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Abstract
Real-timeprogrammablegraphicshardwarehasresourceconstraintsthatpreventcomplex shadersfromrendering
in a singlepass.Onewayto virtualizetheseresourcesis to partition shadingcomputationsinto multiplepasses,
each of which satis�es the givenconstraints.Many such partitions exist for a shader, but it is importantto �nd
onethat renders ef�ciently. We presentRecursiveDominatorSplit (RDS),a polynomial-timealgorithmthat uses
a costmodelto �nd near-optimalpartitionsof arbitrarily complex shaders.Usinga simulator, weanalyzeparti-
tionsfor architectureswith differentresourceconstraintsandshowthat RDSperformswell on differentgraphics
architectures.We alsodemonstratethat shaderpartitionscomputedby RDScanrun ef�ciently on programmable
graphicshardwareavailabletoday.

CategoriesandSubjectDescriptors:I.3.1[ComputerGraphics]:Graphicsprocessors;G.2.2[Mathematicsof Com-
puting]:GraphAlgorithms,Trees

Keywords: programmablegraphicshardware,multipassrendering,graphpartitioningalgorithms,shadinglan-
guages

1. Intr oduction

Real-timeprogrammableshadingusingmainstreamgraph-
ics hardwarehasbeenan active areaof researchin recent
years.Earlier generationsof graphicshardware provided
�x ed-function pipelines designedfor rendering texture-
mappedtriangles. In contrast,commodity graphicschips
today supportcomplex, user-programmableshadingwhile
maintaininghigh performance.This �e xibility hasencour-
agedthe developmentof real-timeshadinglanguagesthat
targetthesechips.

Shadinglanguagesevolvedfrom theearlywork of Cook5

and Perlin14. The RenderManShadingLanguageis com-
monly usedtodayfor movie production-qualityshadingin
software renderingsystems8. Olano and Lastra described
pfman,the�rst shadinglanguagethattargetsgraphicshard-
ware for real-time rendering12. Peercy et al. proposeda
method for mapping shadinglanguagesto multiple ren-
dering passeson non-programmablecommodity graphics
hardware13. Proudfootet al. describeda systemthatmapsa
shadinglanguageto programmablegraphicshardwareusing
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a retargetablecompilerbackend15. Theselastthreesystems
areableto renderhigh-qualityshadersin real-time.

Graphics chips today provide user-programmable
pipelines11; 2. These longer pipelines accomodatelarger
shaderswith more sophisticatedoperations.However, this
hardware still hasa limited set of resources.Examplesof
suchlimits are:
� A �x ed memorysizefor instructionstorage,i.e. a maxi-

mumnumberof instructions.
� A �x ed numberof active textures,texture accesses,and

texturedependencies.
� A �x ednumberof registersfor storingtemporaryvalues.
� A �x ed number of interpolantsfor storing vertex-to-

fragmentvalues.
With shadinglanguages,it is easyto write largeshadersthat
exhaustavailableresourcesandcannotbemappedto a sin-
gle renderingpass.Thehardwarecanbevirtualizedby par-
titioning theshaderinto multiple passes,whereeachpassis
a subsetof theentirecomputationthatsatis�esall resource
constraints.Many suchpartitionsexist, andit is desirableto
�nd the one that rendersmost ef�ciently . We call this the
MultipassPartitioningProblem(MPP).

Peercy et al. solved this problemfor non-programmable
graphicshardware by using dynamicprogramming.Their
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systeminterallyrepresentsshadingcomputationsasdirected
acyclic graphs(DAGs). They �rst decomposea DAG into
trees,thenperformtree-matchingto �nd aminimum-costset
of passes.This approachworkswell for non-programmable
hardware, which supportsonly a small set of operations
per pass.Proudfoot et al. observed, however, that tree-
matchingtechniquesare inadequatefor mappingDAGs to
programmablehardware.To addressthis issue,they devel-
oped a back end for their shadingsystemspeci�cally to
target this hardware.However, they did not solve MPP for
programmablehardware,so their backendcanonly handle
shadersthatmapto asinglerenderingpass.

In this paper, we presentRecursive Dominator Split
(RDS), an algorithm that solves MPP for programmable
graphicshardware. RDS usesdominator trees,a heuris-
tic search,and a greedymerging strategy to approximate
minimum-costpartitions.Using a simulator, we show that
RDS �nds partitions within 5% of optimal for different
shaderson architectureswith differentresourceconstraints.
Wealsodemonstratehow RDScanbeusedwith anexisting
shadingsystemto partitionandrenderamultipassshaderon
aprogrammablegraphicscard.

2. Overview

We designedRDSin thecontext of theStanfordReal-Time
ProgrammableShadingSystem15. This systemis illustrated
in Figure1. A shaderentersthesystemassourcecodewrit-
ten in a high-level language.Thecompilerfront endparses
this codeand generatesan intermediatepipeline program
split by computationfrequency. A compilerbackendmaps
the pipelineprogramto hardwarerenderingpasses.In this
paperwediscussbackendmodulesthatmapfragmentcom-
putationsto multiple passes.Eachback end performsin-
structionselectionon the fragmentportion of the pipeline
programand builds a DAG of hardware-speci�c fragment
operations.If the backendcannotmap the DAG to a sin-
gle renderingpass,it calls RDS to partition the DAG into
multiplepasses.

Thereare many possiblepartitions,so RDS usesa cost
model to evaluate them. The model re�ects performance
characteristicsof the targetarchitecture,suchasthecostof
operationsandper-passoverhead.Thegoalis to �nd theop-
timal solutionto MPP, i.e.apartitionwith theminimumcost.

MPP is related to some well-studied graph partition-
ing and NP-optimizationproblems.However, MPP is suf-
�ciently differentthat,asfar aswe have beenableto deter-
mine,existing techniquescannotbeeasilyadaptedto solve
it. For example,the problemof load balancingparallelap-
plicationscanbe formulatedin termsof �nding a balanced
subdivisionof agraph4, but algorithmsto solvethisproblem
arenot immediatelyapplicableto MPP. This is becausein
theloadbalancingcase,settingthenumberof desiredgraph
cutsis �x ed,whereasin MPPit is partof thesolution.More
fundamentally, graphpartitioningalgorithmstendto assume
that partitionsare disjoint, whereasMPP allows partitions
with overlappingsubregions.In fact,MPPsolutionsalmost
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Figure 1: Systemblock diagram.Thecompilerfront endconvertsa
shaderfromshadinglanguage sourcecodeto an intermediaterep-
resentation.Thecompilerback endperformsinstructionselectionto
build a DAG of hardware-speci�coperations.If theDAG is toolarge
to bemappedto a singlepass,RDSpartitionstheDAG into multiple
passes.Thecompilerthengeneratesassemblycodefor each of these
passesandsendsthemto thehardware for rendering.

alwayscontainoverlappingregions,whichcorrespondto re-
computedoperations.

