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Abstract

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

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

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

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

1 INTRODUCTION

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

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

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

1.1 Related Work

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

Our approachto programmableshadingstandsin contrastto
theprogrammabl&ardvwaremethod.lts inspirationis alongline of
interactve algorithmsthatfollow a generatheme:treatthe graph-
ics hardwareasa collectionof primitive operationghatcanbeused
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tobuild upa nal solutionin multiple passesEarly exampleof this
modelincludemulti-passshadas, planarre ections, highlightson

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

rectionalre ectancedistributionfunctions,andbumpmappingnow

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

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

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

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

1.2 Our Contrib ution

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

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

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

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

2 THE SHADING FRAMEWORK

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

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

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

2.1 OpenGL as an Assemb ly Langua ge

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

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

ditionals,andthe stencilbuffer allows pixel-level conditionalexe-

cution. A shadercomputationis brokeninto pieces,eachof which

canbe evaluatedby an OpenGLrenderingpass. In this way, we

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

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

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

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

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

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

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

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

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

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

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

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

2.2 OpenGL Encapsulation

We encapsulat®©penGLinstructionsin threekinds of rendering
passes:GeomRsses CopyRisses and CopyExPasses Geom-
Passeddrav geometryto useverte, rasterization,and fragment
operations.CopyPassesopy a subrgjion of the frameluffer (via
glCopyPixels ) backinto the sameplacein the framehuffer to
usepixel, rasterizationandfragmentoperations.A stencilallows
the CopyPassto avoid operatingon pixelsoutsidetheobject. Copy-
TexPassesopy asubrgion of theframeluffer into a texture object
(via glCopyTexSublmage2D ) andalsoutilize pixel operations.
Therearetwo subtypesof GeomRiss. The rst draws the object
geometry including normal vectorsand texture coordinates.The
seconddraws a screen-alignedoundingrectanglethat coversthe
objectusingstencilingto limit the operationgo pixels on the ob-
ject. Eachpassmaintainsthe relevant OpenGLstatefor its path
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throughthe pipeline. Statechange®on draving are minimizedby
only settingthe statein eachpassthatis not default andimmedi-
atelyrestoringthatstateafterthe pass.

2.3 Compiling to OpenGL

Thekey to supportingnteractve programmablehadingis acom-

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

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

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

A simple examplecanshav how the tree-matchingool op-
eratesand how it allows us to take advantageof extensionsto
OpenGL. Part of a shadermight be matchedby a pair of tex-
ture lookups,eachwith a costof one,or by a single multi-texture
lookup,alsowith acostof one.In thiscase multi-textureis cheaper
becauseat hasa total costof oneinsteadof two. Using similar
matchingrulesandsemanticactions the compilercanmale useof
fragmentlighting, light texture, noisegenerationgdivide or condi-
tional blends or ary otherOpenGLextension[16, 27].

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

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

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

nal passselection.We useit for shadeisyntaxchecking,constant

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

2.4 Scene Graph Support

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

hardware.In addition,shaderseedto beassociategvith objectsto

describetheir appearancesindthe shadersaindobjectsneedto be
translatednto OpenGLpasseso renderanimage.Our framevork

supportstheseoperationsn a scenegraphusedby an application
throughthe additionof new scenegraphcontainersandnew traver-

sals.

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

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

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

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

3 EXAMPLE: INTERACTIVE SL

We have developeda constrainedhadinganguagecalledISL (for
Interactve Shading_anguage]25] andanISL compilerto demon-
strateour methodon currenthardware.ISL is similarin spiritto the
RenderMarShadingLanguagen thatit providesa C-like syntax
to specify perpixel shadingcalculations,andit supportsseparate
light, surface,andatmosphershadersDatatypesincludevarying
colors,anduniform oats, colors,matricesandstrings.Local vari-
ablescanholdbothuniformandvaryingvalues.Nestableo w con-
trol structuresncludeloopswith uniform control,anduniformand
varying conditionals. Thereare built-in functionsfor diffuseand
speculafighting, texturemapping projective textures ervironment
mappingRGBA one-dimensiondbokuptables.andperpixel ma-
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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 It = (0,0,0,0,
0,0,0,0,1,1,1,0,0,0,0,1);
surface bump(uniform string b="";
uniform string tx = ") {
uniform matrix m;
FB = texture(b);
m = objectmatrix;
m(0][3] = m[1][3] = m[2][3] = 0.;
m([3][3] = m[3][0] = m[3][1] = O.;
m(3][2] = 0.;

m = It*\m*translate(-1,-1,-1)*
scale(2,2,2);

FB = transform(FB,m);

FB *= texture(tx);

}

#include "threshtab.h"

surface shipRockRot(...) {
varying color a, b, c;
FB = texture(rot); FB *=.5;
FB += .32*(1-co s(.08*frame));
FB = lookup(FB,mtab); ¢ = FB;
FB = color(1,1,1,1); FB -=c;
FB *= texture(tl); a = FB;
FB = texture(t2);
FB *= texture(rot);
FB = diffuse;
FB *= color(.5,.2,0,1); b = FB;
FB = specular(30.);
FB += b; FB *= texture(t2);
FB *=c; FB += a;

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

Figure3: ISLExamples. ISLshader s are shown to the right of
each image. Ellipsesdenote where parameter s and state-
ments hav e been omitted. Some tables are in header les.

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

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

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

3.1 Compiler

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

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

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

3.2 Demonstration

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

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

TheRenderMarShading_anguages extremelygeneralwith
control structurescommonto mary programminganguagestich
datatypes,andan extensve setof built-in operatorsandgeomet-
ric, mathematicallighting, andcommunicatiorfunctions.Thelan-
guageoriginally wasdesigneavith hardwareacceleratiorin mind,
socomplicatedr userde ned datatypesthatwould make acceler
ationmoredif cult arenotincluded.lt is alargebut straightforvard
taskto translatehe RenderMarShading.anguagento multi-pass
OpenGL,assuminghefollowing two extensions:

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

Pixel Texture: RenderManrallows texture coordinatego be
computedprocedurally In this case,texture coordinatescannot
be expectedto changdinearly acrossa geometricprimitive, asre-
quiredin unextendedOpenGL.This generaktwo-dimensionaindi-
rectionmechanisntanbesupportedvith theOpenGLpixel texture
extension[17, 18, 27]. This extensionallows the (possibly oat-
ing point) contentof the frametuffer to be usedastextureindices
whenpixels arecopiedfrom the framehuffer. Thered,green blue,
and alphachannelsare usedastexture coordinatess, t, r, andq,
respectrely. We usepixel texture not only to index two dimen-
sionaltexturesbut alsoto index extremely wide one-dimensional
textures. Thesewide texturesare usedaslookup tablesfor math-
ematicalfunctionssuchassin, reciprocal,andsqrt. Thesecanbe
simplepiecaviselinearapproximationsstartingpointsfor Newton
iteration,componentaisedto constructthe more complex mathe-
maticalfunctions,or evendirectone-to-onenappingsor areduced

oating pointformat.

