GraphicsHardware(2002), pp.1-11
ThomasErtl, WolfgangHeidrich,andMichaelDoggett(Editors)

Ef cient Partitioning of Fragment Shadersfor Multipass
Rendering on Programmable Graphics Hardware

EricChan  RenNg

Pradeefsen

KekoaProudfoot PatHanrahan

StanfordUniversity

Abstract

Real-timeprogrammablegraphicshardware hasresouceconstaintsthat preventcomplex shades fromrendering
in a singlepass.Onewayto virtualize theseresoucesis to partition shadingcomputationgnto multiple passes,
ead of which satis esthe givenconstaints. Many sud partitions exist for a shader but it is importantto nd

onethatrendes efciently. We presentRecusive Dominator Split (RDS),a polynomial-timealgorithmthat uses
a costmodelto nd nearoptimal partitions of arbitrarily comple shades. Usinga simulator we analyzeparti-

tionsfor architectueswith differentresouce constaints and showthat RDSperformswell on differentgraphics
architectures.We alsodemonstate that shademartitions computedy RDScanrun efciently on programmable

graphicshardware availabletoday

CateyoriesandSubjectDescriptorsi.3.1[ComputerGraphics]:Graphicgrocessorsi.2.2[Mathematicof Com-

puting]: GraphAlgorithms, Trees

Keywords: programmableraphicshardware, multipassrendering,graphpartitioning algorithms,shadinglan-
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1. Intr oduction

Real-timeprogrammableshadingusing mainstreangraph-
ics hardware hasbeenan active areaof researchin recent
years. Earlier generationsof graphicshardware provided
x ed-function pipelines designedfor rendering texture-
mappedtriangles. In contrast,commaodity graphicschips
today supportcomple, userprogrammableshadingwhile
maintaininghigh performanceThis e xibility hasencour
agedthe developmentof real-time shadinglanguageghat
tamgetthesechips.

Shadindanguagesvolvedfrom the earlywork of Coolk®
and Perlint4. The RenderManShadingLanguageis com-
monly usedtoday for movie production-qualityshadingin
software renderingsystem8. Olano and Lastra described
pfman,the rst shadinganguagehattargetsgraphicshard-
ware for real-time rendering2. Peerg et al. proposeda
method for mapping shadinglanguagesto multiple ren-
dering passeson non-programmableommaodity graphics
hardwaré!3. Proudfootet al. describeda systemthatmapsa
shadinganguagéeo programmablgraphicshardwareusing
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aretagetablecompilerbackend®. Thesdastthreesystems
areableto renderhigh-qualityshadersn real-time.

Graphics chips today provide userprogrammable
pipelined® 2. These longer pipelines accomodatelarger
shaderswith more sophisticatecbperations However, this
hardware still hasa limited set of resourcesExamplesof
suchlimits are:

A x edmemorysizefor instructionstoragej.e. a maxi-

mum numberof instructions.

A x ed numberof active textures,texture accessesand

texturedependencies.

A x ednumberof registersfor storingtemporaryalues.

A x ed number of interpolantsfor storing vertex-to-

fragmentvalues.
With shadindanguagesit is easyto write large shadershat
exhaustavailableresourcegndcannotbe mappedo a sin-
gle renderingpass.The hardwarecanbe virtualizedby par
titioning the shadelinto multiple passeswhereeachpassis
a subsebf the entire computatiorthat satis esall resource
constraintsMany suchpartitionsexist, andit is desirableto
nd the onethatrendersmostefciently. We call this the
MultipassPartitioning Problem(MPP).

Peerg et al. solved this problemfor non-programmable
graphicshardware by using dynamic programming.Their
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systeninterally representshadingcomputationssdirected
agyclic graphs(DAGSs). They rst decomposea DAG into
treesthenperformtree-matchingo nd aminimum-cosset
of passesThis approachworkswell for non-programmable
hardware, which supportsonly a small set of operations
per pass.Proudfoot et al. obsered, hovever, that tree-
matchingtechniquesare inadequatdor mappingDAGs to
programmabléardware. To addresghis issue,they devel-
oped a back end for their shadingsystemspeci cally to
target this hardware. However, they did not solve MPP for
programmablédnardware,sotheir backendcanonly handle
shadershatmapto asinglerenderingpass.