Oursolutionto MPPis basedonanumberof architectural
assumptions.Weassumethatarchitecturessupportonly one
4-componentoutputperpass.Theremaybemany outstand-
ing valuesat a time, but the framebuffer canonly storeone
of them.Hence,intermediateresultsareusuallypreserved
by copying theframebuffer contentsto texturememory. Al-
ternatively, render-to-texturecanbeusedtoavoid thisexpen-
sive framebuffer copy. In eithercase,we saythatintermedi-
ateresultsaresaved. Thesevaluesarerestoredin subsequent
renderingpassesvia texture fetches.This save-and-restore
techniquerelieson thefollowing two assumptions:
� Architecturespreserve intermediatevaluesproperly. For

example,if thearchitectureuses�oating pointdatatypes,
then it mustalsosupport�oating point buffers and tex-
turesto preservehigh-precisionintermediateresults.

� Given b, the branchingfactorof the DAG, architectures
supportat leastb + 1 operations,b + 1 texture units, b
registers,1 vertex interpolant,and1 level of texture de-
pendency perpass.This is theminimumsetof resources
requiredto supportan arbitraryDAG via multipassren-
dering.For example,b = 3 if hardwareinstructionscan
haveatmost3 operands.
Notethatevenwith theseassumptions,multipassrender-

ing is animperfectvirtualizationtechnique.It doesnot pro-
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ducecorrect resultsfor overlappingtransparentgeometry.
This is a fundamentallimitation of multipassrenderingthat
couldbeovercomewith changesto hardware10.

Multipassrenderingcreatesaper-passoverheadcost.This
overheadarisesfrom re-executionof the graphicspipeline
(including transformationand rasterizationof geometry),
saving theresultsof a passto texturememory, andrestoring
theseresultsin laterpasses.Furthermore,extra passesmay
requiremoreboundingbox-sizedor viewport-sizedtextures
for saving intermediateresults;theselargetexturesconsume
GPUtexturememory.

For thesereasons,RDS attemptsprimarily to minimize
thenumberof passes.Givena DAG of fragmentoperations,
RDS�rst identi�es nodesthataremultiply-referenced.RDS
thensearchesover thesenodesandusesaheuristicto decide
if thesubgraphsrootedat thesenodesshouldbesaved in a
separatepassor recomputed.It packsthe remainingnodes
into as few passesas possibleusing a greedybottom-up
merging algorithm.RDS optimizesboth of thesestepsby
usingadominatortreeto groupsuf�ciently smallregionsof
theDAG togetherinto asinglepass.Minimizing thenumber
of passesin thismannerhelpsto minimizetheoverall cost.

3. Algorithms

We begin this sectionby formulatingour problemandde-
scribing a simple and optimal solution to MPP. However,
in practicethis algorithm is intractablebecauseit exhaus-
tively searchesa largespaceof possiblepartitions.We then
identify thekey issuesof MPPby studyingthestructureof
the problem.Understandingtheseissueshelps us closely
approximatethe minimum cost without having to search
over the whole spaceof partitions.Finally, we proposean
O(n � g(n)) algorithmcalledRDSh andan O(n2 � g(n))
algorithmcalledRDS,whereg(n) is thecostof checkingif
asetof n nodescanbemappedto onepass.

3.1. Preliminaries

Wecanrepresentthespaceof possiblepartitionsby marking
nodesto indicatepassboundaries.Moreprecisely, wemarka
nodeif andonly if thenodeis therootof apass.Thenumber
of markednodesequalsthenumberof passesin thepartition.
An exampleis shown in Figure2.

The subregion of a nodeN is the setof nodesincluding
N andrecursively all unmarkedchildrenof N . For example,
thesubregion of nodeF in Figure2b is f F; G; I ; K ; L g. A
subregion is valid if it canbemappedto onepass;otherwise
it is invalid.

We now describea simpleandoptimal solutionto MPP:
examinethe entirespaceof partitions,evaluatethe costof
eachpartition,andkeepthe onewith the lowestcost.Sup-
posetherearen nodesin the DAG. Sinceeachnodemay
be marked or unmarked, thereare2n uniquewaysto mark
thenodes;eachof theseyieldsa possiblepartition.This ex-
haustivealgorithmis clearlyintractablebecausethepartition
spacegrowsexponentiallywith thesizeof theDAG.
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Figure2: A DAG with rootA is shownin (a). Wemarknodesto in-
dicatethetopsof passes.For example, bymarkingnodesA, B , and
H , wesplit theDAG into threepassesasshownin (b). On theother
hand,bymarkingnodesA andE , wesplit theDAG into twopasses
as shownin (c), which causesnodesH and J to be recomputed.
Markednodesareshaded,andrecomputednodesaresquares.

3.2. GreedyBottom-Up Merging

Since searchingexhaustively is intractable,we proposea
greedybottom-upalgorithmthat mergesnodesinto asfew
passesas possible.We make a postordertraversal of the
DAG thatappliesthefollowing stepsateachnodeN :

Merge(nodeN )
1 k  thenumberof kidsof N
2 for d  k down to 0
3 do for eachsubsetS of N 'skidswith d kids
4 do try to mergeN with all subregionsof thekidsof S
5 if exactlyonesubsetcanbemergedwith N
6 then pick thatsubsetandstop
7 else if two or moresubsetscanbemergedwith N
8 then useMERGE heuristicto pick one

The algorithm is greedyin the sensethat it startsfrom
the largestpossiblemergeandonly considersprogressively
smallersubsetswhennecessary. Sometimes,thereis more
than one subsetof a given size that can be merged. For
example,supposea nodehastwo children and that it can
be mergedwith either the left child or the right child, but
not both. We then usea hardware-speci�cheuristiccalled
MERGE to chooseone of two possiblemerges.In princi-
ple, MERGE shouldpick thesubsetof childrenthatusesthe
fewestresources,sincethis leavesthe mostroom for addi-
tional nodesto be merged with this pass.Sometimesit is
unclearwhichpassconsumesthefewestresources.Thiscan
occur, for example,if onepassuses5 interpolantsand3 tex-
tures,but anotherpassuses3 interpolantsand5 textures.Our
implementationof MERGE breaksthesetiesarbitrarily.

