
GraphicsHardware(2003)
M. Doggett,W. Heidrich,W. Mark, A. Schilling (Editors)

Automatic ShaderLevel of Detail

MarcOlano,� BobKuehne† andMaryannSimmons†

� Universityof Maryland,BaltimoreCounty
† SGI

Abstract

Current graphicshardware can renderprocedurally shadedobjectsin real-time. However, dueto resource and
performancelimitations,interactiveshaders cannot yetapproach thecomplexity of shaders written for �lm pro-
duction and software rendering, which may stretch to thousandsof lines. Theseconstraints limit not only the
complexity of a singleshader, but also the numberof shadedobjectsthat can be rendered at interactiverates.
Thisproblemhasmanysimilaritiesto therenderingof largemodels,thesourceof extensiveresearch in geometric
simpli�cation andlevelof detail.We introduceananalogousprocessfor shading: shadersimpli�cation. Starting
fromaninitial detailedshader, shadersimpli�cation automaticallyproducesa setof simpli�ed shadersor a single
new shaderwith extra level-of-detailparameters that control the shaderexecution.Theresultinglevel-of-detail
shadercanautomaticallyadjustits renderedappearancebasedon measuresof distance, size, or importance, as
well asphysicallimits such asrenderingtimebudget or texture usage. We demonstrateshadersimpli�cation with
a systemthat automaticallycreatesshaderlevelsof detail to reducethenumberof texture accesses,onecommon
limiting factor for currenthardware.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.3 [ComputerGraphics]:Picture/Imagegeneration
I.3.6 [ComputerGraphics]:MethodologyandTechniquesI.3.7 [ComputerGraphics]:Three-DimensionalGraph-
icsandRealism
Keywords:InteractiveRendering, RenderingSystems,HardwareSystems,Procedural Shading, Languages,Multi-
PassRendering, Levelof Detail, Simpli�cation,ComputerGames,Re�ectance& ShadingModels

1. Intr oduction

Proceduralshadingis a powerful technique,�rst explored
for software rendering in work by Cook11 and Perlin35,
andpopularizedby theRenderManShadingLanguage19. A
shaderis aprocedurewritten in aspecialpurposehigh-level
languagethatcontrolssomeaspectof theappearanceof an
objectto which it is applied.Thetermshaderis usedgener-
ically to referto any suchprocedures,whetherthey compute
surfacecolor, attenuationof light throughavolume(aswith
fog), light color and direction, �ne changesto the surface
position,transformationof controlpointsor vertices,or any
combinationof thesefactors.

Recentgraphicshardwarecanrenderprocedurallyshaded
objects in real-time, through shadersde�ned in a low-
level assembly language4; 30; 40 or a high-level shading
language27; 33; 34; 36. Even thoughthehardwareis capableof
renderingtheseshadersinteractively, the numberof tex-

ture units, total texture memoryused,numberof instruc-
tions,or otherfactorscanaffect overall performanceor pre-
vent a shaderfrom running at all. Even on programmable
PC graphicshardware, it is easyto exceedthe hardware's
abilities for renderingof a singleobject.Suchshadersmay
be renderedusing multiple passesthrough the graphics
pipeline,but choosingthe partitioning into passesis a dif-

Figure1: Shadersimpli�cation appliedto a leathershader.
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�cult compilationtaskandthe �nal numberof passeshasa
directimpactonperformance5; 8; 34.

Considerthe leathershaderin Figure 1. With a bump
maprequiringthreetextureaccessesperlight andhomomor-
phic BRDF factorization28 requiring two texture accesses
per light plus one additional texture access,it is complex
enoughto bene�t from the several automaticallygenerated
simpli�cation stepsshown. An even more realistic leather
shadermight include multiple measuredBRDFs for worn
andunworn areas,bumpsfor thestitching,dustcollectedin
thecrevices,scuff marks,andchangesin color dueto varia-
tionsin theleather. Theoptionsarelimited only by theimag-
inationandskill of theshaderwriter. But eventhoughsucha
complex shadermight look goodappliedto a singleclosely
examinedchair, it is overkill asyou move away to seethe
restof the room, all the other furniture in the room, other
buildings,trees,carsandpedestrians— all usingshadersof
similaror greatercomplexity.

