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Abstract

Currentgraphicshardware canrenderprocedurlly shadedobjectsin real-time However, dueto resouce and
performancdimitations, interactiveshades can not yetappmoad the compleity of shades writtenfor Im pro-

duction and softwae rendering which may stretch to thousandof lines. Theseconstaints limit not only the
compleity of a single shader but also the numberof shadedobjectsthat can be rendeed at interactiverates.
Thisproblemhasmanysimilaritiesto therenderingof large modelsthe souice of extensivereseach in geometric
simpli cation andlevel of detail. We introducean analagousprocesdor shading: shadersimpli cation. Starting
fromaninitial detailedshadershadersimpli cation automaticallyproducesa setof simpli ed shadesor a single
new shaderwith extra level-of-detailparametes that contiol the shaderexecution.Theresultinglevel-of-detail
shadercan automaticallyadjustits rendeed appeaancebasedon measuesof distance size or importance as
well asphysicallimits suc asrenderingtime budget or texture usage. We demonstate shadersimpli cation with

a systenthat automaticallycreatesshaderevelsof detail to reducethe numberof texture accessesgnecommon
limiting factor for currenthardware.

CateggoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.3[ComputerGraphics]:Picture/Imageeneration
1.3.6 [ComputerGraphics]:Methodologyand Techniques.3.7 [ComputerGraphics]:Three-Dimensionabraph-
icsandRealism

Keywords: InteractiveRenderingRenderingSystemsiardware SystemsRProcedual ShadingLanguaes,Multi-

PassRenderingLevel of Detail, Simpli cation, ComputertGamesRe ectance& ShadingModels

1. Intr oduction

Procedurakhadingis a powerful technique, rst explored
for software renderingin work by Cook! and Perlirss,

andpopularizedby the RenderMarShadingLanguagé®. A

shadeiis aprocedurenrittenin a specialpurposehigh-level

languagehat controlssomeaspecbf the appearancef an
objectto whichit is applied.Thetermshaderis usedgener

ically to referto any suchproceduresyhetherthey compute
surfacecolor, attenuatiorof light througha volume (aswith

fog), light color anddirection, ne changedo the surface
position,transformatiorof control pointsor vertices,or ary

combinatiorof thesefactors.

Recengraphicshardwarecanrendemrocedurallyshaded
objectsin real-time, through shadersde ned in a low-
level assemblylanguagé&3040 or a high-level shading
languag@” 33 3436, Eventhoughthe hardwareis capableof
renderingthese shadersinteractively, the number of tex-
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ture units, total texture memory used,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 single object. Suchshadersmay
be renderedusing multiple passesthrough the graphics
pipeline, but choosingthe partitioninginto passess a dif-

Figure 1: Shadersimpli cation appliedto a leathershader
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cult compilationtaskandthe nal numberof passefasa
directimpacton performanc@s: 34,

Considerthe leathershaderin Figure 1. With a bump
maprequiringthreetextureaccesseperlight andhomomor
phic BRDF factorizatio® requiring two texture accesses
per light plus one additionaltexture accessijt is comple
enoughto bene t from the several automaticallygenerated
simpli cation stepsshaovn. An even more realistic leather
shadermight include multiple measuredBRDFs for worn
andunworn areasbumpsfor the stitching,dustcollectedin
thecrevices,scuf marks,andchangesn color dueto varia-
tionsin theleather Theoptionsarelimited only by theimag-
inationandskill of theshademvriter. But eventhoughsucha
complex shademightlook 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 usingshaderof
similar or greatercomplexity.

In this paper we introducethe automaticgenerationof
level-of-detailshadergLOD shadersjrom arbitrarily com-
plex shadersOur examplesuse SGI OpenGL Shaderrun-
ning on an SGI Octanél. From eachinput shaderour sys-
tem automaticallycreatesa single parameterizedevel-of-
detail shaderthat can adjustthe shadingcompleity (and
thusnumberof renderingpasseproducedpasecbnalevel-
of-detailinput parameterThe applicationsetsthe level pa-
rameterto control detail for the currentviewing conditions
and resourcelimits, thus allowing both interactve perfor
manceandhigh-qualityshadingof mary objectsin thesame
scene.The methodsdescribedin this papercould also be
appliedto producea seriesof shaderdor an applicationto
select,or could be adaptedor simpli cation of shaderson
commoditygraphicshardwareassuggestedy Viachogs.