3.3. Savevs.Recompute

Somenodesin theDAG arereferencedmorethanonce;we
call thesemultiply-referenced(MR) nodes.Subregions of
thesenodesmaybesavedor recomputed.For example,the
subregion of MR nodeH is saved in Figure2b but recom-
putedin Figure 2c. Always saving is undesirablebecause
eachsave createsan additionalpass.However, always re-
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computingis alsoundesirable,sinceit could leadto an ex-
plosionin thenumberof recomputedoperations.It is unclear
which choicewill leadeventuallyto thebestpartition.Intu-
itively, we shouldsave if thesubregion is “full” andrecom-
puteif thesubregion is “empty” relative to thearchitecture's
availableresources.

Bothsaving andrecomputinginvolveacost,but if wecan
mapall of thereferencesto aMR nodeto asinglepass,then
wecanavoid thesecosts.Wecandetectthesecasesby iden-
tifying the immediatedominatorsof MR nodes.Intuitively,
theimmediatedominatorB of MR nodeA is thenode“clos-
est” to A suchthatall thereferencesof A go throughB 1. If
subregion(B ) andsubregion(A) canbemappedtogetherto
a singlepass,thenwe canavoid thesave vs. recomputede-
cisionfor nodeA.

Sincewe are interestedin MR nodesandtheir immedi-
atedominators,we would like to storethemin a convenient
datastructure.We usea datastructurethat we call a par-
tial dominatortree(PDT),which in turn is constructedfrom
thedominatortreeof aDAG. In adominatortree,theparent
of eachnodeis its immediatedominator. This structureis a
treeasopposedto aDAG becauseeachnodeexcepttheroot
hasauniqueimmediatedominator1. A PDTis obtainedfrom
a dominatortreeby discardingall nodesexceptMR nodes,
their immediatedominators,andtheroot.This construction
is illustratedin Figure3.
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Figure 3: A DAG is shownin (a) with multiply-referencednodes
drawn shaded.The dominatortree for this DAG is shownin (b).
NodeB is theparentandtherefore theimmediatedominatorof H .
Similarly, E is theimmediatedominatorof bothG andK . Thepar-
tial dominatortreein (c) is obtainedfrom the treein (b) by keep-
ing onlythemultiply-referencednodes,their immediatedominators,
andtheroot.

3.4. RDSh

In this section,we describean algorithmcalledRDSh . We
applytheideasof theprevioussectionby mappingmultiply-
referencedsubregionsandthesubregionsof their immediate
dominatorsto thesamepass.Sincethisisn't alwayspossible,
we breakthe problemdown by recursively subdividing the
DAG into smallerregionsusingthe PDT. Whennecessary,
we performgreedybottom-upmerging within theseregions
andevaluatesavevs.recomputedecisionsusingaheuristic.

Pseudocodefor thealgorithmis shown below.

RDSh (DAG D )
P 0  therootnodeof thePDTof D
Subdivide (P 0)

Subdivide(PDTnodeT 0)
1 if subregion(T ) is invalid
2 then L  thelist of childrenof T 0 orderedto maintain
3 DAG dependencies
4 for eachelementK 0 of L
5 do Subdivide(K 0)
6 if K is aMR node
7 then useRECOMPUTE heuristicto decide
8 if K shouldbesavedor recomputed
9 applygreedingmerging to subregion(T )

In this pseudocode,we usethe following convention to
describetherelationshipbetweennodesin theDAG D and
its PDTP. If N 2 D andN 2 P, wereferto thenodein D
asN andreferto thenodein P asN 0. In otherwords,N and
N 0 representthesamenode,but in differentstructures.This
distinctionis subtlebut important.For example,thechildren
of N arenodesin D , whereasthechildrenof N 0 arenodes
in P .

The RDSh algorithmtakesan unmarked DAG andcalls
Subdivide to partition it. The Subdivide proceduremarks
nodesto indicatepassboundariesas describedin Section
3.1.Thealgorithm�rst checksat eachnodeif its subregion
is small enoughto map to one pass(line 1). If this check
fails,theproblemis brokendown into recursivesubdivisions
of eachchild (line 5). Wesubdividechildrenin anorderthat
maintainsDAG dependencies,whichis thesameastheorder
givenby a postordertraversalof theDAG. For example,in
thePDT shown in Figure3c,nodesH andE arebothchil-
drenof B . SinceH alwaysappearsbeforeE in a postorder
traversalof the DAG shown in Figure3a,we subdivide H
�rst, thenE .

After subdividing eachchild that is multiply-referenced,
we use a heuristic called RECOMPUTE to decide if that
child's subregion shouldbe saved or recomputed(lines 6-
8); savedchildrenaremarked. In principle,subregionsthat
usefew resourcesshouldberecomputed,whereasthosethat
consumemost of the available resourcesshouldbe saved.
We implementRECOMPUTE by choosingto recomputea
setof nodesif andonly if theconsumptionof eachresource
is lessthanone-halfthe maximumallowed. However, this
heuristiccanbereplacedwith onethat is morespeci�c to a
givenarchitecture.

Finally, afterall childrenhave beensubdivided,we apply
thegreedymergingalgorithmdescribedin Section3.2to the
currentsubregion (line 9). During this step,nodesthatcan-
notbemergedwith their parentsaremarked.

The Subdivide proceduremakes only one traversal
throughthePDT, but ateachnodeit checksthevalidity of its
subregion. If g(n) is thecostof this check,thentheoverall
runningtime of RDSh is O(n � g(n)) , wheren is the size
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of theDAG. In our implementation,thetargetarchitecture's
compilermakeseachvalidity checkby generatingcodeand
allocatingresourcesfor the subregion. This canbe donein
linear time, soour implementationof RDSh runsin O(n2)
time.

3.5. RDS

RDSh usesa simpleheuristicto make save vs. recompute
decisions.However, correctdecisionsaredif�cult to make
becausethey areinterdependent.For example,supposewe
have two MR nodesA andB suchthatA dependson B . If
we save B to a separatepass,thenthe subregion of A be-
comessmallerandmaybeworth recomputing.On theother
hand,if we recomputeB , thenthesubregion of A becomes
larger andmay be worth saving. It is dif�cult for a simple
heuristicto predictwhich of thesetwo choiceswill eventu-
ally leadto theminimum-costpartition.