In this paper, we introducethe automaticgenerationof
level-of-detailshaders(LOD shaders)from arbitrarily com-
plex shaders.Our examplesuseSGI OpenGLShaderrun-
ning on anSGI Octane41. Fromeachinput shader, our sys-
tem automaticallycreatesa single parameterizedlevel-of-
detail shaderthat can adjust the shadingcomplexity (and
thusnumberof renderingpassesproduced)basedonalevel-
of-detail input parameter. Theapplicationsetsthe level pa-
rameterto control detail for the currentviewing conditions
and resourcelimits, thus allowing both interactive perfor-
manceandhigh-qualityshadingof many objectsin thesame
scene.The methodsdescribedin this papercould also be
appliedto producea seriesof shadersfor an applicationto
select,or could be adaptedfor simpli�cation of shaderson
commoditygraphicshardwareassuggestedby Vlachos45.

1.1. Background

Automatictransformationof non-proceduralsurfaceappear-
ancehas beenexplored by a numberof researchers.Ka-
jiya was the �rst to posethe problemof converting large-
scalesurfacecharacteristicsto a bump map then lighting
model22. Fournierusednonlinearoptimizationto �t a bump
map to a sum of several standardPhongpeaks13. Cabral,
et al. addressedthe conversionfrom bump map to BRDF
through a numerical integration pre-process7, and Becker
and Max solved it for conversion from RenderMan-based
displacementmaps to bump maps and then to a BRDF
representation6. Kautz approachedthe problemin reverse,
creatingbump mapsto statisticallymatcha chosenfractal
micro-facetBRDF24.

Fewer researchershave attemptedto tackleautomatican-
tialiasingof arbitraryshadinglanguagecode.The primary
form of antialiasingprovidedin theRenderManshadinglan-
guageis manualtransformationof the shader, relying on
the shader-writer's knowledgeto effectively remove high-
frequency componentsof the shaderor smooththe sharp

transitionsfrom anif , by insteadusinga smoothstep (cu-
bic splineinterpolationbetweentwo values)or filterstep
(smoothstepacrossthe currentsamplewidth)12. Perlin de-
scribesautomaticuseof blendingwherever if is usedin the
shadingcode12. Heidrichet al. alsodid automaticantialias-
ing, usingaf�ne arithmeticto estimatethefrequency ander-
ror while computingshadingresults20.

Thusfar, creationof shadersatmultiplelevelsof detailfor
renderingspeedor computationalef�ciency hasbeenpri-
marily a manualprocess.Goldmanmanuallycreatedmul-
tiple independentlywritten level-of-detailversionsof a fur
shaderfor movie production17. ApodacaandGritz describe
several generaloptionsfor manuallycreatingshaderswith
multiple complexity levels3. OlanoandKuehneprovided a
setof building block functionswith manuallycreatedlevels
of detail,soshadersusingthesebuilding blocksinherit those
levels of detail32. Guenteret al. automaticallycreatedspe-
cializedshaders, whenonly someshaderparameterswere
expectedto vary18. Expressionsusingotherparameterswere
evaluatedinto textures.

While mostof this prior work is in thecontext of off-line
renderingsystemslike RenderMan,our work is setspecif-
ically within the context of recentadvancesin interactive
shadinglanguages.The�rst interactive shadingsystemwas
a low-level assembly-like languagefor the Pixel-Planes5
machineat UNC38. Laterwork at UNC developeda full in-
teractive shadinglanguageon UNC's PixelFlow system33.
Peercy and coworkers at SGI createda shadinglanguage
that runsusingmultiple OpenGLRenderingpasses34. The
Real-Time Shadinggroup at Stanfordhascreatedanother
high-level shadinglanguage,RTSL, that can be compiled
into one or more renderingpasseson SGI, NVIDIA, or
ATI hardware8; 36. Many aspectsof theseresearchefforts
appearin the several recentcommercialshadinglanguages
andcompilers,NVIDIA's Cg language,Microsoft's HLSL,
ATI' sAshli, andtheOpenGLshadinglanguage27; 29; 5; 25.