1.1. Background

Automatictransformatiorof non-proceduraurfaceappear
ance has beenexplored by a numberof researchersKa-
jiya wasthe rst to posethe problemof corverting large-
scalesurface characteristicso a bump map then lighting
modeP2. Fournierusednonlinearoptimizationto t abump
map to a sum of several standardPhongpeaks3. Cabral,
et al. addressedhe corversionfrom bump mapto BRDF
through a numericalintegration pre-process and Becker
and Max solved it for corversionfrom RenderMan-based
displacementmapsto bump mapsand thento a BRDF
representatidh Kautz approachedhe problemin reverse,
creatingbump mapsto statisticallymatcha chosenfractal
micro-facetBRDP24.

Fewer researcherbave attemptedo tackleautomatican-
tialiasing of arbitrary shadinglanguagecode. The primary
form of antialiasingprovidedin theRenderMarshadindan-
guageis manualtransformationof the shader relying on
the shadewriter's knowledgeto effectively remove high-
frequeny componentf the shaderor smooththe sharp

transitionsfrom anif , by insteadusinga smoothstep  (cu-
bic splineinterpolationbetweertwo values)or filterstep
(smoothstemcrossthe currentsamplewidth)!2. Perlin de-
scribesautomaticuseof blendingwhereverif is usedin the
shadingcodé?. Heidrichetal. alsodid automaticantialias-
ing, usingaf ne arithmeticto estimatehefrequeny ander-
ror while computingshadingresult$°.

Thusfar, creationof shaderatmultiple levelsof detailfor
renderingspeedor computationalef ciency hasbeenpri-
marily a manualprocessGoldmanmanually createdmul-
tiple independentlywritten level-of-detail versionsof a fur
shaderfor movie productiort”. ApodacaandGritz describe
several generaloptionsfor manuallycreatingshaderswith
multiple compleity levels®. Olanoand Kuehneprovided a
setof building block functionswith manuallycreatedevels
of detail,soshadersisingthesebuilding blocksinheritthose
levels of detaiB2. Guenteret al. automaticallycreatedspe-
cialized shades, when only someshaderparametersvere
expectedo varyl8. Expressionsisingotherparametersvere
evaluatednto textures.

While mostof this prior work is in the context of off-line
renderingsystemdike RenderManpur work is setspecif-
ically within the contet of recentadvancesin interactive
shadinganguagesThe rst interactve shadingsystemwas
a low-level assembly-lile languagefor the Pixel-Planesb
machineat UNC38. Laterwork at UNC developeda full in-
teractve shadinglanguageon UNC's PixelFlowv systen3s.
Peery and coworkers at SGI createda shadinglanguage
that runs using multiple OpenGLRenderingpasse¥. The
Real-Time Shadinggroup at Stanfordhas createdanother
high-level shadinglanguage RTSL, that can be compiled
into one or more renderingpasseson SGI, NVIDIA, or
ATl hardwares 36. Marny aspectsof theseresearchefforts
appeaiin the several recentcommercialshadinglanguages
andcompilers,NVIDIA's Cg languageMicrosoft's HLSL,
ATI's Ashli, andthe OpenGLshadinganguagé”: 29 5: 25,

Several aspectsof interactve shadinglanguagesmoti-
vate the needfor shadersimpli cation and level-of-detalil
shadersThe languageghey usesharesomefeatureswith
traditionalshadindanguagetik e RenderManbut tendto be
simpler with operationghatgraphicshardwarecanandcan-
notdo amajorfactorin their design.Hardwarelimits bound
shadercompleity andencouragéhe useof resultsprecom-
putedinto textures.Both of thesefactorsmake the simpli-
cation problemmoretractable.Additionally, the desireto
have the appearancef high-quality shaderson every ob-
jectcreatesheneedfor shadershatcantransitionsmoothly
from high quality to fastrenderingwhile maintaininginter

active framerates.

2. Automatic Simpli cation

Shadersimpli cation automaticallycreatesmultiple levels
of detailfrom anarbitrarysourceshaderOur simpli cation
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processliravsontwo majorareasf prior work— geometric
simpli cation andcompileroptimization.