In this paper we presentRecursie Dominator Split
(RDS), an algorithm that solves MPP for programmable
graphicshardware. RDS usesdominator trees, a heuris-
tic search,and a greedymemging stratgy to approximate
minimume-costpartitions. Using a simulator we shav that
RDS nds partitions within 5% of optimal for different
shadern architecturesvith differentresourceconstraints.
We alsodemonstratéion RDS canbe usedwith anexisting
shadingsystento partitionandrenderamultipassshadeon
aprogrammablgraphicscard.

2. Overview

We designedRDS in the contet of the StanfordReal-Time
Programmablé&hadingSystend®. This systemis illustrated
in Figurel. A shadetentersthe systemassourcecodewrit-
tenin a high-level languageThe compilerfront endparses
this code and generatesan intermediatepipeline program
split by computationfrequeng. A compilerbackendmaps
the pipeline programto hardware renderingpassesin this
papemwve discusshackendmoduleshatmapfragmentcom-
putationsto multiple passesEachback end performsin-
structionselectionon the fragmentportion of the pipeline
programand builds a DAG of hardware-speci cfragment
operationslf the backend cannotmapthe DAG to a sin-
gle renderingpass,it calls RDS to partition the DAG into
multiple passes.

Thereare mary possiblepartitions,so RDS usesa cost
model to evaluatethem. The model re ects performance
characteristicef the targetarchitecturesuchasthe costof
operationsandperpassoverheadThegoalisto nd theop-
timal solutionto MPR i.e. apartitionwith theminimumcost.

MPP is relatedto some well-studied graph partition-
ing and NP-optimizationproblems.However, MPP is suf-

ciently differentthat,asfar aswe have beenableto deter
mine, existing techniquesannotbe easilyadaptedo solve
it. For example,the problemof load balancingparallelap-
plicationscanbe formulatedin termsof nding a balanced
subdvision of agraptf, but algorithmsto solve this problem
are not immediatelyapplicableto MPP This is becausén
theloadbalancingcase settingthe numberof desiredgraph
cutsis x ed,whereasn MPPIt is partof thesolution.More
fundamentallygraphpartitioningalgorithmstendto assume
that partitionsare disjoint, whereasMPP allows partitions
with overlappingsubrgions.In fact, MPP solutionsalmost
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Figure 1: Systenblodk diagram. Thecompilerfrontendconvertsa

shaderfrom shadinglanguage source codeto an intermediaterep-

resentationThecompilerbad endperformsinstructionselectiorto

build a DAG of hardware-speci copetions.If theDAG istoolarge

to bemappedo a singlepass RDSpartitionsthe DAG into multiple
passesThecompilerthengeneatesassemblygodefor ead of these
passesndsendghemto the hardware for rendering

alwayscontainoverlappingregions,which correspondo re-
computedoperations.

Oursolutionto MPPis basednanumberof architectural
assumptionsiWe assumehatarchitecturesupportonly one
4-componenbutputper pass.Theremaybe mary outstand-
ing valuesat a time, but the frameluffer canonly storeone
of them.Hence,intermediateresultsare usually presered
by copying the frameluffer contentso texture memory Al-
ternatizely, renderto-texturecanbeusedo avoid thisexpen-
sive frameluffer copy. In eithercasewe saythatintermedi-
ateresultsaresaved Thesevaluesarerestoedin subsequent
renderingpassewia texture fetches.This save-and-restore
techniquerelieson thefollowing two assumptions:

Architecturespresere intermediatevaluesproperly For

example,if thearchitecturaisesoating pointdatatypes,

thenit mustalso support oating point buffers and tex-
turesto presere high-precisiorintermediateesults.

Given b, the branchingfactor of the DAG, architectures

supportat leastb + 1 operationsh + 1 texture units, b

registers,1 vertex interpolant,and1 level of texture de-

pendeng per pass.This is the minimum setof resources
requiredto supportan arbitrary DAG via multipassren-
dering.For example,b = 3 if hardwareinstructionscan
have at most3 operands.