Several aspectsof interactive shadinglanguagesmoti-
vate the needfor shadersimpli�cation and level-of-detail
shaders.The languagesthey usesharesomefeatureswith
traditionalshadinglanguageslikeRenderMan,but tendto be
simpler, with operationsthatgraphicshardwarecanandcan-
notdoamajorfactorin theirdesign.Hardwarelimits bound
shadercomplexity andencouragetheuseof resultsprecom-
putedinto textures.Both of thesefactorsmake the simpli-
�cation problemmoretractable.Additionally, the desireto
have the appearanceof high-quality shaderson every ob-
jectcreatestheneedfor shadersthatcantransitionsmoothly
from high quality to fastrenderingwhile maintaininginter-
active framerates.

2. Automatic Simpli�cation

Shadersimpli�cation automaticallycreatesmultiple levels
of detail from anarbitrarysourceshader. Our simpli�cation

c
 TheEurographicsAssociation2003.



Olanoetal. / AutomaticShaderLevelof Detail

processdrawsontwomajorareasof priorwork— geometric
simpli�cation andcompileroptimization.

Speci�cally, our shadersimpli�cation strategy is mod-
eledafteroperationsfrom the topology-preservinggeomet-
ric level-of-detail literature.Schroederand Turk both per-
formedearlywork in automaticmeshsimpli�cation usinga
seriesof local operations,eachresultingin a smallertotal
polygoncountfor theentiremodel39; 44. Hoppeusedthecol-
lapseof anedgeto a singlevertex asthebasiclocal simpli-
�cation operation.He also introducedprogressive meshes,
whereall simpli�ed versionsof amodelarestoredin a form
that canbe reconstructedto any level at run-time21. These
ideashave hada large in�uence on morerecentpolygonal
simpli�cation work26.

Fromthis work we take severaldesiredpropertiesfor our
shadersimpli�cation algorithm.It shouldperformonly local
simpli�cation operationsfor computationalef�ciency. Each
operationshouldmovemonotonicallytowardthegoal.Each
simpli�cation operationhasanassociatedcostandthesim-
pli�cation of lowestremainingcostshouldbechosenateach
step.Theoutlineof ouralgorithmbecomes:

for each candidate simplification site
find simplification cost

while (simplifications remain)
choose site with lowest remaining cost
perform simplification
re-compute costs for area local to site

The secondareawe draw on in developingour simpli�-
cationalgorithmis classiccompilerpeepholeoptimization1.
Peepholeoptimizationoccurstowardtheendof thecompila-
tion processwhentheprogramhasalreadybeenreducedto
blocksof simpleinstructions.The optimizerlooks at small
windowsof instructionsfor certainpatternsto replace.

Peepholeoptimizationperformsonly local operations.If
severaloptimizationsoverlaptheoptimizerwill choosebe-
tweenthembasedon a setof costs.Thegoldenrule for op-
timizationsis to never changethe programoutput.Shader
simpli�cation is in effect anoptimizationprocessbut is one
thatmayor maynotbreakthis rule.Wecanclassifythesim-
pli�cations into threecategories:

Lossless: Obeying the strict compilerde�nition of opti-
mization.This canbe expandedto includesomespecializ-
ing shader-like optimizations18 wherecertainnon-constant
parametersareassumedto beconstantfor thesimpli�cation.
Thegeometriclevel of detailequivalentis simpli�cation of
highly tessellated,but �at regionsof amodel.

Resolution-speci�c lossless: Producingnumerically or
visually identical resultsbut only at a speci�c resolution.
This would includethemajority of specializingshadersim-
pli�cations and any others that evaluate results into tex-
tures.The equivalenceis dependenton the texture resolu-
tion andminimumviewing distance.It alsoincludessimpli-
�cations that replacetextureswith computedresults,where

Figure 2: Band-limitednoisetexture, noisealmostblended
awayat a distance, andnoisereplacedwith averagevalue.

the computedresults�t a speci�c MIP-level of the texture.
In geometricsimpli�cation, theequivalentis Simpli�cation
Envelopesor AppearancePreservingSimpli�cation, with
strongguaranteesongeometricdeviation9; 10

Lossy: Not identical,but not noticeablyor objectionably
different. This includesmany approximationsthat would
neverbeconsideredfor traditionaloptimization,but produce
visuallysimilarresultsat lowercost.Mostgeometricsimpli-
�cations would fall in this category, asthey minimizevisual
impact without making any guarantees,and assumeslight
changesin shapefor distantobjectsare acceptablein ex-
changefor interactiveperformance.