Speci cally, our shadersimpli cation stratgy is mod-
eledafter operationsrom the topology-preservingieomet-
ric level-of-detail literature. Schroederand Turk both per
formedearlywork in automaticomeshsimpli cation usinga
seriesof local operationsgachresultingin a smallertotal
polygoncountfor theentiremodeb® 44, Hoppeusedthecol-
lapseof anedgeto a singlevertex asthe basiclocal simpli-
cation operation.He alsointroducedprogressie meshes,
whereall simpli ed versionsof amodelarestoredin aform
that canbe reconstructedo ary level at run-time2l. These
ideashave hada large in uence on morerecentpolygonal
simpli cation work?2s,

Fromthis work we take severaldesiredpropertiesfor our
shadesimpli cation algorithm.It shouldperformonly local
simpli cation operationdor computationakf ciency. Each
operationshouldmove monotonicallytowardthegoal.Each
simpli cation operationhasanassociated¢ostandthe sim-
pli cation of lowestremainingcostshouldbechoserateach
step.Theoutline of 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 drav on in developingour simpli -
cationalgorithmis classiccompilerpeepholeoptimizatior.
Peephol®ptimizationoccurstowardtheendof thecompila-
tion processvhenthe programhasalreadybeenreducedo
blocksof simpleinstructions.The optimizerlooks at smalll
windows of instructionsfor certainpatterngo replace.

Peepholeoptimizationperformsonly local operationslf
several optimizationsoverlapthe optimizerwill choosebe-
tweenthembasedon a setof costs.The goldenrule for op-
timizationsis to never changethe programoutput. Shader
simpli cation is in effect anoptimizationprocessut is one
thatmayor maynotbreakthis rule. We canclassifythe sim-
pli cations into threecateyories:

Lossless Obeying the strict compilerde nition of opti-
mization. This canbe expandedto include somespecializ-
ing shadeilike optimization4® where certainnon-constant
parameterareassumedo beconstanfor thesimpli cation.
The geometriclevel of detail equivalentis simpli cation of
highly tessellatedbut at regionsof amodel.

Resolution-speci ¢ lossless Producingnumerically or
visually identical resultsbut only at a speci ¢ resolution.
This would includethe majority of specializingshadersim-
pli cations and ary othersthat evaluateresultsinto tex-
tures. The equivalenceis dependenbn the texture resolu-
tion andminimumviewing distancelt alsoincludessimpli-

cations thatreplacetextureswith computedresults,where
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Figure 2: Band-limitednoisetexture, noisealmostblended
awayat a distance andnoisereplacedwith average value

the computedresults t a speci ¢ MIP-level of the texture.
In geometricsimpli cation, the equivalentis Simpli cation
Envelopesor AppearancePreservingSimpli cation, with
strongguaranteesn geometricdeviation®: 10

Lossy. Not identical,but not noticeablyor objectionably
different. This includes mary approximationsthat would
neverbeconsideredor traditionaloptimization but produce
visually similarresultsatlower cost.Mostgeometricsimpli-
cations wouldfall in this category, asthey minimizevisual
impact without making ary guaranteesand assumeslight
changesn shapefor distantobjectsare acceptablén ex-
changdor interactive performance.

2.1. Simpli cations

Oneof themostsevererestrictionof currenthardwareis the
costof eachtexture accesswith limits on eitheraccessesr
active texturesperrenderingpassin thetensat most.

Shaderghatmale heary useof texturesfor precomputed
expressionsfor mathand shadingfunctions,and as actual
texturescaneasilyexceedthesdimits8. We have choserthe
reductionof texture accesseasour simpli cation goal.Re-
duction by multiples of the single-passardware texturing
limit providesan obvious speedupby reducingthe number
of passesequired put reductionsdy lessthanthesinglepass
limit canalsobebene cialassomehardwarehashigherren-
deringratesif fewertextureunitsareused andfewer texture
accessefdirectly leadsto fewer operationsand fewer ac-
tive textures.

Many geometricsimpli cations usea single simpli ca-
tion rule, for examplecollapsinganedgeto a point. We pro-
ceedusinga choiceof two simpli cation rules.The rst is
a lossy simpli cation that replacesa texture accesswith a
simplenon-texture-basedpproximation(Figure2); thesec-
ond is a losslesssimpli cation that replacesone or more
texturesaccesseandotheroperationswith a singletexture
(Figure3).