Figure4: RenderMan SLExamples. The top and bottom im-
ages of each pair were rendered with PhotoRealistic Render-
Man from Pixar and our multi-pass OpenGL renderer , respec-
tively. No shader s use image maps, except for the re ection

and depth shadow maps gener ated on the y. The wood
oor , blue marble, red apple, and wood bloc k print textures

4.1 Scene Graph Suppor t all are gener ated procedur ally. The velvet and brushed metal
The RenderMarshadingLanguagejemandgreatersupportfrom shader s use sophisticated illuminance bloc ks for their re-
thescenegraphlibrary thanISL becausgeometryandshadersre ectiv e proper ties. The specular highlight differences are due
moretightly coupled. Varying parametes canbe suppliedasfour to Pixar's proprietary specular function; we use the de nition

valuesthat correspondo the cornersof a surfacepatch,andthe from the RenderMan specication. ~ The blue marble, wood
parameteover the surfaceis obtainedthroughbilinear interpola- oor,and apple do not match because of differences ininthe
tion. Alternatively, one parametewaluemay be suppliedper con- noise function. Other discrepancies typically are due to lim-
trol point for a bicubic patchmeshor a NURBS patch, and the ited precision lookup tables used to help evaluate mathem at-
parameteiis interpolatedusing the samebasisfunctionsthat de- ical functions . (Credit: LGParquetPlank by Larry Gritz, SHWel-
ne thesurface. We associate (possiblyempty)list of namedpa- vet and SHWbrushedmetal by Stephen Westin, DPBlueMarble
rameterswith eachsurfaceto hold ary parameterprovided when by Darwin Peache y, eroded from the RenderMan compan-

the surfaceis de ned. Whenthe surface geometryis tessellated ion, JMreda pple by Jonathan Merritt, and woodbloc kprint
to form GeoSetgtrianglestrip setsandfan sets,etc.),its parame- by Scott Johnston. Courtesy of the RenderMan Repository
tersaretransferredo the GeoSetso thatthey may bereferenced  http://www.renderman.org )
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anddrawvn asvertex colorsby the passeproducedy thecompiler
Similarly, a shademmay requirederiatives of surfaceproperties,
suchas the partial derivatives of the position (dP/du and dP/dv)
either as global variablesor through a differential function such
as calculatenormal . A shadermay also use deriatives of
usersuppliedparametersThecompilercanrequesfrom thescene
graphary of thesequantitiesevaluatedover a surfaceat the same
pointsusedin its tessellationAs with ary otherparameterthey are
computednthehostandstoredn thevertex colorsfor thesurface.
Wherepossible lazy evaluationensureghatthe userdoesnot pay
in time or spaceor this supportunlessrequested.

4.2 Compiler

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

Parsing: convert sourceinto aninternaltreerepresentation.

PhaseO:detecterrors

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

Phase2:detectandcompressainiform expressions

Phase3:compute‘differencetrees”for Derivatives

Phase4:determinevariableusageandlive rangeinformation

Phaseb5:identify possibleOpenGLinstructionoptimizations

Phase6:allocatememoryfor variables

Phase7:generat@ptimized,machinespeci c OpenGL

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

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

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

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

4.3 Demonstration

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

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

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

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

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

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

5 DISCUSSION

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

5.1 Drawbacks

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

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

7-7



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

5.2 Advantages

Our methodologyallows researchand developmentto proceedin

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

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

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

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

6 CONCLUSION

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

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

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

Shaders

Marc Olano, Bob Kuehne

SGlI

Abstract

Currentgraphicshardware canrenderobjectsusing simple
proceduralshadersn real-time. However, detailed, high-
quality shadersill continueto stressheresource®f hard-
warefor sometime to come. Shaderswritten for Im pro-
ductionand softwarerenderersnay stretchto thousandof
lines. Thedif culty of renderingefciently is compounded
whenthereis not just one, but a scenefull of shadedob-
jects, surpassinghe capability of ary hardware to render
This problemhasmary similaritiesto the renderingof large
models, a problemthat hasinspired extensve researchn
geometriclevel-of-detail and geometricsimpli cation. We
introduceananalogougprocesdor shadingshadersimpli -
cation Startingfrom aninitial detailedshadershadersim-
pli cation producesa new shademwith extra level-of-detail
parametershat control the shaderexecution. The resulting
level-of-detailshader canautomaticallyadjustits rendered
appearancdasedon measure®f distance,size, or impor-
tanceaswell asphysicallimits suchasrenderingime budget
or texture usage.

CR categoriesand subject descriptors: 1.3.3 [Com-
puter Graphics]: Picture/Imagegeneration— Display al-
gorithms; 1.3.7 [Computer Graphics]: Three-Dimensional
GraphicsandRealism— Color, shadingshadaving andtex-
ture.

Keywords: Interactve Rendering,RenderingSystems,
Hardware SystemsProceduraShading,LanguagesMulti-
PassRendering,Level-of-Detail, Simpli cation, Computer
GamesRe ectance& ShadingModels.

1 INTRODUCTION

Proceduralkshadingis a powerful technique, rst explored
for softwarerenderingin work by CookandPerlin[10, 35],
andpopularizedby the RenderManShadinglanguagg20].
A shadelis a simple procedurewritten in a specialpurpose

emailf olano,rpk  g@sgi.com

Figurel: LOD shader upholstering a Le Corbusier chair.

high-level languagehatcontrolssomeaspecof the appear
anceof anobjectto whichit is applied. The term shaderis
usedgenericallyto referto procedureshatcomputesurface
color, attenuationof light througha volume (as with fog),
light color anddirection, ne changego the surface posi-
tion, or transformatiorof controlpointsor vertices.

Recentgraphicshardware can rendersimple procedural
shadersn real-time[4, 5, 31, 33, 34, 36]. Shaderghat ex-
ceedthe hardware's abilities for renderingof a singleobject
mustbe renderedusing multiple passeghroughthe graph-
ics pipeline. The resultingmulti-passshaderscan achieve
real-timeperformancebut mary complex shadersn asingle
scenecaneasilyoverwhelmary graphicshardware. Evenfor
shaderghat executein a singlerenderingpass,the number
of texturesor combinerstagesisedcanaffect overall perfor
mance[31].