2.1. Simpli�cations

Oneof themostsevererestrictionsof currenthardwareis the
costof eachtextureaccess,with limits on eitheraccessesor
active texturesperrenderingpassin thetensatmost.

Shadersthatmake heavy useof texturesfor precomputed
expressions,for mathandshadingfunctions,andasactual
texturescaneasilyexceedtheselimits8. Wehavechosenthe
reductionof textureaccessesasour simpli�cation goal.Re-
ductionby multiplesof the single-passhardware texturing
limit providesan obvious speedupby reducingthe number
of passesrequired,but reductionsby lessthanthesinglepass
limit canalsobebene�cialassomehardwarehashigherren-
deringratesif fewertextureunitsareused,andfewertexture
accessesindirectly leadsto fewer operationsandfewer ac-
tive textures.

Many geometricsimpli�cations usea single simpli�ca-
tion rule, for examplecollapsinganedgeto apoint.Wepro-
ceedusinga choiceof two simpli�cation rules.The �rst is
a lossysimpli�cation that replacesa texture accesswith a
simplenon-texture-basedapproximation(Figure2); thesec-
ond is a losslesssimpli�cation that replacesone or more
texturesaccessesandotheroperationswith a singletexture
(Figure3).

Texture Removal: Our �rst simpli�cation rule clearly
movesus toward thegoalasit resultsin thedirect removal
of one texture accessat eachapplication.Our measureof
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error for this simpli�cation is the least-squaresdifference
betweenthe texture andnon-texture approximationat each
MIP-MAP level. The useof scale-basedMIP �ltering in-
troducesa frequency and distancefactor, while the least-
squareserror provides a measureof the contrastbetween
pre-andpost-simpli�cationrepresentations.

In the work presentedhere,we only approximatea tex-
ture by its averagecolor. The mostblurred level of a MIP
mapis just theaveragecolor, soapplyingthis simpli�cation
switchesto thisconstantcolorearlierthanwouldbedoneby
standardMIP �ltering. For example,replacing

FB *= texture("marble.tx");

with

FB *= color(.612,.618,.607,1);

Theleast-squareserrorbetweentextureandaveragecolor
is the standarddeviation of the texture, but we prefer the
least-squareserror interpretationsinceit generalizesmore
easily for future approximations.For example,an environ-
mentmapmay be well approximatedby oneor morelight
sourcesusing the built-in Phongmodel,with light sources
locatedat peaksof theenvironmentmap.The least-squares
error betweenenvironmentmap and Phonglighting mea-
suresthe error in this approximation,with lower error ex-
pectedat larger MIP levels due to the closer�t of the ap-
proximationto thetexture.

While thetextureremoval operationaloneis theoretically
suf�cient to eventuallyremoveall texturingoperationsfrom
any complex shader, it doesnot alwaysreducetextureuses
asquickly asshouldbepossible.Theproblemis not thelo-
cal errormetric,but with theglobaleffect of theintroduced
error. Subsequentoperationsusingtheremovedtexturemay
amplify or attenuatethecomputederror. Directly computing
this propagation of error canbe done,aswasshown in the
samplingof RenderManshadersby Heidrichet al.20. In our
experience,globalerrormeasureswerenot necessary, even
for shadersthat did have fairly signi�cant ampli�cation of
textureresultslikethewatermelonin Plate2(a).Weattribute
this to the commonpracticeof writing complex shadersin
layers3.

Texture Collapse: Our secondsimpli�cation rule is the
collapseof one or more textures and the operationsper-
formedonto theminto a singlenew texture. We guarantee
to never increasethe total texture accessesby including at
leastoneexisting texturein any setof collapsedoperations.

Transformationof textureswithin acollapse,asillustrated
in Figure3, introducesresolution-speci�cerror throughre-
samplingof thesourcetexturesinto thecollapsetexture.In
our currentversion,we supportonly losslesscollapse(with
no relative rotationor scalingof eithertexture).