Texture Removal: Our rst simpli cation rule clearly
movesus toward the goal asit resultsin the directremoval
of onetexture accessat eachapplication.Our measureof
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error for this simpli cation is the least-squareslifference
betweenthe texture and non-texture approximationat each
MIP-MAP level. The useof scale-based/IP Itering in-

troducesa frequeng 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 justthe averagecolor, soapplyingthis simpli cation
switchego this constantolor earlierthanwould be doneby
standardMIP Itering. For example,replacing

FB *= texture("marble.tx");
with
FB *= color(.612,.618,.607,1);

Theleast-squaresrrorbetweertexture andaveragecolor
is the standarddeviation of the texture, but we preferthe
least-squareerror interpretationsinceit generalizesnore
easilyfor future approximationsFor example,an erviron-
mentmap may be well approximatedy one or morelight
sourceausing the built-in Phongmodel, with light sources
locatedat peaksof the environmentmap. The least-squares
error betweenernvironmentmap and Phonglighting mea-
suresthe error in this approximationwith lower error ex-
pectedat larger MIP levels dueto the closer t of the ap-
proximationto thetexture.

While thetextureremoval operationaloneis theoretically
sufcient to eventuallyremove all texturing operationgrom
ary complex shaderit doesnot alwaysreducetexture uses
asquickly asshouldbe possible The problemis notthelo-
cal error metric, but with the global effect of theintroduced
error Subsequendperationsisingtheremovedtexture may
amplify or attenuatehe computederror. Directly computing
this propagtion of error canbe done,aswasshowvn in the
samplingof RenderMarshaderdy Heidrichetal 2. In our
experience global error measuresvere not necessaryeven
for shaderghat did have fairly signi cant ampli cation of
textureresultsik e thewatermelorin Plate2(a). We attribute
this to the commonpracticeof writing comple shadersn
layers.

Texture Collapse: Our secondsimpli cation rule is the
collapseof one or more textures and the operationsper
formed onto theminto a single new texture. We guarantee
to never increasethe total texture accesse$y including at
leastoneexisting texturein ary setof collapsedperations.

Transformatiorof textureswithin acollapseasillustrated
in Figure 3, introducesresolution-speci cerrorthroughre-
samplingof the sourcetexturesinto the collapsetexture. In
our currentversion,we supportonly losslesscollapse(with
no relative rotationor scalingof eithertexture).

By limiting ourselesto losslessollapsetexturecollapse
operationswill happenimmediately at no additional cost.

Figure 3: Anillustration of the collapseof two texturesand
the associatedcomputationsinto a single texture. Left to

right: the original dust(top) and scratch (bottom)textures;

the texturesas transformedand overlaid by the shader(the
scratch texture is compessed rotated and repeated,only
two copiesof therepeatedexture are shown);the collapsed
single-texture result;andan exampleof thecollapsedexture

in useasdustandscratch wooddetail.

However, texture removals at one scalemay enablefurther
collapsesFor example:

FB = texture("silk.tx");

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

FB += color(0.1,0,0,0);

FB *= environment("flowers.env");

is reducedrst by texturecollapsecreatinga new temporary
textureloctx _Osilktx  (namingof generatedexturesis
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 secondcollapsecreatingnen temporarytexture
loctx _1loctx _Osikitx  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 as a single
stand-aloneunit, we assembleall simplied blocks for a
shaderinto a single unit, the LOD shaderWe replacethe
full shademith anif . Thetruebranchis theoriginal shader
while the falsebranchis the shaderafter one stepof sim-
pli cation. We iteratethesimpli cation processonthisfalse
branchproducinganLOD shadeof thefollowing form:

ifl@utoLOD < threshold0)
original_shader
else
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iflautoLOD < thresholdl)
simplified_once
else

simplified_twice

Within OpenGLShadersuchparametebasedcondition-
als controlwhich portionsof the shaderareexecutedby the
hardware.The thresholdevels monotonicallyincreasewith
eachlevel of simpli cation and provide a simple meansto
choosebetweerlevels of detailwithin the shadeiitself. The
resulting LOD shadercan be directly substitutedas a re-
placemenfor the original shaderlf autoLOD is not set,the
original shademill be executedevery time, but if autoLOD
is settheappropriatdevel of detailwill beusedinstead.