Considerarealisticshadeffor aleatherchair Featureof
this shademay include an overall leathertexture or bump
map,a coupleof measuredBRDFs(bidirectionalre ectance
distribution functions) for worn and unworn areason the
seat, bumps for the stitching, with dust collectedin the
crevices, scuf marks,changesn color dueto variationsin
the leather and potentially even more. Sucha shadercan
provide a satisfyinginteractive renderingof the seatfor de-
tailed examination,but is overkill asyou move away to see
the restof the room and all the other buildings, treesand
pedestriansising shadersof similar compleity. Figure 1
doesnot have all the featuresdescribedbut with a bump
mapandmeasuredeatherBRDF it still exceedscurrentsin-
gle passrenderingcapabilities.

In this paper we introducelevel-of-detail shaderLOD
shaders}o solve the problemof providing both interactive
performanceand corvincing detailedshadingof mary ob-
jectsin a scene.A level-of-detail shaderautomaticallyad-
inststhe shadinccomnleaitv hasechn onear moreinniit na-
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rametersproviding only thedetailappropriatdor thecurrent
viewing conditionsandresourcdimits. We presentigeneral
framework for creatinga level-of-detail shaderfrom a de-
tailedsourceshademwhich couldbeusedfor automatid-OD

shadergeneration. Finally, we provide detailsand results
from our building-block basedlevel-of-detail shadertools,
wherethe generalframeavork for shadersimpli cation has
beenmanuallyappliedto building-block functionsusedfor

writing comple shaders.

1.1 Background

This work is directly inspired by the body of researchon
geometricsimpli cation. Speci cally, mary of our shader
simpli cation operationsare modeledafter operationgrom
the topology-preservinggeometriclevel-of-detail literature.
Schroederand Turk both performedearly work in auto-
matic meshsimpli cation usinga seriesof local operations,
eachresultingin a smallertotal polygoncountfor the entire
model[39, 41]. Hoppeusedthe collapseof anedgeto a sin-
glevertex asthebasiclocal simpli cation operation.He also
introducedprogressie mesheswhereall simpli ed versions
of amodelarestoredin aform thatcanreconstructedo any
level atrun-time[24]. Thesddeashave hadalargein uence
on morerecentpolygonalsimpli cation work ([16, 22, 25]
andmary others).

Many shadesimpli cations involve generatindexturesto
standin for oneor more othershadingoperations.Guenter
Knoblock and Ruf replacedstatic sequencesf shadingop-
erationswith pre-generatetkextures[19]. Heidrich hasan-
alyzedtexture sizesand samplingratesnecessaryor accu-
rateevaluationof shadersnto texture[32]. In arelatedvein,
texture-impostotbasedsimpli cation techniqueseplacege-
ometrywith pre-renderedextures,eitherfor indoor scenes
ashasbeendoneby Aliaga[2] or outdoorscenessby Shade
etal. [40].

We alsodraw on the body of BRDF approximatiormeth-
ods. Like shadingfunctions, BRDFs are positive every-
where.FournierusedsingularvaluedecompositiofSVD) to
t aBRDFto sumsof productsf functionsof light direction
andview directionfor usein radiosity[13]. KautzandMc-
Cool presenteé similar methodfor real-timeBRDF rendef
ing, computingfunctionsof view, light, or otherbasesstex-
turesusing either SVD or a simplernormalizedintegration
method[27]. McCool, Ang andAhmad's homomorphidac-
torizationusesonly productsof 2D texturelookups, t using
least-squareR9]. In arelatedarea,RamamoorthandHan-
rahanuseda commonset of sphericalharmonicbasistex-
turesfor reconstructingrradianceervironmentmaps[37].

This work is alsodirectly derived from efforts to antialias
shaders. The primary form of antialiasingprovided in the
RenderMarshadinglanguagés a manualtransformatiorof
the shader relying on the shadewriter's knowledgeto ef-
fectively remove high-frequeng componentf the shader
or smooththe sharptransitionsfrom anif , by insteadus-
ing a smoothstep  (cubic splineinterpolationbetweentwo
valuesor filtersten (smoonthstemcrosghe clirrentsam-

ple width) [11]. Perlindescribesautomaticuseof blending
whereif is usedin the shadingcode[11]. Heidrich and
his collaboratorsalsodid automaticantialiasingusingaf ne
arithmeticto computethe shadingresultsand estimatethe
frequeng anderrorin theresults[23].

Finally, therehave beensereralresearcherahohave done
moreambitiousshadetransformationsGoldmandescribed
multiple versionsof a fur shaderusedin several movies,
thoughswitchesbetweerrealfur andfakefur wereonly done
betweershotg[18]. Kajiya wasthe rst to posetheproblem
of corverting large-scalesurface characteristicio a bump
mapor BRDF representatiof26]. Along thisline, Fournier
usednonlinearoptimizationto t a bump mapto a sumof
severalstandard®hongpeakq12]. Cabral,Max andSpring-
meyer addressedhe corversionfrom bump mapto BRDF
througha numericalintegrationpre-proces$/], andBecker
and Max solved it for cornversionfrom RenderMan-based
displacementnapsto bump mapsandthento a BRDF rep-
resentation6]. More recently Apodacaand Gritz manu-
ally createda hierarchyof ltered level-of-detailtextures[3],
while Kautz approachedhe problemin reverse, creating
bumpmapsto statisticallymatchachoserfractalmicro-facet
BRDF[28].

This work is set within the contet of recentadwances
in interactve shadinglanguagesmotivating the needfor
shaderghatcantransitionsmoothlyfrom high quality to fast
rendering. The rst suchsystemby Rhoadeset al. wasa
relatively low-level languagdor the Pixel-Planes machine
at UNC [38]. This wasfollowed by Olano and collabora-
torswith afull interactive shadinglanguageon UNC's Pix-
elFlow system[33]. Peery andcoworkersat SGI createda
shadinglanguagehatrunsusingmultiple OpenGLRender
ing passe$34]. Thework presentedhereusesheir OpenGL
ShadelSL languageastheformatfor bothinputshadersand
LOD shaderresults.

Therearemary emeging optionsfor assemblefevel in-
terfacedo hardwareacceleratedhadingjncludingofferings
by NVIDIA andATI aswell asashadingnterfacewithin Di-
rectX [4, 5, 30, 31]. The shadinggroupat Stanford,led by
Kekoa Proudfootand Bill Mark, createdanotherhigh-level
real-timeshadinglanguagehat canbe compiledinto either
multiple renderingpasse®r a singlepassusingNVIDIA or
ATI hardware extensions[36]. A groupat 3DLabs,led by
RandiRost,is alsospearheadingn effort to createa high-
level shadinganguagdor OpenGLversion2.0.

2 USING LOD SHADERS

UsingasingleLOD shadethatencapsulatetheprogression
of levels of detail providesmary of the advantagedor sim-
plied shaderghat progressie meshegprovide for geome-
try. The following directly echosthe pointsfrom Hoppes
original progressie meshpaperf24].

Shadersimpli cation: The LOD shadercanbe gener
atedautomaticallyfrom aninitial complex shadeusing
altomatictools (thouahasin the earlv davsof mesh
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simpli cation, thesetools are not yet as automaticas
wewouldlike).