By limiting ourselvesto losslesscollapse,texturecollapse
operationswill happenimmediately, at no additionalcost.

Figure 3: An illustration of thecollapseof two texturesand
the associatedcomputationsinto a single texture. Left to
right: theoriginal dust(top) andscratch (bottom)textures;
the texturesas transformedandoverlaid by theshader(the
scratch texture is compressed,rotated and repeated,only
twocopiesof therepeatedtextureareshown);thecollapsed
single-textureresult;andanexampleof thecollapsedtexture
in useasdustandscratch wooddetail.

However, texture removals at onescalemay enablefurther
collapses.For example:

FB = texture("silk.tx");
FB *= texture("cone.tx");
FB += color(0.1,0,0,0);
FB *= environment("flowers.env");

is reduced�rst by texturecollapsecreatinganew temporary
texture loctx 0 silk.tx (namingof generatedtexturesis
explainedin Section3.1),producing

FB = texture("loctx_0_silk.tx");
FB *= environment("flowers.env");

thenby textureremoval to

FB = texture("loctx_0_silk.tx");
FB *= color(.264,.238,.279,1);

then by a secondcollapsecreatingnew temporarytexture
loctx 1 loctx 0 silk.tx producing

FB = texture("loctx_1_loctx_0_silk.tx");

and�nally by textureremoval to

FB = color(.111,.076,.090,1);

2.2. LOD ShaderRepresentation

While eachsimpli�ed block could be provided asa single
stand-aloneunit, we assembleall simpli�ed blocks for a
shaderinto a single unit, the LOD shader. We replacethe
full shaderwith anif . Thetruebranchis theoriginalshader
while the falsebranchis the shaderafter onestepof sim-
pli�cation. Weiteratethesimpli�cation processonthis false
branchproducinganLOD shaderof thefollowing form:

if(autoLOD < threshold0)
original_shader

else
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if(autoLOD < threshold1)
simplified_once

else
simplified_twice

Within OpenGLShader, suchparameter-basedcondition-
alscontrolwhich portionsof theshaderareexecutedby the
hardware.Thethresholdlevelsmonotonicallyincreasewith
eachlevel of simpli�cation andprovide a simplemeansto
choosebetweenlevelsof detailwithin theshaderitself. The
resultingLOD shadercan be directly substitutedas a re-
placementfor theoriginal shader. If autoLOD is not set,the
original shaderwill beexecutedevery time, but if autoLOD
is settheappropriatelevel of detailwill beusedinstead.

Theexistenceof level-controlparametersaretheoneas-
pectthatdistinguishesthe interfaceto anLOD shaderfrom
othershaders.WecontrolourLOD levelsthroughthesingle
parameter, autoLOD . This parameterrepresentsthe degree
of texturescalingandis a functionof objectsize,objectpa-
rameterization,andobjectdistance.As with geometriclevel
of detail,otherparameterchoicesarepossible,includingob-
ject importance,distance,size, time budget,or any of the
hardware resourcesmentionedabove. Several of thesepa-
rameterscouldbecombinedinto morecomplex conditionals
selectingsimpli�ed blocks,collectedinto asingleaggregate
parameter, or controlledthroughanoptimizationfunctionas
doneby FunkhouserandSéquin15.

3. SystemDesign

Thebulk of this paperhasfocusedon shadersimpli�cation
andcreationof levels of detail for arbitraryshaders.These
capabilitiesmust�t into thelargercontext of a shadingsys-
tem. In this sectionof the paperwe will explore how our
shadingsystemarchitecturehasbeenmodi�ed to allow both
generationandusageof automaticlevel of detail.

3.1. Compile and Simplify

The�rst stepfor usingany interactiveshaderis to compileit
into a form executableby thegraphicshardware.During the
compilationwealsoperformany simpli�cations.Simpli�ca-
tionsareonly performedonshadersthatde�ne anautoLOD
parameter. Theexistenceof thisparametertriggersuseof the
simpli�er.