The existenceof level-controlparametersirethe oneas-
pectthatdistinguisheghe interfaceto anLOD shaderfrom
othershadersWe controlour LOD levelsthroughthesingle
parameterautoLOD . This parameterepresentshe degree
of texture scalingandis a function of objectsize,objectpa-
rameterizationandobjectdistance As with geometridevel
of detail,otherparametechoicesarepossiblejncludingob-
ject importance distance size, time budget,or ary of the
hardware resourcesnentionedabove. Several of thesepa-
rametercouldbecombinednto morecomplex conditionals
selectingsimpli ed blocks,collectedinto asingleaggreate
parameteror controlledthroughanoptimizationfunctionas
doneby FunkhouseandSéquirts.

3. SystemDesign

Thebulk of this paperhasfocusedon shadersimpli cation

and creationof levels of detail for arbitraryshadersThese
capabilitiesmust t into thelarger contet of a shadingsys-
tem. In this sectionof the paperwe will explore how our
shadingsystemarchitecturénasbeenmodi ed to allow both
generatiormandusageof automatidevel of detail.

3.1. Compile and Simplify

The rst stepfor usingary interactve shadeiis to compileit
into aform executableby thegraphicshardware.During the
compilationwe alsoperformary simpli cations. Simpli ca-
tionsareonly performedon shadershatde ne anautoLOD
parametefTheexistenceof thisparametetriggersuseof the
simpli er.

Thesimpli cation processalsoneedgo know thesizeand
contentsof eachtexture, information not normally needed
during shadercompilation.Our systemleaves the applica-
tion in control of all aspectf texture loadingandpaging,
so we requirean application-preided imagedatacallback
functionto getthis data.The simpli er may call the image
datacallbackduringcompilationto getacopy of texturedata
to analyze.Texturesareidenti ed to this callbackby their
string name.The callbackcanreturnthe texture dataor an
errorcodeindicatingthatthetextureis unknavn or dynamic
andcannotberemovedor simpli ed.
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Texture collapseoperationanay requirenew texturesto
hold the combinedtextures and operations.Since the ap-
plicationis in chage of texture allocationand paging,we
ask for imagedatafor a local texture with a namebegin-
ning loctx _%d.. For exampleloctx _1_stone would be a
copy of a texture namedstone that the simplier is free
to write and replace. Later requestsfor loctx _1_stone
should return the modied data (for analysis for tex-
ture removal or further collapse).Since a 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 shademay usedifferent active textureson dif-
ferentframesdependingon which level of detail is in use.
Thisis notinconsistentvith our goalof reducingtextureac-
cessesatherthanglobaltexture memoryuse,but mary ap-
plicationsalreadyuseenoughtexturesto requiresomeform
of texture paging.Adding anadditionalsetof generatedex-
turesto thatburdenmaybea problemfor theseapplications.

We provide an optional snapshofunction that an appli-
cationcan call betweenframes.The snapshogtvaluatesall
run-time parameters&nd conditionalsin the shaderto pro-
vide a frozenversionthe applicationcan storeand use.In
theprocesof building the snapshottheapplicationcan nd
out exactly which textureswill be usedfor a given set of
run-timeparameterdncludingtheautoLOD setting.Theap-
plication doesnot needto usethe frozenshadetthatresults
if it only wantsto know future texture usagelt cantake a
snapshojustoneframein advanceor computeseveralspec-
ulatively to pagetexturesfor possiblefuture views.

3.3. Draw and Shade

The nal shadedobjectis dravn by the samemechanisms
asary unsimpli ed object. If the applicationdoesnot set

theautoLOD parameterit assumeshe default valuewhich

triggersthe full unsimpli ed shaderlf the applicationdoes
setanautoLOD value,the appropriatdevel of detailwill be

selectedand executed Applicationsusingfrozensnapshots
mustsettheirautoLOD valuesbeforetakingthe snapshot.

Duringthedrawing of theshadedabject,differenttextures
may needto be loadedandboundto texture units for ren-
dering.The draw actionindicateswhich texturesto load by
calling an applicationprovided texture bind callbackfunc-
tion. Like the image datafunction, this function identi es
texturesby their stringname.Thetexture bind callbackalso
indicatesthe texture unit to bind to the texture (if the hard-
ware supportsmultiple texturesin eachrenderingpass).It
is thenthe applications responsibilityto load or pagein the
textureif necessargndpreparet for use.Thetexturenames
may be one of the namesfrom the original shadersource
codeor oneof thegeneratedbctx  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 testscene:LOD: A selectionof sim-
pli cation levels for this scene from mostdetailed (0) to
all constantcolors (3). Active: numberof active unique
textures. Accessesnumberof texture accessesReduction
percentaye of texture accesseeemoved.Speedupframeate
speedugactor

4. Results

We rantheautomaticsimpli cation onanumberof shaders,
all of which werewritten independentlyfrom our work on
shadeLOD. Oncetheuserenablesimpli cation by includ-
ingtheautoLOD parametettheprocesss entirelyautomatic.