Notethatevenwith theseassumptionsnultipassrender
ing is animperfectvirtualizationtechniquelt doesnot pro-

¢ TheEurographicsAssociation2002.
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duce correctresultsfor overlappingtransparengeometry
This is afundamentalimitation of multipassrenderingthat
couldbe overcomewith changego hardwaret.

Multipassrenderingcreates perpasoverheadtost.This
overheadarisesfrom re-executionof the graphicspipeline
(including transformationand rasterizationof geometry),
saving theresultsof a passto texture memory andrestoring
theseresultsin later passesFurthermoregxtra passesnay
requiremoreboundingbox-sizedor viewport-sizedtextures
for saving intermediateesultsthesdargetexturesconsume
GPUtexturememory

For thesereasonsRDS attemptsprimarily to minimize
thenumberof passesGivena DAG of fragmentoperations,
RDS rst identi es nodeghataremultiply-referencedRDS
thensearchesverthesenodesandusesa heuristicto decide
if the subgraphsootedat thesenodesshouldbe savedin a
separatgassor recomputedlt packsthe remainingnodes
into as few passesas possibleusing a greedybottom-up
meiging algorithm. RDS optimizesboth of thesestepsby
usinga dominatortreeto groupsufciently smallregionsof
the DAG togethelinto asinglepass Minimizing thenumber
of passe#n this mannerhelpsto minimizethe overall cost.

3. Algorithms

We begin this sectionby formulating our problemand de-
scribing a simple and optimal solutionto MPP. However,
in practicethis algorithmis intractablebecausét exhaus-
tively searches large spaceof possiblepartitions.We then
identify the key issuesof MPP by studyingthe structureof
the problem. Understandingheseissueshelps us closely
approximatethe minimum cost without having to search
over the whole spaceof partitions.Finally, we proposean
O(n g(n)) algorithmcalledRDS, andanO(n? g(n))
algorithmcalledRDS,whereg(n) is the costof checkingif
asetof n nodescanbe mappedo onepass.

3.1. Preliminaries

We canrepresenthespaceof possiblepartitionsby marking
nodego indicatepasshoundariesMore preciselywe marka
nodeif andonly if thenodeis therootof apassThenumber
of markednodesequalshenumberf passei thepartition.
An exampleis shavn in Figure2.

The subegion of anodeN is the setof nodesincluding
N andrecursvely all unmarledchildrenof N . For example,
the subrgyion of nodeF in Figure2bisfF;G;l;K;Lg. A
subrgjionis valid if it canbe mappedo onepassptherwise
it is invalid.

We now describea simpleandoptimal solutionto MPP:
examinethe entire spaceof partitions,evaluatethe costof
eachpartition, andkeepthe onewith the lowestcost. Sup-
posetherearen nodesin the DAG. Sinceeachnodemay
be marked or unmarled, thereare 2" uniquewaysto mark
the nodes;eachof theseyieldsa possiblepartition. This ex-
haustve algorithmis clearlyintractablebecaus¢hepartition
spacegrows exponentiallywith the sizeof the DAG.

¢ TheEurographic#Association2002.

Figure 2: A DAG with root A is shownin (a). We marknodegto in-
dicatethetopsof passesFor example by markingnodesA, B, and
H , wesplitthe DAG into threepassesasshownin (b). Ontheother
hand,by markingnodesA andE , wesplit the DAG into two passes

as shownin (c), which causesnodesH andJ to be recomputed.
Marked nodesare shadedandrecomputechodesare squaes.

3.2. GreedyBottom-Up Merging

Since searchingexhaustvely is intractable,we proposea
greedybottom-upalgorithmthat megesnodesinto asfew
passesas possible.We malke a postordertraversal of the
DAG thatappliesthefollowing stepsateachnodeN :

Merge(nodeN )

1 k  thenumberof kidsof N

2 ford kdowntoO

3 dofor eachsubsesS of N 'skidswith d kids

4 dotry tomemgeN with all subrgionsof thekids of S
5 if exactly onesubsetanbemegedwith N

6 then pick thatsubsetandstop

7 else if two or moresubsetsanbe megedwith N
8 then useMERGE heuristicto pick one