Thesimpli�cation processalsoneedsto know thesizeand
contentsof eachtexture, informationnot normally needed
during shadercompilation.Our systemleaves the applica-
tion in control of all aspectsof texture loadingandpaging,
so we requirean application-provided imagedatacallback
function to get this data.The simpli�er may call the image
datacallbackduringcompilationto getacopy of texturedata
to analyze.Texturesare identi�ed to this callbackby their
string name.The callbackcanreturnthe texture dataor an
errorcodeindicatingthatthetextureis unknown or dynamic
andcannotberemovedor simpli�ed.

Texture collapseoperationsmay requirenew texturesto
hold the combinedtexturesand operations.Since the ap-
plication is in charge of texture allocationand paging,we
ask for imagedatafor a local texture with a namebegin-
ning loctx %d . For example loctx 1 stone would be a
copy of a texture namedstone that the simpli�er is free
to write and replace.Later requestsfor loctx 1 stone
should return the modi�ed data (for analysis for tex-
ture removal or further collapse).Sincea texture collapse
may build on a previous collapse,thesenamesmay also
build, so loctx 5 loctx 1 stone is a writable copy of
loctx 1 stone .

3.2. BetweenFrames

The LOD shadermay usedifferent active textureson dif-
ferent framesdependingon which level of detail is in use.
This is not inconsistentwith ourgoalof reducingtextureac-
cessesratherthanglobal texturememoryuse,but many ap-
plicationsalreadyuseenoughtexturesto requiresomeform
of texturepaging.Addinganadditionalsetof generatedtex-
turesto thatburdenmaybeaproblemfor theseapplications.

We provide an optionalsnapshotfunction that an appli-
cationcancall betweenframes.The snapshotevaluatesall
run-timeparametersandconditionalsin the shaderto pro-
vide a frozenversionthe applicationcanstoreanduse.In
theprocessof building thesnapshot,theapplicationcan�nd
out exactly which textureswill be usedfor a given set of
run-timeparameters,includingtheautoLOD setting.Theap-
plicationdoesnot needto usethefrozenshaderthat results
if it only wantsto know future texture usage.It cantake a
snapshotjustoneframein advanceor computeseveralspec-
ulatively to pagetexturesfor possiblefutureviews.

3.3. Draw and Shade

The �nal shadedobject is drawn by the samemechanisms
as any unsimpli�ed object. If the applicationdoesnot set
the autoLOD parameter, it assumesthe default valuewhich
triggersthe full unsimpli�ed shader. If theapplicationdoes
setanautoLOD value,theappropriatelevel of detailwill be
selectedandexecuted.Applicationsusingfrozensnapshots
mustsettheir autoLOD valuesbeforetakingthesnapshot.

Duringthedrawingof theshadedobject,differenttextures
may needto be loadedandboundto texture units for ren-
dering.Thedraw actionindicateswhich texturesto loadby
calling an applicationprovided texture bind callbackfunc-
tion. Like the imagedatafunction, this function identi�es
texturesby their stringname.Thetexturebindcallbackalso
indicatesthe textureunit to bind to the texture (if thehard-
waresupportsmultiple texturesin eachrenderingpass).It
is thentheapplication's responsibilityto loador pagein the
textureif necessaryandprepareit for use.Thetexturenames
may be one of the namesfrom the original shadersource
codeor oneof thegeneratedloctx textures.
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LOD Active Accesses Reduction Speedup

0 14 45 0.00 1.0
1 11 23 0.49 1.8
2 5 9 0.80 1.9
3 0 0 1.00 2.3

Table 1: Resultsfor test scene:LOD: A selectionof sim-
pli�cation levels for this scene, from mostdetailed (0) to
all constantcolors (3). Active: numberof active, unique
textures.Accesses: numberof texture accesses.Reduction:
percentageof textureaccessesremoved.Speedup: framerate
speedupfactor.

4. Results

Werantheautomaticsimpli�cation onanumberof shaders,
all of which werewritten independentlyfrom our work on
shaderLOD. Oncetheuserenablessimpli�cation by includ-
ing theautoLOD parameter, theprocessis entirelyautomatic.