Resultsareshavn in Platesl and2, with performancee-
sultsfor Platel(a)shavn in Table1. As theseresultsshaw,
theautomaticallygeneratedevelsof detailarevisually com-
parableto thefully detailedversionatthe appropriateview-

ing distancesat a signi cant reductionin texture accesses.

Evenfurtherreductionsouldbeachiezedwithin thecurrent
frameawork by allowing moreaggressie texture collapse.

5. Discussion

UsingasingleLOD shadethatencapsulatethe progression
of levels of detail providesmary of the advantagedor sim-
plied shaderghatprogressie meshegrovide for geome-
try. In this sectionwe directly echothe pointsfrom Hoppes
original progressie meshpape#?!. Not only doesthis place
our currentsystemin contet, but it alsosuggestsomelog-
ical extensionandmoreambitiousfuture work.

Shadersimpli cation: The LOD shadercanbe generated
automaticallyfrom aninitial complex shaderusingauto-
matic tools. Our shadersimpli er operateswith the sole
goal of reducingthe numberof texture accessesOther
valid simpli cation goals may include texture memory
used,instruction count, balancebetweendirect textures
and dependentextures, or a weighted combinationof
these.Reducingtexture accesseslso indirectly reduces
the numberof active texturesandinstructioncount,and
sois relevantacrossawide rangeof hardware.

LOD appmoximation Like a progressie mesh,an LOD
shadercontainsall levels of detail. Thusit couldinclude
the shaderquivalentof Hoppes geomorphgo smoothly
transition from one level to the next. Within OpenGL
Shaderwe have implementectontinuousperpixel LOD
at the cost of an additional passthat rendersthe object

texture-mappedvith a specialMIP LOD texturethatap-
proximateghe samplingrateof theshadet3. Theresultis
readbackandusedto seta perpixel LOD level, thatcan
alsobeusedto smoothlyblendbetweerlevels.
SelectiveRe nement Selectve re nement for meshes
refersto simplifying some portions of the meshmore
thanothersbasedon currentviewing conditions,encom-
passingbothvariationacrossthe objectanda guidedde-
cision on which of the storedsimpli cations to apply
Within OpenGL Shaderwe cantreatperpixel LOD as
notedabove*3. Programmabl®Chardwaredoesnotreal-
izeary bene tfrom shadingvariationsacrossasingleob-
ject, but a singleLOD shademill presenta high quality
appearancen somesurfaceswhile using a lower qual-
ity for others,basedon distance yiewing angleor other
factors.The LOD shadercould also apply certain sim-
pli cations andnot othersbasedon pressurerom hard-
wareresourcdimits, thoughour currentimplementation
doesnot. For example,if availabletexturememoryis low,
texture-reducingsimpli cation stepsmay be appliedin
one part of the shaderwhile leaving more computation-
heary portionsof theshadeto berenderedatfull detail.
Retagetability. Retagetabilityis notfoundin meshsim-
pli cation. Sinceshadingsimpli cation canbe built into
a shadingcompiler it gainsthe advantagef the com-
piler framewvork. Compilersconsisiof asequencef mod-
ulesthat performa simple operationon an intermediate
representatiof the shader Sincesimpli cation canbe
droppedn asoneor moremodulesin thechain,it is easy
to addto existing shadingcompilersandeasyto addnew
simpli cation modules.Further sincethe shadingcom-
piler can be retagetedthroughmultiple compiler badk-
endsto different shadinghardware, it is easyto create
simpli cations for one hardware platform and usethem
onanother

Many of thesepoints dependon the storageof an LOD
shaderOur choiceto combineall levelsinto a singleLOD
shaderwould work well for mostof the points mentioned,
with the addedadwantagethat LOD shaderscan easily be
droppedn asreplacementfor their non-LOD counterparts.