The algorithmis greedyin the sensethatit startsfrom
the largestpossiblemeige andonly considergrogressiely
smallersubsetavhen necessarySometimesthereis more
than one subsetof a given size that can be meiged. For
example,supposea node hastwo childrenandthatit can
be memgedwith eitherthe left child or the right child, but
not both. We then usea hardware-speci c heuristiccalled
MERGE to chooseone of two possiblememges.In princi-
ple, MERGE shouldpick the subsebf childrenthatusesthe
fewestresourcessincethis leavesthe mostroom for addi-
tional nodesto be merged with this pass.Sometimest is
unclearwhich passconsumeshe fewestresourcesThis can
occut for example,if onepasausess interpolantand3 tex-
tures but anothepasauses3 interpolantsand5 textures.Our
implementatiorof MERGE breaksthesetiesarbitrarily.

3.3. Savevs.Recompute

Somenodesin the DAG arereferencednorethanonce;we
call thesemultiply-referenced MR) nodes.Subrejions of
thesenodesmay be saved or recomputedFor example,the
subrgion of MR nodeH is saredin Figure2b but recom-
putedin Figure 2c. Always saving is undesirablebecause
eachsave createsan additional pass.However, always re-
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computingis alsoundesirablesinceit could leadto anex-

plosionin thenumberf recomputeaperationslt is unclear
which choicewill leadeventuallyto the bestpartition. Intu-

itively, we shouldsave if the subrgionis “full” andrecom-
puteif thesubrgjionis “empty” relative to thearchitectures

availableresources.

Both saving andrecomputingnvolve a cost,but if we can
mapall of thereferenceso a MR nodeto asinglepassthen
we canavoid thesecosts We candetectthesecasedy iden-
tifying the immediatedominatorsof MR nodes Intuitively,
theimmediatedominatorB of MR nodeA isthenode“clos-
est”to A suchthatall thereference®f A gothroughB 1. If
subrgion(B) andsubrgion(A) canbe mappedogetherto
asinglepassthenwe canavoid the save vs. recomputede-
cisionfor nodeA.

Sincewe areinterestedn MR nodesand their immedi-
atedominatorswe would like to storethemin a corvenient
datastructure.We usea datastructurethat we call a par-
tial dominatortree(PDT), whichin turnis constructedrom
thedominatortreeof a DAG. In adominatortree,the parent
of eachnodeis its immediatedominator This structureis a
treeasopposedo a DAG becaus@achnodeexcepttheroot
hasauniqueimmediatedominatot. A PDTis obtainedrom
a dominatortree by discardingall nodesexceptMR nodes,
theirimmediatedominatorsandtheroot. This construction
isillustratedin Figure3.

® ®
(8) ®
©® & ® ©
OJOXCIGA®, © ®
© O
(b) (©

Figure 3: A DAG is shownin (a) with multiply-refeencednodes
drawn shaded.The dominatortree for this DAG is shownin (b).

NodeB is the parentandtherefore theimmediatedominatorof H .

Similarly, E is theimmediatedominatorof bothG andK . Thepar-

tial dominatortreein (c) is obtainedfrom the treein (b) by keep-
ing onlythemultiply-refeencedhodestheirimmediatedlominatos,
andtheroot.

3.4. RDS,

In this section,we describean algorithmcalledRDS, . We
applytheideasof the previoussectionby mappingmultiply-
referencedubrgionsandthe subrgionsof theirimmediate
dominatorgo thesamepassSincethisisn't alwayspossible,
we breakthe problemdown by recursiely subdviding the
DAG into smallerregionsusingthe PDT. Whennecessary
we performgreedybottom-upmeiging within theseregions
andevaluatesave vs. recomputalecisionausinga heuristic.

Pseudocodér thealgorithmis shavn below.