Onewayto addressthisproblemis to searchover theMR
nodesexhaustively andtry all possiblesave/recomputecon-
�gurations.However, this increasestheoverall runningtime
by a factorof 2k , wherek is the numberof MR nodesin
the DAG. Instead,we proposea lessexpensive alternative
calledRDSthatcombinesa limited searchwith theexisting
RECOMPUTE heuristic.

Thepseudocodefor RDSis shown below.

RDS (DAG D )
P 0  therootnodeof thePDTof D
Search(D , P 0)

Search(DAG D , PDTnodeP 0)
1 L  list of theMR nodesof D orderedto maintain
2 DAG dependencies
3 for eachnodeM in L
4 do unmarkall nodesof D
5 �x M asmarked # savesubregion(M )
6 ps  thepartitioncomputedby Subdivide(P 0)
7 cs  COST(ps )
8
9 unmarkall nodesof D

10 �x M asunmarked # recomputesubregion(M )
11 pr  thepartitioncomputedby Subdivide(P 0)
12 cr  COST(pr )
13 if cs < cr then �x M asmarked

Wealsoreplacelines6–8of theSubdivide procedurewith:

14 if K is aMR node
15 then if K is �x edasmarked,then markK
16 elseif K is �x edasunmarked,then unmarkK ;
17 elseuseRECOMPUTE heuristicto decideif
18 K shouldbesavedor recomputed;

In the Search procedure,all MR nodesareinitially un-
�xed. Each iteration of the loop makes a save vs. recom-
pute decisionat just one MR node.At eachnodeM , we
usetheSubdivide algorithmto producetwo partitions:one

that resultswhen subregion(M ) is saved (line 6), and an-
other that resultswhenit is recomputed(line 11). In other
words, in eachcasewe have alreadydeterminedwhether
subregion(M ) will besavedor recomputedbeforesubdivi-
sionbegins.Thecoderepresentsthisby �xing M asmarked
or unmarked (lines5 and9). In bothcases,we usethe RE-
COMPUTE heuristicdescribedabove to make save vs. re-
computedecisionsat theremainingun�x edMR nodes(lines
17–18).We thenevaluatebothpartitionsusinga givencost
model(lines7 and12) anddecideto save or recomputeM
basedonwhichpartitionhasthelowercost(line 13).

TheRDSalgorithmwrapsasearcharoundtheSubdivide
procedure.The searchcalls Subdivide 2k times,wherek
is thenumberof MR nodes.By theanalysisin theprevious
section,subdivision hascomplexity O(n � g(n)) . Sincek is
typically proportionalto n, theoverall runningtime of RDS
is O(n2 � g(n)) .

3.6. Analysis

We have describedtwo versionsof an algorithm.The �rst
one,RDSh , usesonly heuristicsto make merging and re-
computedecisionsandhascomplexity O(n � g(n)) , where
g(n) is thecostof thevalidity checkon a subregion of size
n. In ourexperiments,wefoundthatasimpleheuristicis in-
adequatefor makingsave vs. recomputedecisions.Thuswe
describeda secondversion,RDS,thatusesa limited search
to make thesedecisionsbut hascomplexity O(n2 � g(n)) .

In our implementation,a validity checkinvolves gener-
ating codeandallocatingresourcesfor the subregion. The
checkhascomplexity g(n) = O(n), so RDSh and RDS
havecomplexity O(n2) andO(n3), respectively. Theactual
running time dependson the resourceconsumptionof the
givenshaderandtheresourceconstraintsof thetargetarchi-
tecture.Whenresourcesareextremely limited, the validity
check in line 1 of the Subdivide procedurefails most of
thetime,which leadsto furthertraversalof thePDT. On the
otherhand,whenresourcesarelessconstrained,thevalidity
checkusuallysucceedsandterminatestherecursion.

4. Implementation

In the rest of this paper, we focus on RDS. We imple-
mentedRDSandintegratedit with theStanfordReal-Time
ProgrammableShadingSystem15. The integratedsystemis
shown in Figure1.

We evaluatedthis systemby developing two fragment
compiler back ends.The �rst one targetsthe ATI Radeon
8500architecture2. This architectureexposesa customset
of OpenGLextensions.We queriedthe softwaredriver us-
ing theseextensionsto determinethe hardware's resource
constraints.Thehardwareis limited to 16 operations,6 reg-
isters,6 texture units,6 interpolants,and1 level of texture
dependency. Sincethe hardwareprovidesoneoutputvalue
per pass,we userender-to-texture to spill intermediateval-
uesto texturememory. However, �oating point buffersand
texturesareunsupported,sothesevaluesarenotpreservedat
full precision.To circumventthis issue,we limited our tests
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onthisarchitectureto shaderswhoseintermediatevaluesare
alreadyclampedto therange[0; 1].

TheRadeon8500is oneexampleof aprogrammablefrag-
ment architecture.To evaluateRDS on architectureswith
differentresourceconstraints,we wrote a secondbackend
that compilesshadersto a genericprogrammablefragment
pipeline.Themaximumnumberof per-passoperations,reg-
isters,active texture units, and interpolantscan be con�g-
ured;we call eachsetupa pipelinecon�guration (PC).Our
simulatedarchitecturesupports4-component�oating-point
vectorsandoneoutputvalue.It usestheNVIDIA vertex pro-
graminstructionset9, with theadditionof textureoperations.
The architectureplacesno limits on the numberof texture
dependencieswithin a fragmentprogram.In short,eachPC
provides the basicdatatypesand instructionsetnecessary
to supportfragmentshaders,but imposesfour per-passre-
sourceconstraints.

Both compilerbackendsincorporatethe following three
elementsto supportRDS:
1. Beforepartitioning,thecompilersperforminstructionse-

lectionto build aDAG of fragmentoperations.
2. To supportpartitioning,thecompilersprovideacommon

interfaceto RDSthatexposesacostmodelandhardware-
speci�c resourceconstraints.

3. After partitioning,thecompilersorderthepassesandas-
signthemto textures.
To perform instructionselection,both of our back ends

usea modi�ed versionof lburg6. We extendedlburg to sup-
port operatorswith arbitraryarity andwrote covering rules
to maptheshadingsystem's intermediaterepresentationdi-
rectly to hardwareoperations.Note that unlike Peercy and
Proudfoot,we only usedlburg's tree-matchingcapabilities
for selectingoperations,not for mappingoperationsto ren-
deringpasses.

TheinterfacebetweenRDSandthebackendsconsistsof
four callbackfunctions:
1. VALID, a functionthatdeterminesif a givensetof nodes

can be mappedto a single pass.This is neededto en-
surethateachpasssatis�esthehardware's resourcecon-
straints.Ourbackendsimplementthischeckby generat-
ing codeandallocatingresourcesasneeded.The check
fails if any partof theresourceallocationfails.

