:
v*(1-FB.a) + FB*FB.a

varying color
under(varying color
v)

Alpha-based blend of FBunder v:
FB*(1-v.a) + v*v.a

varying color
setupLight(
parameter float
lightnum )

Configure a specific light for subsequent diffuse or
specular calculations. After being called, the global
lightVector is set with the current light's position.
Light shaders can modify lightVector within their
body

varying color ambient() Return sum of ambient light hitting surface
varying color ambient(

uniform float
lightnum )

Return result of ambient light lightnum

If lightnum <0 or
lightnum >=numambientlights , ambient()
returns black

varying color diffuse() Return sum of diffuse light hitting surface
varying color diffuse(

uniform float
lightnum )

Return result of diffuse contribution from light
lightnum

If lightnum <0 or
lightnum >=numdirectlights , diffuse() returns
black

diffuse(lightnum ) is equivalent to
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setupLight(lightnum);
runDiffuse(lightVector);

varying color
runDiffuse(
parameter color
lvector )

Calculate diffuse effects of previously configured
light (configured by using setupLight). Accepts a
parameter lvector to specifiy the light position.
Use the global lightVector to accept the value
set by previous code or the setupLight routine.

test
varying color

specular(parameter
float e)

Return sum of specular light hitting surface, using e
as the exponent in the Phong lighting model

varying color specular(

uniform float
lightnum ,
parameter float e)

Return result of specular contribution from light
lightnum

If lightnum <0 or
lightnum >=numdirectlights , specular() returns
black

specular(lightnum , e) is equivalent to
setupLight(lightnum);
runSpecular(e,lightVector);

varying color
runSpecular(
parameter float e;
parameter color
lvector )

Calculate specular effects of previously configured
light (configured by using setupLight). Accepts the
parameter e as the exponent in the Phong lighting
model.Accepts a parameter lvector to specifiy
the light position. Use the global lightVector to
accept the value set by previous code or the
setupLight routine.

IX. Variable declarations

A variable declaration is a type name followed by one (and only one) variable name.
Each variable name may optionally be followed by an initial value. Some examples:

uniform float fvar;
uniform float farray[3];
uniform float fvar = 3;
parameter matrix = 1;
uniform string = "mytexture"
varying color cvar;

Variable and functions names are bound using static scoping rules similar to C. The same
name cannot occur more than once within the same block of statements (bounded by '{ '
and '} '), but can be redefined within a nested block:

not legal legal
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{
uniform float x;
uniform float x;

}

{
uniform float x;
{

uniform color x;
}

}

X. Statements

In the following, uf is a uniform float, ur is a uniform relation and vr is a varying relation
as defined above.

Legal ISL statements are:
assignment ; Performs assignment

variable
declaration ;

Creates and possibly initializes variable

{ list of 0 or
more
statements }

Executes statements sequentially

if ( ur ) statement

if ( pr ) statement

Execute statement only if uniform relation ur or parameter
relation pr is true

if ( ur ) statement
else statement

if ( pr ) statement
else statement

Execute first statement if ur or pr is true, and second
statement if ur or pr is false.

if ( vr ) statement Restricts the currently active set of pixels to those where
the given varying relation is true. The active set of pixels
starts as all visible pixels within the shaded object, but may
be restricted by one or more if statements.

Note: Any variable of any type assigned inside a varying
if should only be used inside the if . The contents outside
the if are undefined, and may change from release to
release. Assignments into FB are still OK.

if ( vr ) statement
else statement

The first statement executes with the same restricted set of
pixels as the previous if statement. The second statement
executes with the active pixels restricted to those that were
active when the if statement was reached but where the
varying relation was false.

Note: Any variable of any type assigned inside a varying
if should only be used inside the if . The contents outside
the if are undefined, and may change from release to
release. Assignments into FB are still OK.
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repeat ( uf )
statement

repeat ( pf )
statement

repeat statement max(0,floor(uf)) or
max(0,floor(pf)) times.

XI. Functions

Every function has this form:
type function_name(formal_parameters) { body }

The type is one of the ordinary types or a shader type:

surface
Surface appearance. Should compute the base surface color and
lighting contribution (though calls to ambient() , diffuse() and
specular() ).

atmosphere Equivalent to surface. Atmospheric effects like fog are handled in
the last surface shader in the shader list.

ambientlight Light contributing to ambient() function.

distantlight

pointlight

distantlight is a light shining down the z axis. It is transformed
by shadermatrix , which can be used by the application to point
the light in other directions. Within the body of a distantlight ,
lightVector gives the light direction. It is initialized to
shadermatrix[2] , but can be changed by the shader.
pointlight is a light positioned at the origin. It is transformed by
shadermatrix , which can be used by the application to point the
light in other directions. Within the body of a pointlight ,
lightVector gives the light direction. It is initialized to
shadermatrix[3] , but can be changed by the shader.

Distant and point lights return the varying color and intensity of
light falling on a surface. They do not compute the interaction of
light with the surface itself, that interaction is computed in the
surface shader through the diffuse() and specular()
functions, or through setupLight() and runDiffuse() and
runSpecular

The set of formal parameter declarations are a semi-colon separated list of uniform
variable declarations, with initial values. Initial values are required for all formal parameters.
For shaders, the initial values are interpreted as defaults for any variable not set explicitly
by the application. Arrays in the formal parameter list for a shader are not currently visible
to the application. The initial values for parameters of ordinary functions are not currently
used, but they are still required.

The body is just a list of statements. The result of each shader is just the value left in FB
when the shader exits.
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The last statement of any function should be the special statement
return value; .

The return statement can only appear as the last statement in a function, and the type
of value should match the function type. For functions returning a varying color, the
return is optional. If return is omitted on a varying color function, the function return
value is the value of FBat the end of the function.

Surface shaders return a varying color giving the final color of the surface. At the start of
the shader, FBcontains the color of the closest surface previously seen at each pixel.
Shaders with transparency should handle any blending with this existing color. In order for
surfaces with varying opacity to work, it is also necessary that the application and/or
scene graph sort transparent surfaces, and surfaces with varying opacity should be
treated as transparent.

Atmosphere shaders start with FBset to the final rendered color for each pixel. They
return the attenuated color.

An example shader:

surface shadertest(
uniform color c = color(1,0,0,1);
uniform float f = .25)

{
FB = diffuse();
FB *= c*f;
return FB;

}
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