RDS}, (DAG D)
PO therootnodeof thePDT of D
Subdivide (P9

Subdivide(PDT nodeT 9
1 if subrgjion(T) isinvalid
2 thenL thelist of childrenof T ® orderedto maintain

DAG dependencies
for eachelementk ?of L
do Subdivide(K 9

if K isaMR node
then useRECOMPUTE heuristicto decide
if K shouldbesavedor recomputed

applygreedingmerging to subrgjion(T)

© oOo~NO U~ W

In this pseudocodeywe usethe following corventionto
describethe relationshipbetweemodesin the DAG D and
itsPDTP.If N 2 D andN 2 P, werefertothenodein D
asN andrefertothenodein P asN °. In otherwords,N and
N representhesamenode,but in differentstructuresThis
distinctionis subtlebut important.For example thechildren
of N arenodesin D, whereaghe childrenof N ° arenodes
inP.

The RDS, algorithmtakesan unmarled DAG andcalls
Subdivide to partitionit. The Subdivide proceduremarks
nodesto indicate passboundariesas describedin Section
3.1.Thealgorithm rst checksat eachnodeif its subregjion
is small enoughto mapto one pass(line 1). If this check
fails, the problemis brokendown into recursve subdvisions
of eachchild (line 5). We subdvide childrenin anorderthat
maintaindAG dependenciesyhichis thesameastheorder
givenby a postordertraversalof the DAG. For example,in
the PDT shawn in Figure3c,nodesH andE arebothcchil-
drenof B. SinceH alwaysappeardeforeE in apostorder
traversalof the DAG shown in Figure 3a, we subdvide H
rst, thenE.

After subdviding eachchild thatis multiply-referenced,
we use a heuristic called RECOMPUTE to decideif that
child's subrgyion shouldbe saved or recomputedlines 6-
8); saved childrenaremarked. In principle, subrgionsthat
usefew resourceshouldberecomputedwhereaghosethat
consumemost of the available resourceshouldbe saved.
We implementRECOMPUTE by choosingto recomputea
setof nodesf andonly if the consumptiorof eachresource
is lessthan one-halfthe maximumallowed. However, this
heuristiccanbe replacedwith onethatis morespecicto a
givenarchitecture.

Finally, afterall childrenhave beensubdvided, we apply
thegreedymeiging algorithmdescribedn Section3.2to the
currentsubrgion (line 9). During this step,nodesthat can-
notbe memgedwith their parentsaremarked.

The Subdivide procedure makes only one traversal
throughthe PDT, but ateachnodeit checkghevalidity of its
subrgion. If g(n) is the costof this check,thenthe overall
runningtime of RDS, is O(n g(n)), wheren is the size

¢ TheEurographicsAssociation2002.
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of the DAG. In ourimplementationthetargetarchitectures
compilermakeseachvalidity checkby generatingcodeand
allocatingresourcedor the subrgjion. This canbe donein
lineartime, so our implementatiorof RDS, runsin O(n?)
time.

3.5. RDS

RDS, usesa simple heuristicto make sase vs. recompute
decisions However, correctdecisionsare dif cult to make
becausehey areinterdependent-or example,supposeve
have two MR nodesA andB suchthatA dependsnB. If
we save B to a separatepass,thenthe subrgion of A be-
comessmallerandmaybeworth recomputingOn the other
hand,if we recomputeB , thenthe subreyion of A becomes
larger and may be worth saving. It is dif cult for a simple
heuristicto predictwhich of thesetwo choiceswill eventu-
ally leadto theminimum-costpartition.

Oneway to addresshis problemis to searchoverthe MR
nodesexhaustvely andtry all possiblesave/recomputeon-
gurations. However, thisincreasesheoverall runningtime
by a factorof 2¢, wherek is the numberof MR nodesin
the DAG. Instead,we proposea lessexpensve alternatve
calledRDSthatcombinesalimited searchwith the existing
RECOMPUTE heuristic.

Thepseudocodéor RDSis shavn below.