2. COST, a function that computesthecostof a givenpar-
tition usinga costmodel. It is calledduring the search
algorithmdescribedin Section3.5. The costof a parti-
tion dependson several factors,includingthenumberof
passesp, thenumberof textureaccessest, andthenum-
berof non-texturefragmentinstructionsi . We usea sim-
ple linearcostmodel:

cost= cpp + ct t + ci i;

Note that the costs ct and ci are charged on a per-
fragmentbasis,so the total costof texture accessesand
non-texture instructionsis proportionalto thenumberof
renderedfragments.Ontheotherhand,cp is theoverhead
of an entirepass,so we canthink of cp asthe per-pass

costamortizedover all the fragments.For our ATI back
end,themultipassrendererpreservesintermediateresults
by saving the entire framebuffer with render-to-texture.
Savescanalsobeimplementedusingcopy-to-texture,in
whichcasecp dependson thesizeof theviewport.

3. RECOMPUTE, a heuristicfunction that decideswhether
or not to recomputea setof nodes.This is calledduring
thesearchalgorithmdescribedin Section3.5.In ourback
ends,we chooseto recomputea setof nodesif andonly
if theconsumptionof eachresourceis lessthanone-half
themaximumallowed.

4. MERGE, a heuristicfunction that,given a setof passes,
picks the one that consumesthe fewest resources.This
is calledduringthemerging algorithmdescribedin Sec-
tion 3.2. Sometimesit is unclearwhich passconsumes
thefewestresources;ourbackendsbreakthesetiesarbi-
trarily.

RDSusesthesecallbackfunctionsto querya compilerback
end for hardware-speci�c information.This designallows
RDSto targetany architecturewhosecompilerbackendim-
plementsthesecallbacks.Furthermore,it requiresminimal
changesto ourexistingcompilerinfrastructure.

After partitioning is complete,compilerbackendsmust
orderthepassesandassigntexturesto storeintermediatere-
sults.Ideally, thesetexturesshouldbeassignedin awaythat
minimizes the numberof texturesneeded.Assigning tex-
turesis similar to register allocation,so we appliedgraph
coloringtechniquesasdescribedby Chaitin3.

5. Results

5.1. Exampleand SystemDemonstration

We now demonstratehow our ATI Radeon8500compiler
usesRDSto partitionashaderinto multiplepassessothatit
canberenderedin real-time.Our shaderis a versionof the
RenderManbowling pin surfaceshadercombinedwith � ve
light shaders:onepoint light sourceandfour animatedtex-
turedlights. Figure4 shows thesourcecodefor this shader
written in the StanfordReal-Time ShadingLanguage.The
compiler front end mapsthis sourcecode to a hardware-
independentintermediaterepresentation.Next, our Radeon
8500backendperformsinstructionselectionandbuilds the
DAG in Figure5a. Sincethis DAG is too large to map to
a singlepass,the compilercalls RDS to partition the DAG
into multiplepasses.Figure5bshowstheresultingpartition,
which contains7 passes,12 texture fetches,and 30 non-
texture operations.We ran the partitionedshaderat a res-
olution of 512 � 512 on a 1.4 GHz Pentium4 systemwith
an ATI Radeon8500.The systemrendersthe shaderat 30
frames/secandproducesthe imageshown in Figure7 (see
colorplates).

5.2. TestingMethodology

In this section,we discussthe techniquesthat we usedto
evaluate the ef�ciency of RDS. We chosethree shaders,
sevenpipelinecon�gurationsof our simulatedarchitecture,
and� vecostmodels.
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surface shader float4

bowling_pin (texref pinbase, texref bruns, texref circle,

                    texref coated, texref marks, float4 uv)

{

    float4 uv_wrap = { uv[0], 10 * Pobj[1], 0, 1 };

    float4 uv_label = { 10 * Pobj[0], 10 * Pobj[1], 0, 1 };

    matrix4 t_base = invert(translate(0, -7.5, 0) * scale(0.667, 15, 1));

    matrix4 t_bruns = invert(translate(-2.6, -2.8, 0) * scale(5.2, 5.2, 1));

    matrix4 t_circle = invert(translate(-0.8, -1.15, 0) * scale(1.4, 1.4, 1));

    matrix4 t_coated = invert(translate(2.6, -2.8, 0) * scale(-5.2, 5.2, 1));

    matrix4 t_marks = invert(translate(2.0, 7.5, 0) * scale (4, -15, 1));

    float front = select(Pobj[2] >= 0, 1, 0);

    float back = select(Pobj[2] <= 0, 1, 0);

    float4 Base = texture(pinbase, t_base * uv_wrap);

    float4 Bruns = front * texture(bruns, t_bruns * uv_label);

    float4 Circle = front * texture(circle, t_circle * uv_label);

    float4 Coated = back * texture(coated, t_coated * uv_label);

    float4 Marks = texture(marks, t_marks * uv_wrap);

    float4 Cd = lightmodel_diffuse({ 0.4, 0.4, 0.4, 1 }, { 0.5, 0.5, 0.5, 1 });

    float4 Cs = lightmodel_specular({ 0.35, 0.35, 0.35, 1 }, Zero, 20);

    return (Circle over (Bruns over (Coated over Base))) * (Marks*Cd) + Cs;

}

Figure4: RTSLsourcecodefor thebowlingpin surfaceshader.

Datafor theshadersarelistedin Table1. The�rst shader
(RBP) is the version of the RenderManbowling pin de-
scribedabove. RBP hasmodestcomputationbut requires
several vertex interpolantsand texture units. The second
shader(BMBP) appliesa bumpmapto thebowling pin sur-
faceandusesonly onepointlight source.BMBP usesamore
balancedsetof resourcesthanRBP. Thethird shader(Wood)
procedurallygeneratesawoodtexture7. It is computationally
intensive andrequiresmany dependenttexture lookups,but
usesotherresourcesmodestly. Wechosethesethreeshaders
for testingbecausethey stressdifferentresources.

Eightpipelinecon�gurationsarelistedin Table2. PCs1–
4 are limited in only oneresource;theseallow us to show
thatRDS�nds goodpartitionson architecturesconstrained
in differentways.PCs5–7have morebalancedconstraints;
they representevolving architecturesthatprovide moreand
more resourcesto fragmentpipelines.We usePCs5–7 to
show that RDS performswell whenmultiple resourcesare
constrained.PC 8 hasunlimited resourcesandis usefulfor
comparingthe costof a single-passpartition to the costof
multiplepasses.