Resultsareshown in Plates1 and2, with performancere-
sultsfor Plate1(a)shown in Table1. As theseresultsshow,
theautomaticallygeneratedlevelsof detailarevisuallycom-
parableto thefully detailedversionat theappropriateview-
ing distances,at a signi�cant reductionin texture accesses.
Evenfurtherreductionscouldbeachievedwithin thecurrent
framework by allowing moreaggressive texturecollapse.

5. Discussion

UsingasingleLOD shaderthatencapsulatestheprogression
of levelsof detailprovidesmany of theadvantagesfor sim-
pli�ed shadersthat progressive meshesprovide for geome-
try. In thissection,wedirectlyechothepointsfrom Hoppe's
original progressive meshpaper21. Not only doesthis place
our currentsystemin context, but it alsosuggestssomelog-
ical extensionsandmoreambitiousfuturework.

� Shadersimpli�cation: TheLOD shadercanbegenerated
automaticallyfrom an initial complex shaderusingauto-
matic tools.Our shadersimpli�er operateswith the sole
goal of reducingthe numberof texture accesses.Other
valid simpli�cation goals may include texture memory
used,instructioncount,balancebetweendirect textures
and dependenttextures, or a weightedcombinationof
these.Reducingtexture accessesalso indirectly reduces
the numberof active texturesandinstructioncount,and
sois relevantacrossawide rangeof hardware.

� LOD approximation: Like a progressive mesh,an LOD
shadercontainsall levelsof detail.Thusit could include
theshaderequivalentof Hoppe's geomorphsto smoothly
transition from one level to the next. Within OpenGL
Shader, wehave implementedcontinuous,per-pixel LOD
at the cost of an additionalpassthat rendersthe object

texture-mappedwith a specialMIP LOD texture thatap-
proximatesthesamplingrateof theshader43. Theresultis
readbackandusedto seta per-pixel LOD level, thatcan
alsobeusedto smoothlyblendbetweenlevels.

� SelectiveRe�nement: Selective re�nement for meshes
refers to simplifying someportions of the meshmore
thanothersbasedon currentviewing conditions,encom-
passingbothvariationacrosstheobjectanda guidedde-
cision on which of the storedsimpli�cations to apply.
Within OpenGLShader, we can treat per-pixel LOD as
notedabove43. ProgrammablePChardwaredoesnot real-
izeany bene�t from shadingvariationsacrossasingleob-
ject, but a singleLOD shaderwill presenta high quality
appearanceon somesurfaceswhile using a lower qual-
ity for others,basedon distance,viewing angleor other
factors.The LOD shadercould also apply certainsim-
pli�cations andnot othersbasedon pressurefrom hard-
wareresourcelimits, thoughour currentimplementation
doesnot.For example,if availabletexturememoryis low,
texture-reducingsimpli�cation stepsmay be applied in
onepart of the shaderwhile leaving morecomputation-
heavy portionsof theshaderto berenderedat full detail.

� Retargetability: Retargetability is not foundin meshsim-
pli�cation. Sinceshadingsimpli�cation canbebuilt into
a shadingcompiler, it gains the advantagesof the com-
piler framework.Compilersconsistof asequenceof mod-
ules that performa simpleoperationon an intermediate
representationof the shader. Sincesimpli�cation canbe
droppedin asoneor moremodulesin thechain,it is easy
to addto existing shadingcompilersandeasyto addnew
simpli�cation modules.Further, sincethe shadingcom-
piler can be retargetedthroughmultiple compiler back-
endsto different shadinghardware, it is easyto create
simpli�cations for onehardwareplatform andusethem
onanother.

Many of thesepointsdependon the storageof an LOD
shader. Our choiceto combineall levels into a singleLOD
shaderwould work well for mostof the pointsmentioned,
with the addedadvantagethat LOD shaderscan easily be
droppedin asreplacementsfor their non-LODcounterparts.

6. Conclusionsand Futur eWork

We have presenteda methodfor automaticsimpli�cation
of complex proceduralshadersdesignedfor useon graph-
ics hardware.TheresultingLOD shadersautomaticallyad-
just their level of shadingdetailfor interactiverendering.We
presentedageneralstrategy for shadersimpli�cation, aspe-
ci�c examplefor reducingtexture accesses,and a system
thatprovidesa shadercompilerandshadersimpli�cation to
anapplication.