6. Conclusionsand Futur e Work

We have presentech methodfor automaticsimpli cation

of compl proceduralshadergdesignedor useon graph-
ics hardware. TheresultingLOD shadersaautomaticallyad-
justtheirlevel of shadingdetailfor interactve renderingWe
presentec generaktrategy for shadesimpli cation, aspe-
ci c examplefor reducingtexture accessesand a system
thatprovidesa shadercompilerandshadersimpli cation to

anapplication.

6.1. Other Simpli cation Goals

The two simpli cations discussedare speci ¢ to our goal
to reducethe numberof texture accessed-uturework may
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optimizeothersimpli cation goals,includingthe previously
suggesteaptionsof reducingtotal numberof instructions
or texturememoryused.We have notfully exploredsimpli-
cation operationsappropriatdor theseothersimpli cation
goals,but somedirectionsinspiredby prior researctappear
particularlypromising.

Texture-basedsimpli cation for both shadersand ge-
ometry provides examplesof waysto move computations
into an increasednumberof textures. Guenter Knoblock
and Ruf8 replacedstatic sequence®sf shadingoperations
with pre-generatetkxtured8. Heidrichhasanalyzedexture
sizesand samplingratesnecessaryor accurateevaluation
of shadersnto texturesl. In arelatedvein, texture-impostor
basedsimpli cation techniquegeplacegeometrywith pre-
renderedextures,eitherfor indoor scenesishasbeendone
by Aliaga? or outdoorscenessby Shadeetal 42,

Thebodyof BRDF approximatiommethodsalsosuggests
approacheso reducecomputationat the costof increased
numbersof textures. Like shadingfunctions, BRDFs are
positive everywhere Fournierusedsingularvaluedecompo-
sition (SVD) to t aBRDFto sumsof productsof functions
of light directionandview directionfor usein radiosityt4.
KautzandMcCool presented similar methodfor real-time
BRDF rendering,computingfunctions of view direction,
light direction, or otherbasisastexturesusingeither SVD
or asimplernormalizedntegrationmethod3. McCool, Ang
and Ahmad’s homomorphicfactorizationusesonly prod-
uctsof 2D texturelookups, t usingleast-squareés. In are-
lated area,Ramamoorthand Hanraharuseda commonset
of sphericalharmonicbasistexturesfor reconstructingrra-
dianceervironmentmaps’. Many of thesecould be gen-
eralizedto approximateblocks of shadingcode,which can
be seenasa black-boxproducinga resultfrom an arbitrary
numberof inputvariables.

6.2. Going Further

There are other promising overall researchdirectionsfor
shadersimpli cation. Following the lead of texture-based
simpli cation researcherdike Aliaga and Shadeet al.,
we could generatenew textures for run-time parameter
dependentexture collapseor othersimpli cation onthe y ,
warpingthemfor useover severalframesor updatingwhen
they becomeoo different: 42,

Since renderingwith LOD shaderswill usually be ac-
companiedby geometriclevel of detail, the two shouldbe
morecloselylinked. Cohenet al 9, GarlandandHeckberté
andothershave shavn thatgeometricsimpli cation canbe
driven by appearanceShadersimpli cation shouldalsobe
affected by geometriclevel of detail, with a trade-of be-
tweenperformingthe sameoperatiorpervertex or perpixel
dependingn objecttessellation.

Finally, our errormetricmeasureshe actualerrorin each
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replacemenbut providesno hardguaranteesn the percep-
tual delity of our simpli cations. Many geometricsimpli-

cation algorithmshave beensuccessfulvithout providing

exact error metrics or bounds.However, algorithmssuch
assimpli cation envelopesby Cohenet al.19 provide hard
boundson the amountof error introducedby a simpli ca-

tion — guaranteethatareimportantfor someusersFurther
investigation is necessaryo boundthe errorintroducedby
shadersimpli cation.
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(a) A selectionof LOD Levelsfor this sceng0-3) attypical viewing distancesPerformanceumbersn Tablel.

(b) Close-upof level 0: Highestlevel (c) Close-upof level 1: Variousnoise (d) Close-upof level 2: Extra de-
of detail. and highlight details have beenre- tail on wall, bowl, watermelonand
moved. teapotremoved.

Plate 1: A simplesceneshowingtheinteractionof multipleautomaticallysimpli ed level-of-detailshades.

(& A slightly different watermelon (b) A carshader (c) A tile shader
shader

Plate 2: Individual examplesf shadersimpli cation.
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