For convenience,wewill usethenotationOo=Rr =Tt =Vv

to referto architectures'resourceconstraints,whereO is the
numberof operations,R is thenumberof registers,T is the
numberof textureunits,andV is thenumberof interpolants.
For instance,PC5 hasconstraints6o=4r =4t =4v .

We chosea simple,linearcostfunctioncpp + ct t + ci i ,
asdiscussedin Section4. For theATI Radeon8500,we es-
timatedthecoef�cients for eachtermby pro�ling thehard-
wareasfollows.Weperformedall ourmeasurementsby ren-
dering a screen-alignedsquareinto a 512 � 512 window.
First, we comparedthe renderingtimesof shadersthat dif-
fered only in the numberof non-texture fragmentinstruc-
tions. We then computedci = � t i =f � i , wheref is the
numberof fragments,� i is the controlled changein the
numberof non-textureinstructions,and� t i is themeasured
changein renderingtime.Ourmeasurementsof ci remained
constantwhen we varied f by resizingthe square,as ex-

V
 V


T


V


T


V


V


T
 V


T


V


T


C


V


V


V


T
V


V


V


T
V


V


V


T
V


V


V


T


V


V


V


V


V
V


V


T


C


V


V


V


V


T


V


V


V


T
 V


V


V


T


V


V


V


V


V


T


V


V


V


T
 V


V


V


T


V


V


V


T


V
 V


T


V


T


V


V


T
 V


T


(a)


(b)


Figure 5: (a) DAG of the RBPshader, after instructionselection.
(b) A partition of the shaderwith 7 passes,computedby RDSfor
theATI Radeon8500architecture. Texture fetches(T), vertex inter-
polants(V),andconstants(C) areshownasdiamonds,trianglesand
squares,respectively. Circlesrepresentother fragmentoperations,
and multiply-referencednodesare shaded.Dotted edges indicate
dependenciesbetweenpasses.

pected.We computedct similarly. To estimatecp , we re-
ducedthe squareto one pixel in size to make the cost of
fragmentoperationsnegligible. After measuringthe three
coef�cients, wenormalizedthemby ci to obtain:

cost= 15:7p + 1:36t + i

While theresultis a roughestimate,it is clearthatper-pass
overheadis high relative to individual fragmentoperations.
This supportsour assumptionthatper-passoverheaddomi-
natestheoverall cost.

For our simulatedarchitecture,we alsotestedRDS with
thefollowing costmodels:

c
 TheEurographicsAssociation2002.



Chanetal / Ef�cient Partitioning of FragmentShaders for MultipassRenderingonProgrammableGraphicsHardware

Shader RBP BMBP Wood
# totalnodes(n) 68 72 475
# MR nodes(k) 11 14 72
Non-textureoperations 27 33 175
Textureoperations 9 3 33
Totaloperations 36 36 208
Registers 7 5 16
Textureunits 9 3 6
Interpolants 24 6 5

Table 1: Shaders. Resource consumptionon our simulatedarchi-
tecture is listed for each shader. Theshaderwith the largestcon-
sumptionin each category is shownin boldface. Thelast four rows
containtheprimary resourceconstraints.For example, in order for
RBP to compileto a singlepass,our pipelinecon�guration must
supportat least36 operations,7 registers, 9 texture units, and 24
interpolants.

Architecture o r t v
PC1 (operation-limited) 6 1 1 1
PC2 (register-limited) 1 4 1 1
PC3 (texture-limited) 1 1 4 1
PC4 (interpolant-limited) 1 1 1 4
PC5 6 4 4 4
PC6 24 8 8 8
PC7 128 12 16 12
PC8 (unlimited) 1 1 1 1

Table2: Architectures.Four resourceconstraintsaregivenfor each
architecture: operations(o), registers(r ), textureunits(t ), andver-
tex interpolants(v).

15p + 5t + i

5p + 3t + i

3p + 2t + i

p + t + i

t + i

We pickeddifferentcoef�cients to show thatRDSperforms
well for architectureswith differentperformancecharacter-
istics.Notethatthelastcostmodelt + i completelyignores
per-passoverhead.

5.3. Ef�ciency

For comparison,we implementedthe algorithmin Section
3.1 thatusesexhaustive searchto �nd theoptimalpartition.
It is interestingto notethat in all of our tests,RDS always
foundapartitionwith thesamenumberof passesastheopti-
mal partition.However, thereis a differencein costbecause
RDSpickeddifferentpassboundaries,which canaffect the
total numberof restoreoperationsneeded.

Table3 comparesthepartitionscomputedby RDSusing
thecostmodel15p+ 5t + i to theoptimalpartitions.In some
cases,thesearchspacewastoolargefor theexhaustivealgo-
rithm to �nish. We measuretheef�ciency of RDSby com-
putingthepercentageincreasein costof theRDS-generated
partition over the optimal partition. Thereare17 complete

testcasesnot including PC 8. RDS found a minimum-cost
partitionin 14 of thesecases,andwaswithin 5% of optimal
costin eachof theremainingcases.

Resultsfor theothercostmodelsaresimilar. RDSfound
anoptimalpartitionin two-thirdsof all thetestcases.For the
remainingcases,RDSwaswithin 5%of optimalonaverage
andwithin 15%in theworstcase.Theworstcasesoccurred
whenusingthecostmodelsp+ t + i andt + i . Thisis notsur-
prising,sinceRDSwasdesignedundertheassumptionthat
per-passoverheaddominatesthe overall cost.Nonetheless,
theseresultsindicatethat RDS performsconsistentlywell
acrossdifferentcostmodels.

5.4. Speedvs.Quality Tradeoff

In practice,one can imagine a knob that allows usersto
tradeoff speedfor partitionquality. As anexample,wecom-
pareRDS to RDSh in Table4. We measurethe ef�ciency
of RDSh asa percentageincreasein costover RDS. Over
the 21 cases,the averagecost of RDSh is 10.5% higher.
SinceRDSh usesonly heuristicsandRDS performsa lim-
ited search,it is not surprisingthat RDSh runs fasterthan
RDSat theexpenseof quality.

Both versionsof thealgorithmmaybeusefulin practice.
For example,afastpartitioningschemesuchasRDSh canbe
usedduringiterative developmentof new shaders.Oncethe
shaderis complete,a slower but more thoroughalgorithm
suchasRDSis usedto produceef�cient partitions,which in
turnwill improve renderingperformance.