LOD approximation Like aprogressie meshanLOD
shadercontainsall levels of detail. Thusit canin-
clude the shaderequivalent of Hoppes geomorphsto
smoothlytransitionfrom onelevel to the next.

Progressivetransmissionand compession The rep-
resentatiorof a shaderis much smallerthanthat of a
mesh.Evenrelatively complex RenderMarshadersre
typically only afew thousandinesof code.Shadergor
real-time are seldommore complex than several tens
of lines of code. Yet a scenewith thousandsf LOD
shadersnaystill bene tby rst storingandsendinghe
simplestlevels followed by transmissiorof the more
comple levels.

SelectiveRe nement Selectve re nementfor meshes
refersto simplifying someportionsof the meshmore
than othersbasedon currentviewing conditions, en-
compassingboth variation acrossthe object and a
guideddecisionon which of the storedsimpli cations
to apply. For anLOD shadertheseaspectsaretreated
independently Currenthardware doesnot realizeary
bene t from shadingvariationsacrossa single object,
but a singleLOD shademvill presenia high quality ap-
pearancen somesurfaceswhile usinga lower quality
for others,basedon distance,viewing angle or other
factors. The LOD shademay alsoapply certainsim-
pli cations andnotothersbhasedn pressurdrom hard-
wareresourcdimits. For example,if availabletexture
memory is low, texture-reducingsimpli cation steps
may be appliedin one part of the shaderwhile leav-
ing more computation-heay portionsof the shaderto
berenderedatfull detail.

Many of thesepoints dependon the storageof an LOD
shader Startingfrom a complex shaderwe createa series
of simpli cation operationgo producethe mostsimpli ed
shaderrepresentedsanothershaderin the sourceshading
language. This combinedshaderincludesall of the levels
within a single shadingfunction with additionallevel con-
trol parameters.This provides several practicaladvantages
asthe LOD shadeis indistinguishablebeyondits additional
parametersirom anon-LOD shader SinceOpenGLShader
(and mostothershadingsystemssetshademparameterdy
namewith defaultvaluesfor unsefparameterd,OD shaders
areeasilyinterchangeavith othershadersFor example this
canallow easydropin replacemenbf the coveringonacar
seat,from a simplestand-into a non-LOD vinyl shaderan
LOD leathershaderor anLOD fabricshader

The set of level-control parametersare the one aspect
thatdistinguishegheinterfaceto anLOD shadefrom other
shadersFor interchangeablasetheparametesetshouldbe
agreedupon by both the applicationand shadersimpli er.
Thesenarametersrelisedwithin thel OD shadetto switch

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

FB*=texture("tex"); FB*=texture("tex");

a) basic block 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

and blend betweendifferentlevels aswell asto de ne the

rangesvhereeachlevel is valid. As with geometridevel-of-

detail, parametechoicesmayincludedistanceo the object,

approximatescreensize of the renderedobject,importance
of the object,or availabletime budget.For shadingwe may

alsoaddbudgetdfor hardwareresourcdimits suchastexture

memoryavailability. Many of thesgparametersouldinstead
be collectedinto a singleaggreyateparameteror controlled
throughanoptimizationfunctionasdoneby Funkhouseand

Séquin[15]. All examplesin this paperuseasingleparame-
ter setusinga distancemetric.

3 SIMPLIFICATION FRAMEWORK

Shadersimpli cation createsan LOD shaderfrom an arbi-
trary sourceshader We describethe simpli cation process
in termsof four stages.First, identify candidateblocks of
shadercode.Secondproducea setof simpli ed versionsof
the candidateblocks. Third, associatéevel parametersvith
thesimpli ed blocks,and nally assembl¢heresultinto an
LOD shader Thesestagescanbe repeatedo achiese fur-
thersimpli cation, wheretwo or moresimpli ed blockscan
becombinednto a singlelargercandidateblock for another
simpli cation run.

3.1 Finding Candidate Bloc ks

The rst steptoward creatingan LOD shadeliis identifying
blocksof shadercodethatare candidategor simpli cation.
Thesearelike edgedor edge-collapséasedolygonalsim-
pli cation. Findingthesetof candidatéblocksin a shadetis
slightly morecomplicatedthan nding the setof edgesn a
model,but canbe donewith a staticanalysisof the original
shadercode.

A static analysisis one done before actual execution; it
only hasaccesgo whatcanbeinferredfrom the sourcecode
itself. In particular resultsfor conditionalsandloopsinvolv-
ing compile-timeconstantsare known (uniformin ISL par
lance),but not onesthat might changeat run-time (param-
eterin ISL). As a result,choosinga staticanalysisrestricts
simpli cation possibilitiesto what canbe donewithin a ba-
sic block, without crossinga run-time loop or conditional
(Figure2).

Eachblock within the shadethassomevariablesthat are
input to the computationswithin the block and othersthat
areresultscomputedby the block. Expressionswithin the
block form a dependencgraphwith operationgepresented
asnodesn thegraphandvariablesasedgedinking operation
to oneration This aranhcan he nartitionedinta sitharanhs
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Figure 3: 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.

whereeachsubgraptcomputeoneblock outputor interme-
diateresult. Thesesubgraphsare the candidateblocks for
simpli cation. Any basicblock canbe partitionedin mary
ways,andthechoiceof block partitioningis somevhatanal-
ogousto choosingedgesfor meshsimpli cation.

3.2 Simpli cations

Eachof the candidateéblocksdescribedhbore computesone
resultbasedon a setof inputs. The simpli cation operations
on this block performa local substitutionof a simplerform
in placeof the original, producingequialent output while
keepingthe form of the total shaderthe same. Simpli ca-
tionsthatarenotlossyarehandledby the shadingcompiler
optimization[19, 33, 34, 36].

Simpli cations are chosernby matchinga setof heuristic
rules. While logically separatethe selectionof simpli ca-
tion rulesandpartitioningof the basicblock canbe doneat
thesametime usingatool likeiburg [14]. Iburg isacom-
piler toolsdesignedor usein codegenerationGivenapiece
of coderepresenteds an expressiontree, it nds the least
costcover by a setof rulesthrougha bottom-updynamic
programmingalgorithm.

Findingsimpli cation rule costsfor useby iburg requires
analysisof input texturesas well asthe shaderitself, and
applicationof a rule may requiregeneratinga new derived
textureaspartof theLOD shadegeneratiorpre-process.

We classifytheserule-basedubstitutiongnto oneof four
forms.

Remove: A candidateblock that doesnt contritute
enoughanymore,or thatconsistof only high-frequeng ele-
mentsabove theNyquistfrequeng is replacedy aconstant.
This effectively removesthe effect of portionsof the shader
thatareno longersigni cant (Figures3,4).