6.1. Other Simpli�cation Goals

The two simpli�cations discussedare speci�c to our goal
to reducethenumberof textureaccesses.Futurework may
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optimizeothersimpli�cation goals,includingthepreviously
suggestedoptionsof reducingtotal numberof instructions
or texturememoryused.We have not fully exploredsimpli-
�cation operationsappropriatefor theseothersimpli�cation
goals,but somedirectionsinspiredby prior researchappear
particularlypromising.

Texture-basedsimpli�cation for both shadersand ge-
ometry provides examplesof ways to move computations
into an increasednumberof textures.Guenter, Knoblock
and Ruf18 replacedstatic sequencesof shadingoperations
with pre-generatedtextures18. Heidrichhasanalyzedtexture
sizesandsamplingratesnecessaryfor accurateevaluation
of shadersinto texture31. In a relatedvein, texture-impostor
basedsimpli�cation techniquesreplacegeometrywith pre-
renderedtextures,eitherfor indoorscenesashasbeendone
by Aliaga2 or outdoorscenesasby Shadeetal.42.

Thebodyof BRDFapproximationmethodsalsosuggests
approachesto reducecomputationat the costof increased
numbersof textures. Like shadingfunctions, BRDFs are
positiveeverywhere.Fournierusedsingularvaluedecompo-
sition (SVD) to �t a BRDF to sumsof productsof functions
of light directionandview direction for usein radiosity14.
KautzandMcCool presenteda similar methodfor real-time
BRDF rendering,computing functions of view direction,
light direction,or otherbasisastexturesusingeitherSVD
or asimplernormalizedintegrationmethod23. McCool,Ang
and Ahmad's homomorphicfactorizationusesonly prod-
uctsof 2D texturelookups,�t usingleast-squares28. In a re-
latedarea,RamamoorthiandHanrahanuseda commonset
of sphericalharmonicbasistexturesfor reconstructingirra-
dianceenvironmentmaps37. Many of thesecould be gen-
eralizedto approximateblocksof shadingcode,which can
beseenasa black-boxproducinga resultfrom anarbitrary
numberof inputvariables.

6.2. Going Further

There are other promising overall researchdirectionsfor
shadersimpli�cation. Following the lead of texture-based
simpli�cation researcherslike Aliaga and Shadeet al.,
we could generatenew textures for run-time parameter-
dependenttexturecollapseor othersimpli�cation on the�y ,
warpingthemfor useover several framesor updatingwhen
they becometoodifferent2; 42.

Since renderingwith LOD shaderswill usually be ac-
companiedby geometriclevel of detail, the two shouldbe
morecloselylinked.Cohenet al.9, GarlandandHeckbert16

andothershave shown thatgeometricsimpli�cation canbe
driven by appearance.Shadersimpli�cation shouldalsobe
affectedby geometriclevel of detail, with a trade-off be-
tweenperformingthesameoperationper-vertex or per-pixel
dependingonobjecttessellation.

Finally, ourerrormetricmeasurestheactualerrorin each

replacementbut providesno hardguaranteeson thepercep-
tual �delity of our simpli�cations. Many geometricsimpli-
�cation algorithmshave beensuccessfulwithout providing
exact error metrics or bounds.However, algorithmssuch
assimpli�cation envelopesby Cohenet al.10 provide hard
boundson the amountof error introducedby a simpli�ca-
tion — guaranteesthatareimportantfor someusers.Further
investigation is necessaryto boundthe error introducedby
shadersimpli�cation.
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(a)A selectionof LOD Levelsfor thisscene(0-3)at typical viewing distances.Performancenumbersin Table1.

(b) Close-upof level 0: Highestlevel
of detail.

(c) Close-upof level 1: Variousnoise
and highlight detailshave beenre-
moved.

(d) Close-upof level 2: Extra de-
tail on wall, bowl, watermelonand
teapotremoved.

Plate1: A simplesceneshowingtheinteractionof multipleautomaticallysimpli�ed level-of-detailshaders.

(a) A slightly different watermelon
shader

(b) A carshader (c) A tile shader

Plate2: Individualexamplesof shadersimpli�cation.
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