5.5. CostAnalysis

In this section,we studythe costof savesandrestoresrel-
ative to the total costof a partition. Table5 comparestwo
partitionsof theRBPshader. The11-passpartitioncontains
53 operations,of which 11 arerestores.In contrast,the 3-
passpartition contains44 operations,of which only 2 are
restores.Thusall 9 of theextraoperationsin theformerpar-
tition aredueto restores.This overheadoccursbecausethe
partitionsimply requiresmoreintermediatevalues.

As the numberof passesincreases,the additionalcosts
comeprimarily from save and restoreoverhead.Figure 6
shows the costbreakdown for seven partitionsof the RBP
shader, eachgeneratedby RDS. Thesepartitions are the
sameas the oneslisted in Table 3, but they are now ar-
rangedin order of increasingnumberof passes.The cost
of non-textureoperationsandnon-restoretexturefetchesre-
main nearlyconstantacrossthe graph;the slight variations
arisefrom recomputation.In contrast,thecostof savesand
restoresrisessteadily. This suggeststhat renderingperfor-
mancecould be improved by changesto hardwarethat use
moreef�cient methodsfor saving andrestoringintermediate
results.

6. Discussion

In this sectionwe discusslimitations of RDS and future
work.
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RBP BMBP Wood
Architecture Optimal RDS Eff. Optimal RDS Eff. Optimal RDS Eff.

c p c p +% c p c p +% c p c p +%
PC1: 6o=1 r =1 t =1 v 309 11 309 11 0.0 310 12 310 12 0.0 – – 2685 91 –
PC2: 1 o=4r =1 t =1 v 125 2 131 2 4.8 109 3 109 3 0.0 – – 1462 32 –
PC3: 1 o=1 r =4t =1 v 171 4 171 4 0.0 63 1 63 1 0.0 378 2 378 2 0.0
PC4: 1 o=1 r =1 t =4v 269 9 269 9 0.0 84 2 84 2 0.0 374 2 374 2 0.0
PC5: 6o=4r =4t =4v 310 11 310 11 0.0 310 12 310 12 0.0 – – 2681 92 –
PC6: 24o=8r =8t =8v 179 5 184 5 2.8 111 3 116 3 4.5 – – 937 17 –
PC7: 128o=12r =16t =12v 145 3 145 3 0.0 63 1 63 1 0.0 396 3 396 3 0.0
PC8: 1 o=1 r =1 t =1 v 87 1 87 1 0.0 63 1 63 1 0.0 355 1 355 1 0.0

Table 3: Ef�ciency comparison.For each case, resultsfor boththeoptimalpartition andtheRDS-computedpartition are given.All partitions
were generatedusingthe costmodel15p + 5t + i . Columnc showsthe costof the partition, and columnp showsthe numberof passesin
thatpartition. Theef�ciency of RDSis measuredasthepercentage increasein costover theoptimalcost. – indicatesthesearch spacefor that
con�gurationwastoo large to �nd anoptimalpartition.

RBP BMBP Wood
Architecture RDS RDSh RDS RDSh RDS RDSh

Time Time Eff. (+%) Time Time Eff. (+%) Time Time Eff. (+%)
PC1: 6o=1 r =1 t =1 v 0.32 0.03 7.1 0.32 0.06 1.9 55.58 0.69 5.7
PC2: 1 o=4r =1 t =1 v 0.15 0.02 0.0 0.07 0.04 0.0 53.27 0.78 16.1
PC3: 1 o=1 r =4t =1 v 0.12 0.02 0.0 0.01 0.01 0.0 0.61 0.13 0.0
PC4: 1 o=1 r =1 t =4v 0.21 0.02 8.2 0.05 0.02 52.4 0.88 0.31 0.0
PC5: 6o=4r =4t =4v 0.18 0.03 6.8 0.21 0.04 1.9 31.20 0.37 6.8
PC6: 24o=8r =8t =8v 0.09 0.02 3.8 0.17 0.03 10.3 39.32 0.58 0.7
PC7: 128o=12r =16t =12v 0.12 0.02 0.0 0.01 0.01 0.0 6.32 1.30 99.0
PC8: 1 o=1 r =1 t =1 v < 0.01 < 0.01 0.0 0.01 0.01 0.0 0.07 0.07 0.0

Table 4: RDSvs.RDSh . Runningtimesfor bothversionsof thealgorithmwere measuredon a 1.4 GHzPentium4 systemrunningWindows
2000SP2.All timesare reportedin seconds.Theef�ciency of RDSh is computedasa percentage increasein costoverRDS.

Pass PC5: 6o=4r =4t =4v PC7: 128o=12r =16t =12v

# o r t v R o r t v R
1 5 3 2 3 0 10 2 3 10 0
2 5 3 2 2 1 10 2 3 10 0
3 5 3 2 2 1 24 4 8 10 2
4 4 1 1 4 0
5 2 1 1 2 0
6 6 2 3 4 2
7 5 2 2 3 1
8 5 3 3 1 2 notapplicable
9 4 1 1 4 0
10 6 2 3 4 2
11 6 3 3 3 2

Table 5: Per-passresource consumptionfor two partitions of the
RBPshader. ColumnR givesthe numberof restores.The11-pass
and 3-passpartitions target PCs5 and 7, respectively. Both parti-
tionswerecomputedbyRDS.

In designingRDS, we have assumedthat a shadercan
be representedas a single DAG, which is equivalent to
onebasicblock of hardwareassemblycode.However, pro-
grammablegraphicshardwarewill likely supportloopsand
conditionalsin the future. Since this requires�o wgraphs
with multiple basicblocks,we needadditionaltechniques
to handlebranchingcorrectlyandef�ciently .

We have assumedthat programmablegraphicshardware
allowsonly oneoutputvalueperpass.However, futurehard-
waremaysupportmultipleoutputs,soasinglepasscancom-

1 2 3 4 5 9 11

Number of passes

0

100

200

300

co
st

Pass overhead
Restore texture fetches
Non-restore texture fetches
Non-texture operations

Figure 6: Costof partitions,brokendownby type. Thesepartitions
were computedby RDSfor the RBP shaderwith the cost model
15p + 5t + i .

puteseveral results.Thesecomputationsmay be unrelated
andcorrespondto disjoint regionsof theDAG.Ef�cient par-
titioning becomesmoredif�cult becauseit requiresexam-
ining many disjoint regionssimultaneously. Our currental-
gorithmcannothandlemultipleoutputsbecauseit considers
only oneconnectedregionata time.