Collanse A candidatehlock consistinaof sareral onera-

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.

tionsmaybe memgedinto a singlenew operation.For exam-
ple,acoarsdextureandarotatedandrepeatedietailtexture
canbe combinedinto a singlemergedtexture of a new size
(Figureb).

Substitute: A candidateblock identi ed asimplement-
ing a known shadingmethodmay be replacedby a simpler
methodwith similar appearancef-or example,a bumpmap
can be replacedby a glossmapto modulatethe highlight
intensity or a simpletexture map (Figure6). A texturein-
dexed by the surfacenormalis probably part of a lighting
model, and dependingon the contentsof the texture, may
bereplacedvy thebuilt-in diffuselighting model. Similarly,
a texture indexed by the half anglevector(norm{/ + L) for
view vectorV andlight vectorL) is a candidatefor replace-
mentby oneor moreapplicationof thebuilt-in Phongspec-
ularmodel. A texture canbereplacedoy a smallerlow-pass

ltered versionof thetextureanda constantepresentinghe
removed high-frequenyg terms.

Approximate: Approximationrules treat the candidate
block asa generalfunction to be approximated.They can
theoreticallybe appliedto ary block, thoughnot alwaysas
effectively asthe application-speci crules.

While a variety of function approximationmethodsare
possible we have focusedon onesdevelopedfor BRDF ap-
proximation[27, 29]. As thesemethodsaretexture-based,
they aremostusefulwhentotal textureusagds notthelimit-
ing factor Two issuegreventour approximatiorrulesfrom
beingmoregenerallyuseful,thoughwe believe they areas-
pectsof the approximationave choseto exploreandnot all
annlicahlefiinction annroximatiormethods.
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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-
ablesthatcanbe storedin atexture. In theright coordinate
systemBRDFsarewell suitedto this factorization,usually
requiring only one or two terms. Automatic simpli cation
calls for automaticdeterminationof a coordinatesystem.
Arbitrary shadingexpressionscan also be poorly suitedto
sucha factorizationin ary coordinatesystem,allowing no
acceptablepproximatiorby thehomomorphidactorization
method,or needingsomary SVD termsasto becomemore
expensve thanthe original expression.

Second,the leastsquaresor singularvalue decomposi-
tion problemsare statedin termsof matriceswith a num-
ber of rows and columnsequalto the total numberof tex-
elsin eachapproximatingexture. Computingthesetextures
rapidly scalego gigabytesgvenfor modestcomponentex-
ture sizes. Worse, we want to speculatrely computethe
approximationgto evaluatetheir tness. The original ap-
plication to BRDFslimited the componentexture sizesto
32x32o0r 64x64resultingin computationswith 1024x1024
to 4096x4096matrices.

3.3 Level Parameters

Selectionof simpli ed versesunsimpli ed blocksis based
on oneor several level parametersFor example,switching
from a band-limitednoisetexture to a constantalueshould
happerwhenthe changesn the noisetexture areno longer
visible (Figure4). Thatpoint canbe approximatedasedei-

ther on the distanceor screensize of the object. The same
transitioncanalsobetriggeredby alack of availablerender

ing time, or a lack of availabletexture memoryto storethe
noisetexture.

To managehesedifferentlevel parameterswe canasso-
ciatearangefor eachparametewvith eachsimpli ed block.
Using the noiseexampleabove, a constantshouldbe used
insteadof the noisetexture wheneer the available texture
memoryis lessthanthe size of the texture, or thereis not
enoughtime to renderanothettexture, or the expectedmap-
pingto screerpixelswill blur the band-limitednoiseaway.

3.4 Assemble

Given the simpli ed blocks and level parameteranges,it
is straightforvardto assemblehemwith appropriatecondi-
tionalsinto anl OD shaderRenderina-metridevel narame-

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,like distanceor screercoveragearesharedy all blocks
in the shadereachemitting a statemenof the form

if(distance < low_threshold)
do_simplified_block
else if(distance
do_transition_block
else
do_original_block

< high_threshold)

For resource-accountingvel parameterge.g. available
time or texturememory)theblocksareprioritized,andcom-
parisonsareemittedfor thetotal consumedby this blockand
all higherpriority blocks.

4 RESULTS

We have describeda generakheoryof shadesimpli cation.
Our currentresultsarea modeststartwithin this framework.
Speci cally, we have produceda setof LOD-aware build-
ing block functionsfor shaderconstruction. This style of
shademwriting is similar to Abram and Whitted's graphical
building-block shadersystem[1]. Examplebuilding-blocks
include bump map, a BRDF model, Fresnelre ectance,
or noise or turbulencetextures with a lookup as usedby
Hart[21].

Our LOD blockswerecreatedoy manuallyfollowing the
stepsdescribedin our simpli cation framework: identify
candidateblockswithin abuilding block function,applyone
of thesimpli cation rulesdescribedn Section3.2,associate
it with a rangeof an aggreate level parameterand cre-
ate conditionalblocksfor the original code,transitioncode
andsimpli ed code. Despitethe manualsimpli cation, we
call this semi-automatidecauseary shaderswritten using
the building blocks, eitherknowing aboutlevel-of-detail or
not, become_OD shaderdy switchingto the LOD building
hlocks.
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Shader Level 1 Level 2 Level 3
Plastic(Collapse) | 9.2,11.2| 11.8,140| —,—
Wood (Remove) 36,53 | 41,58 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| 18.2,204| —,—
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.

Tablesl-4shav LOD shadetiming in framespersecond
for several sampleLOD shaders Eachshademdemonstrates
severaltransitionsof speci ¢ LOD simpli cation operations.
The Wood shaderusedin thesetests rst removesan over
lay scratchtexture,thenremovesa speculamaskingopera-
tion, creatingthreelevels-of-detail. Figure 3 shaws the re-
moval LOD sequenceThe Plasticshaderdemonstratethe
collapsesimpli cation by taking two textures,eachapplied
with its own transformationandmeing thesetwo separate
texturepasse athird texture. Thisresultantextureis then
usedto shadethe objectin a singletexture for lower levels-
of-detail asshavn in Figures5 and7. The Leathershader
demonstratethe replacesimpli cation in the rst level-of-
detail by replacinga true bump mapwith a simpletexture.
The secondevel in the Leatherremovesthe texture with a
simpleconstantolor. Resultsof this operationsequencare
seenin Figure9.

An overview of theperformanceesultsshavs muchwhat
we would expect— thatlessdetailedshadersesultin faster
overall rendering.However, asthe differentresultsindicate,
theshadingoperationsarenotpurely Il-limited, andrender
ing nearly4x fewer pixelsin certaincasesesultsin only a
modestperformancemprovement.As certainpasse®ccur
theobjectsgeometnyis alsore-renderedyieldingacoupling
betweertypeof renderingpassesonstructedor aparticular

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

shadeandthatshaders. ThisimpliesthatLOD shadergan
accomplishonly partof thetask,andshouldalsobe accom-
paniedby geometricsimpli cation.

5 CONCLUSIONS AND FUTURE WORK

We have presented. OD shadersprocedurashadershatau-
tomaticallyadjusttheir level of shadingdetailfor interactive
rendering We alsopresente@d generaframenork for shader
simpli cation — the processof creatingLOD shaderdrom
an ordinary shader This framework is sufciently general
to sene asa guidefor manualshadersimpli cation or asa
basisfor automaticsimpli cation. Finally, we presenteaur
resultsfor semi-automatichadersimpli cation usingman-
ually generatedshadingfunction building blocksfor SGl's
OpenGLShader TheseLOD shaderbuilding blocksimple-
mentthe samefunctionsashbuilding blocksalreadyprovided
with OpenGLShaderbut with addedevel-of-detailparam-
etersto controlaspect®f their shadingcompleity.

In the future, we would like to createtools for fully au-
tomatic shadersimpli cation. Our current simpli cation
framework alsoonly considersa staticanalysisof the shader
for simpli cation. Following the leadof texture-basedim-
pli cation researcherbk e AliagaandShadeetal., we could
generatenew textureson the y warpingthemfor useover
several framesor updatingwhen they becometoo differ-
ent[2, 40].

Logically, it shouldbe possibleto generalizeour remove,
collapseand substitutionrulesinto a more widely applica-
ble approximatiorrule form. Otherfunction tting methods
shouldbetried to make theapproximatiorrulesmoreuseful.

Sincerenderingwith LOD shadersvill usuallybeaccom-
paniedby geometriclevel-of-detail, they should be more
closely linked. Cohenet al. Garlandand Heckbertand
othershave shavn that geometricsimpli cation canbe af-
fectedby appearanc8, 17]. Shadersimpli cation should
alsobe affectedby geometriclevel-of-detail (e.g. whether
pervertex Phongshadingis a good substitutefor a texture-
basedlluminationdepend®n how theobjectis tessellated).

Finally, we provide no guarantee®n the delity of our
simpli cations. Many geometricsimpli cation algorithms
have beensuccessfulvithout providing exact error metrics
or bounds. However, algorithmssuchassimpli cation en-
velopesby Cohenetal. provide hardboundson the amount
of error introducedby a simpli cation [9], guaranteeshat
areimportantfor someusers.Furtherinvestigationis neces-
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|. 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



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:

e 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.

Il. 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 )



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).

Ill. 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 uf and pf are each a single floating point value
float  uf
parameter
float  pf
uniform uc and pc are each a set of four floating point values, representing

color uc |a color, vector or point. For colors, the components are ordered
red, green, blue and alpha. For points, the components are ordered

parameter
color  pc X,y,Z and w.
varying vc is a four element color, vector or point that may have different

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

parameter
matrix  pm

uniform us is a character string, used for texture names.
string  us




ISL also allows 1D arrays of all uniform and parameter types, using a C-style

specification:

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

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

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

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

uniform matrix umais an array with n uniform matrix elements, umaj0]
umd n] through umajn-1]

parameter matrix pmais an array with n parameter matrix elements, pmal0]
pmg n] through pma[n-1]

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

V. 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.

luniform 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




In the following, uf and ufO - ufl5 are uniform floats; ufa is an array of uniform floats;

uc, ucO and ucl are uniform colors; uca is an array of uniform colors; um umOand um1
are uniform matrices; umais an array of uniform matrices; us, usO and usl are uniform

strings; usa is an array of uniform strings; and ur , urO and url are uniform relations.

A. uniform float

Operations producing a uniform float:

variable Value of uniform float variable.
reference
float constant One of the following non-case-sensitive patterns:

Ox H (hex integer);

00O(octal integer);

DD ;.DD D

DeSD De 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 INegate uf

ufo + ufl /Add uf0 and ufl

ufo - ufl [Subtract ufl from uf0

ufo * ufl Multiply ufo and ufl

ufo / ufl Divide ufo by ufl

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

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

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

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

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

Uniform float assignments take the following forms, where Ivalue 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[ufO][ufi] for a uniform matrix or uniform color array or
var[ufO][uf1][uf2] for a uniform matrix array):

Ilvalue = uf 'Simple assignment

Ilvalue  += uf [Equivalent to Ivalue = Ivalue + uf

Ilvalue = uf [Equivalent to Ivalue = Ivalue - uf
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Ilvalue  *= uf [Equivalent to Ivalue = Ivalue * uf

Ilvalue /= uf [Equivalent to Ivalue = Ivalue / uf

B. uniform color

Operations producing a uniform color:

variable reference \Value of uniform color variable

|co|or( ufO , ufl , uf2 , uf3) |red:uf0 ; green=ufl ;blue=uf2 ;alpha=uf3

luf |color(uf,uf,uf,uf)

(uc) (Grouping intermediate computations

-uc Each uniform float operation is applied component-
by-component

ucO + ucl

ucO - ucl

ucO * ucl

ucO / ucl

lunf uf ] Row floor(uf)  of matrix um

uca| uf ] Element floor(uf) of array uca, where element O 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 Ivalue s 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[ufO][ufl] for a uniform matrix array):
Ilvalue = uc 'Simple assignment
lvalue  += uc [Equivalent to Ivalue = Ivalue + uc
Ilvalue = uc [Equivalent to Ivalue = Ivalue - uc
lvalue *= uc [Equivalent to Ivalue = Ivalue * uc
|Iva|ue I= uc \Equivalent to Ilvalue = Ivalue / 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 , ufl , uf2 , uf3 , |Matrix with rows (ufO,ufl,uf2,uf3) ,
(uf4,uf5,ufé,uf7) , (uf8,uf9,uf10,uf1l)
uf4 , ufs , uf6 , uf7 , and (uf12,uf13,uf14,ufl5)
uf8 , uf9 , uflo , ufll ,
ufl2 , ufl3 , ufl4 , ufls )
uf matrix(uf,0,0,0, 0,uf,0,0, 0,0,uf,0,
0,0,0,uf)
(um (Grouping intermediate computations
-um Each uniform float operation is applied component-
by-component
umO + uml
umO - uml
umO * uml Matrix multiplication:
result[i][k] = sum 0.3 (UMOII[] *
um1[i][k])
umg uf ] Element floor(uf) of array umawhere element O
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 Ivalue is either a uniform
matrix variable or one element of a uniform matrix array variable, accessed as var|uf]

lvalue = um

Simple assignment

|Iva|ue += um

\Equivalent to Ivalue = Ivalue + um

lvalue = um

[Equivalent to Ivalue = Ivalue - um

lvalue  *= um

[Equivalent to Ivalue = Ivalue * um

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

E. uniform string

Operations producing a uniform string:

array.

variable Value of uniform string variable
reference
|constant string |String inside double quotes ("string" )
usa|[ uf ] Element floor(uf) of array usa where element 0O is the first
element.