Accuratecostmodelsareneededto enableRDS to �nd
partitions that renderef�ciently . For that reason,RDS al-
lows any costmodel to be pluggedin. However, we make
somesimplifying assumptionsin our costmodel.Someof
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theseassumptionsarenecessarybecausewe don't have all
therelevantcostinformationat compiletime. For example,
theper-passcostmaydependon theviewport size,andthe
total costof instructionsdependson thenumberof rendered
fragments.In ourshadingsystem,however, neithertheview-
port sizenor thenumberof fragmentsareknown at compile
time,sowesimplytreatthecoef�cients cp , ct , andci ascon-
stants.Ontheotherhand,somelimitationscanbeaddressed
with moresophisticatedcostmodels.For example,our cur-
rent model ignoresthe costof vertex shaders.If rendering
performanceis limited by vertex computations,thenit is de-
sirableto �nd a partition that minimizesrecomputationof
regionscontainingvertex inputs.This couldbedoneby us-
ing a costmodelin which the per-passcost is proportional
to thenumberof vertex operationsneededby thatpass.

We showed that RDS and RDSh are O(n2 � g(n)) and
O(n � g(n)) algorithms,but it maybepossibleto eliminate
the g(n) term. For simplicity andeaseof implementation,
we checkvalidity by calling existing compilersubroutines.
However, this requiresthat subregions be compiled from
scratchevery time, so g(n) = O(n). The checkcould be
madelessexpensive by usingincrementaltechniques,since
asubregiondependsonly onpreviouslycheckedsubregions.
Oneapproachwouldbeto usevectorsto keeptrackof asub-
region's resourceconsumption.Resourcevectorsfrom dif-
ferentsubregionscouldbeaddedto determinequickly if the
subregionscanbemerged.However, overlappingsubregions
andpeepholeoptimizationsare tricky andmust be treated
carefully. Usingincrementalapproaches,it maybepossible
to reducethecostof thevalidity checkto constanttimewhen
amortizedover the traversalof theentireDAG. This would
reducethecomplexity of RDSandRDSh by a factorof n.

7. Conclusion

We have describedRDS,analgorithmfor partitioningfrag-
mentshadersinto multiplepasses.Ouralgorithm�nds near-
optimal partitionsfor a numberof shaderson architectures
with differentlimitations.Furthermore,RDSperformscon-
sistentlywell acrossa rangeof different cost models.We
have integratedRDS with an existing programmableshad-
ing systemanddemonstratedhow thissystemcanbeusedto
partitionandrendera largeshaderin real-time.SinceRDS
dependsonly on a �e xible costmodelanda setof resource
constraints,it canbereadilyappliedto futureprogrammable
graphicsarchitectures.

8. Acknowledgments

We would like to thankeveryonein the Stanfordgraphics
architecturegroup for contributing ideasto this work. We
had helpful discussionswith Bill Mark and Monica Lam
duringour earlybrainstormingsessions.EvanHart andJeff
Royle from ATI provided hardware and driver assistance.
This work wasdoneaspart of the Stanfordreal-timepro-
grammableshadingproject,which is sponsoredby DARPA
(contractsDABT63-95-C-0085andMDA904-98-C-A933),
ATI, NVIDIA, Sony, andSun.

References
1. AHO, A. V., SETHI , R., AND ULLMAN, J. D. Compilers:

Principles,TechniquesandTools. Addison-Wesley, 1986,
p. 602.

2. ATI. RADEON8500productwebsite,2001.
http://www.ati.com/products/pc/radeon8500128/index.html.

3. CHAITIN, G. J., AUSLANDER, M. A., CHANDRA , A. K.,
COCKE, J., HOPKINS, M. E., AND MARKSTEIN, P. W.
Registerallocationvia coloring. In ComputerLanguages
(1981),vol. 6, pp.47–57.

4. CHAMBERLAIN, B. L. Graphpartitioningalgorithmsfor
distributingworkloadsof parallelcomputations.Tech.Rep.
TR-98-10-03,1998.http://www.cs.washington.edu/homes/
brad/cv/pubs/degree/generals.pdf.

5. COOK , R. L. Shadetrees.In Proceedingsof ACM
SIGGRAPH(1984),pp.223–231.

6. FRASER, C., AND HANSON, D. R. A RetargetableC
Compiler:DesignandImplementation. Addison-Wesley,
1995,pp.373–406.

7. GRITZ, L. Rendermanrepositorywebsite,1998.
http://www.renderman.org/RMR/Shaders/BMRTShaders/
wood2.sl.

8. HANRAHAN, P., AND LAWSON, J. A languagefor shading
andlighting calculations.In Proceedingsof ACM
SIGGRAPH(1990),pp.289–298.

9. L INDHOLM , E., KLIGARD, M. J., AND MORETON, H. A
user-programmablevertex engine.In Proceedingsof ACM
SIGGRAPH(2001),pp.149–158.

10. MARK , W. R., AND PROUDFOOT, K. TheF-buffer: a
rasterization-orderFIFObuffer for multi-passrendering.In
Proceedingsof theACM SIGGRAPH/EurographicsWorkshop
onGraphicsHardware (2001),pp.57–64.

11. NVIDIA. GeForce3Ti family productoverview, 2001.
http://www.nvidia.com/docs/lo/1050/SUPP/gf3tioverview.pdf.

12. OLANO, M., AND LASTRA , A. A shadinglanguageon
graphicshardware:thepixel�o w shadingsystem.In
Proceedingsof ACM SIGGRAPH(1998),pp.159–168.

13. PEERCY, M. S., OLANO, M., A IREY, J., AND UNGAR, P. J.
Interactivemulti-passprogrammableshading.In Proceedings
of ACM SIGGRAPH(2000),pp.425–432.

14. PERLIN, K. An imagesynthesizer. In Proceedingsof ACM
SIGGRAPH(1985),pp.287–296.

15. PROUDFOOT, K., MARK , W. R., TZVETKOV, S., AND

HANRAHAN, P. A real-timeproceduralshadingsystemfor
programmablegraphicshardware. In Proceedingsof ACM
SIGGRAPH(2001),pp.159–170.

c
 TheEurographicsAssociation2002.



Chanetal / Ef�cient Partitioning of FragmentShaders for MultipassRenderingonProgrammableGraphicsHardware

Figure 7: RenderManbowlingpin with 1 point light source and4 animatedtextured lights. Sincetheshaderis too large to mapto a single
pass,our RDSalgorithmsplits it into multiplepasses.Thepin renders at 30 frames/secon a 1.4 GHzPentium4 systemwith an ATI Radeon
8500graphicscard.
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