Behavior is undefined if floor(uf0) falls outside the




|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 INewline

\t Tab

v \Vertical tab

\o IBackspace

\r Carriage return

\f IForm feed

\a Alert (bell)

N\ Backslash character

\? IQuestion mark

\ Single quote

" IEmbedded double quote

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

|Iva|ue = us |Simp|e assignment

F. uniform relations

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

uf0 == Traditional comparisons: equal, not equal, greater or equal, less or
ufl equal, greater, and less

ufo 1=
ufl

uf0 >=
ufl

uf0 <=
ufl

uf0 > ufl

uf0 < ufl

uc0 == True if all elements of ucO are equal to the corresponding elements of
ucl ucl




ucO = true if any elements of ucO does not equal the corresponding element
ucl of ucl

umQ0 == True if all elements of umOare equal to the corresponding elements of
uml uml

umo = True if any elements of um0Odoes not equal the corresponding element
uml of uml

us0 == Traditional string comparison: equal and not equal
usl

usO I=
usl

(ur) (Grouping intermediate computations

ur0 && True if both ur0 and url are true
url

urQ || True if either ur0 or url are true
url

! ur True if ur is false

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

In the following,

VI. Parameter operations

pf and pfO - pfl5 are parameter floats; pfa is an array of parameter

floats; pc, pcO and pcl are parameter colors; pca is an array of parameter colors; pm
pmOand pmlare parameter matrices; and pmais an array of parameter matrices. Also,
uf0 and ufl are uniform floats and uc is a uniform color as defined above.

A. parameter float

Operations producing a parameter float:

variable Value of parameter float variable.
reference
luf IConvert uniform float to parameter float.
(pf) Grouping intermediate computations.
- pf INegate pf
pfo + pfl /Add pfo and pfl
pfo - pfl 'Subtract pfl from pf0
pfo * pfl Multiply pfo and pfl
pfo / pfl Divide pf0 by pfl
pc[ pfO ] 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.
pn pfo ][ pfl ] Gives element floor(4*pf0 + pfl) of matrix pm
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pfa [ uf ] Element floor(uf) of array pfa where element 0O is the first
element. Note that currently the array index must be uniform.

Behavior is undefined if floor(ufO) falls outside the array.
|f (.o ) \Function call to a function returning parameter float result

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

lvalue = pf Simple assignment

Ilvalue  += pf [Equivalent to Ivalue = Ivalue + pf
Ilvalue = pf [Equivalent to Ivalue = Ivalue - pf
Ilvalue  *= pf [Equivalent to Ivalue = Ivalue * pf
Ilvalue /= pf [Equivalent to Ivalue = Ivalue / pf

B. parameter color

Operations producing a parameter color:

variable reference \Value of parameter color variable

luc |Convert uniform color to parameter color.

|co|or( pfO , pfl , pf2 , pf3) |red:pf0 ; green=pfl ;blue=pf2 ;alpha=pf3

pf |color(pf, pf, pf, pf)

(pc) \Grouping intermediate computations

- pc Each parameter float operation is applied
component-by-component

pcO + pcl

pcO - pcl

pcO * pcl

pcO / pcl

pr pf ] IRow floor(pf) ~ of matrix pm

pca| uf | Element floor(uf) of array pca, where element O 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 Ivalue s 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):

|Iva|ue = pc \Simple assignment

lvalue  += pc [Equivalent to Ivalue = value + pc
Ilvalue -= pc [Equivalent to Ivalue = Ivalue - pc
lvalue  *= pc [Equivalent to Ivalue = Ivalue * pc
|Iva|ue I= pc \Equivalent to Ivalue = Ivalue / 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
lum IConvert uniform matrix to parameter matrix.
matrix( pfO , pfl , pf2 , pf3 , |Matrix with rows (pfO,pfl,pf2,pf3) ,
(pf4,pf5,pf6,pf7) , (pf8,pf9,pfl0,pfll)
pf4 , pfs , pf6 , pf7 , and (pf12,pf13,pfl4,pfl5)

pf8 , pf9 , pfl0 , pfll ,
pfl2 , pfl3 , pfl4d , pfl5 )

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

(pm (Grouping intermediate computations

- pm Each parameter float operation is applied
component-by-component

pmO + pml

pmO - pml

pmO * pml Matrix multiplication:
result[i][k] = sum i=0.3  (UMO[][j] *
um1[j][k])

pmg uf ] Element floor(uf) of array pmawhere element O
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 Ivalue is either a
parameter matrix variable or one element of a parameter matrix array variable, accessed
as var[uf]

Ilvalue = pm 'Simple assignment




Ilvalue  += pm [Equivalent to Ivalue = Ivalue + pm

lvalue = pm [Equivalent to Ivalue = Ivalue - pm

lvalue  *= pm [Equivalent to Ivalue = Ivalue * 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 == Traditional comparisons: equal, not equal, greater or equal, less or
pfl equal, greater, and less

pfo =
pfl

pf0 >=
pfl

pf0 <=
pfl

pf0 > pfl

pf0 < pfl

pcO == True if all elements of pcO are equal to the corresponding elements of
pcl pcl

pcO = true if any elements of pcO does not equal the corresponding element
pcl of pcl

pmO0 == True if all elements of pmOare equal to the corresponding elements of
pml pml

pmoO = True if any elements of pm0Odoes not equal the corresponding element
pml of pm1

(pr) (Grouping intermediate computations

prO0 && True if both prO and prl are true
prl

prO || True if either prO or prl are true
prl

! pr True if pr is false

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

VII. Varying operations



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

A. varying color

Operations producing a varying color:

variable Value of varying color variable
reference

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:
IFB  |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 Ivalue is
FBor FB. C(as described above):

FB = Function call to a function returning varying color result

FC ) 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
varying color a = FB;
FB.r =f(); FB =f();
FB.bga = a;
Ivalue = |Copy vc into Ivalue

VvC




lvave += |Add, subtract, or multiply lvalue and vc, putting the result in
Ivalue

vatue——=
Assigﬁ’ﬁ‘lents into varying variables can only take this form:
NAjghle +-=FB Copy framebuffer to variable

VvC
B. varying relations

Operations producing a varying relation (used in control statements discussed later):

FB[ vfO ] Traditional comparisons: equal, not equal, greater or equal, less or
== vfl |equal, greater, and less
Performs per-pixel comparison between frame buffer channel uf0
FB[ VO ] and reference value ufl . Frame buffer channel O is red, channel 1 is
I= Vvfl |green, channel 2 is blue and channel 3 is alpha.
FB[ vfO ]
>= vfl
FB[ vfO ]
<= Vfl
FB[vfO ]>
vfl
FB[vfO ] <
vfl

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

VIIIl. Built-in functions

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

uniform float abs(uniform absolute value of x
float  x)

parameter float
abs(parameter float X)

uniform float acos(uniform inverse cosine, radian result is between 0 and
float  x) pi

parameter float
acos(parameter float X)

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




parameter float

asin(parameter float y)
uniform float atan(uniform inverse tangent, radian result is between -pi/2
float ) and pi/2
parameter float
atan(parameter float f)
uniform float atan(uniform inverse tangent of y/x, radian result is
float  y; uniform float X) |between -pi and pi
parameter float
atan(parameter float Y;
parameter float X)
uniform float ceil(uniform round x up (smallest integer i >= x)
float  x)
parameter float
ceil(parameter float X)
uniform float clamp(uniform clamp x to lie between a and b
float  x; uniform float a,
uniform float b)
parameter float
clamp(parameter float X;
parameter float a;
parameter float b)
uniform float cos(uniform cosine of r radians
float r)
parameter float
cos(parameter float r)
uniform float exp(uniform e
float  x)
parameter float
exp(parameter float X)
uniform float floor(uniform round x down (largest integer i <= x)
float  x)
parameter float
floor(parameter float X)
uniform matrix matrix inverse
inverse(uniform matrix m |m*inverse(m) = inverse(m)*m =

identity matrix




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 s)]

parameter float
min(parameter float f;
parameter float s)]

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

matrix to perform perspective projection
looking down the Z axis with a field of view of

d) d degrees.
matrix(  cotan(d/2), 0, 0, O,
parameter matrix 0, cotan(d/2), 0, 0O,
perspective(parameter 0, 0, 1, 1,
float  d) 0, 0, -2, 0)
uniform float pow(uniform xY
float  x; uniform float y)
parameter float
pow(parameter float X;
parameter float y)
uniform matrix rotate r radians around axis (x,y,z)
rotate(uniform float X;
uniform float y; uniform
float  z; uniform float r)




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

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

scale(parameter float X;
parameter float Y;
parameter float z)
uniform float sign(uniform signofx:-1,0o0r1
float  x)
parameter float
sign(parameter float X)
uniform float sin(uniform sine of r radians
float r)
parameter float
sin(parameter float r)

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.

Oforx<a ,1forx>b

uniform color spline(uniform
float  x; uniform color

cfl)

uniform float spline(uniform
float  x; uniform float

cl)

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
parameter color cll)

parameter float
spline(parameter float
parameter float

cfl)

uniform float sqrt(uniform
float  x)

parameter float
sqgrt(parameter float

square root of x

uniform float step(uniform
float  a; uniform float

parameter float
step(parameter float

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
uniform float y; uniform
float  z)

parameter matrix
translate(parameter float
X; parameter float
parameter float

Y,

Z)

matrix(1,0,0,0, 0,1,0,0, 0,0,1,0,

X; Xy,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.




texturearray 0r;
parameter matrix
xform [;

uniform float

texgen ]| )

varying color texture(
uniform color
texturearray 0r;
parameter matrix

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

xfo_rm [; set the texture generation mode appropriately.
'I[Jer;g)ernm ;l]o"’)lt | textureuse [texgen code
texture() | >=0
project() | -1
lenvironment() | -2
varying variable use | -3
varying color Map texture onto surface, as a spherical
environment( environment map. Versions with array textures are

uniform string
texturename [ ;
parameter matrix
xform )

varying color
environment(
uniform float
texturearray 0r;
parameter matrix
xform 1)

varying color
environment(
uniform color
texturearray 0r;
parameter matrix
xform )

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 0Ir;

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.




parameter matrix

Note: project also passes a texgen value
xform 1) project() P 9

of -1 to the application geometry drawing function.

varying color project(
uniform color
texturearray 0r;
parameter matrix

xform 1)
varying color Transform the varying color in the frame buffer by
transform(parameter the given matrix
matrix  xform )
varying color Lookup each frame buffer channel in the given
lookup(parameter lookup table.
float lut []) Each channel is handled independently, so the
: | resulting red component of the result comes from
Va?"n?( color the red component lutn*FB.f] . Similarly, for
ookup(parameter green from lutn*FB.g]  and blue from
color lut []) lut[n*FB.b]
varying color Channel by channel blend: FB*(1-v) + v =
blend(varying color v*(1-FB) + FB
v)
varying color Alpha-based blend of FBover v:
over(varying color v) |\v¥(1-FB.a) + FB*FB.a
varying color Alpha-based blend of FBunder v:
under(varying color FB*(1-v.a) + v*v.a
v)
varying color Configure a specific light for subsequent diffuse or
setupLight( specular calculations. After being called, the global
parameter float lightVector is set with the current light's position.
lighthum ) Light shaders can modify lightVector within their
body
|varying color ambient() \Return sum of ambient light hitting surface
varyin_g color ambient( Return result of ambient light lightnum
:,J”gorm float If lightnum <0 or
ightnum ) lightnum >=numambientlights , ambient()
returns black
|varying color diffuse() \Return sum of diffuse light hitting surface
varying color diffuse( Return result of diffuse contribution from light
uniform float lightnum
lightnum ) If lightnum <O or
lightnum >=numdirectlights , diffuse() returns
black

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

varying color Calculate diffuse effects of previously configured
runDiffuse( light (configured by using setupLight). Accepts a
parameter color parameter Ivector  to specifiy the light position.
Ivector ) Use the global lightVector to accept the value
set by previous code or the setupLight routine.
test
varying color Return sum of specular light hitting surface, using e
specular(parameter as the exponent in the Phong lighting model
float e)
Return result of specular contribution from light
lightnum
varying color specular( If lightnum <0 or
lightnum >=numdirectlights , Specular() returns
uniform float b?ack g P 0
lightnum
parameter float e) specular(lightnum , e) is equivalent to
setupLight(lightnum);
runSpecular(e,lightVector);
varying color Calculate specular effects of previously configured
runSpecular( light (configured by using setupLight). Accepts the
parameter float e; parameter e as the exponent in the Phong lighting
parameter color model.Accepts a parameter lvector  to specifiy
Ivector ) 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 ‘




{ {
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 Creates and possibly initializes variable
declaration :

{list of O or Executes statements sequentially
more

statements }

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

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

if (  pr) statement
else statement

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 The first statement executes with the same restricted set of

else statement 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.

Xl. 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.

lambientlight

|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.




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 FB at the end of the function.

Surface shaders return a varying color giving the final color of the surface. At the start of
the shader, FB contains 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 FB set to the final rendered color for each pixel. They
return the attenuated color.

An example shader:
surface shadertest(

uniform color ¢ = color(1,0,0,1);
uniform float f = .25)

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

}