RDS (DAG D)
PO  therootnodeof thePDT of D
Search(D, P9

Search(DAG D, PDT nodeP 9)
1L list of the MR nodesof D orderedto maintain
DAG dependencies
3 for eachnodeM in L
4 dounmarkall nodesof D
5 X M asmarked # savesubegion(M )
6 ps thepartitioncomputedby Subdivide(P 9)
7
8
9

N

Cs COST(ps)

unmarkall nodesof D
10 X M asunmarled # recomputeubiegion(M )

11 pr the partition computecby Subdivide(P 9)
12 ¢ cosT(pr)
13 if cs < ¢ then x M asmarked

We alsoreplacdines 68 of the Subdivide procedurewith:

14 if K isaMR node
15 thenif K is x edasmarked,then markK

16 elseif K is x edasunmarlked,then unmarkK ;
17 elseuseRECOMPUTE heuristicto decideif
18 K shouldbe savedor recomputed;

In the Search procedureall MR nodesareinitially un-
xed. Eachiteration of the loop makes a save vs. recom-
pute decisionat just one MR node.At eachnodeM , we
usethe Subdivide algorithmto producetwo partitions:one
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that resultswhen subrgion(M ) is saved (line 6), and an-
otherthat resultswhenit is recomputedline 11). In other
words, in eachcasewe have alreadydeterminedwhether
subrgion(M ) will be sared or recomputedeforesubdii-
sionbegins. Thecoderepresentthisby xing M asmarked
or unmarled (lines5 and9). In both caseswe usethe RE-
COMPUTE heuristicdescribedabore to malke save vs. re-
computedecisionsattheremainingun x edMR nodeglines
17-18).We thenevaluateboth partitionsusinga given cost
model(lines 7 and 12) anddecideto save or recomputeM
basedn which partitionhasthelower cost(line 13).

TheRDSalgorithmwrapsasearcharoundthe Subdivide
procedure The searchcalls Subdivide 2k times,wherek
is the numberof MR nodes By the analysisin the previous
section subdvision hascompleity O(n g(n)). Sincek is
typically proportionalto n, the overall runningtime of RDS
isO(n? g(n)).

3.6. Analysis

We have describedwo versionsof an algorithm. The rst
one,RDS,, usesonly heuristicsto make mewging and re-
computedecisionsandhascomplity O(n g(n)), where
g(n) is the costof the validity checkon a subregjion of size
n. In our experimentsyve foundthata simpleheuristicis in-
adequatdor makingsave vs.recomputedecisionsThuswe
describedh secondversion,RDS, thatusesa limited search
to make thesedecisionsout hascompleity O(n? g(n)).

In our implementationa validity checkinvolves gener
ating codeand allocatingresourcedor the subrgion. The
checkhascompleity g(n) = O(n), so RDS, and RDS
have compleity O(n?) andO(n?), respectiely. Theactual
running time dependson the resourceconsumptionof the
givenshademndtheresourceconstraintof thetargetarchi-
tecture.Whenresourcesre extremely limited, the validity
checkin line 1 of the Subdivide procedurefails most of
thetime, which leadsto furthertraversalof the PDT. Onthe
otherhand,whenresourcesrelessconstrainedthe validity
checkusuallysucceedandterminatesherecursion.

4. Implementation

In the rest of this paper we focus on RDS. We imple-
mentedRDS andintegratedit with the StanfordReal-Time
Programmablé&hadingSystent®. The integratedsystemis
shavn in Figurel.

We evaluatedthis systemby developing two fragment
compilerback ends.The rst onetargetsthe ATl Radeon
8500 architecturé. This architectureexposesa customset
of OpenGLextensionsWe queriedthe software driver us-
ing theseextensionsto determinethe hardware's resource
constraintsThe hardwareis limited to 16 operations6 reg-
isters,6 texture units, 6 interpolantsand1 level of texture
dependeng Sincethe hardware provides one outputvalue
per passwe userenderto-texture to spill intermediateval-
uesto texture memory However, oating point buffersand
texturesareunsupportedsothesevaluesarenotpreseredat
full precision.To circumwentthis issue we limited our tests
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onthisarchitecturg¢o shadersvhoseintermediatesaluesare

alreadyclampedo therange[0; 1].

TheRadeor8500is oneexampleof aprogrammablérag-
ment architecture.To evaluate RDS on architectureswith
differentresourceconstraintswe wrote a secondback end
that compilesshadergo a genericprogrammabldragment
pipeline.The maximumnumberof perpassoperationsreg-
isters,active texture units, and interpolantscan be con g-
ured;we call eachsetupa pipelinecon guration (PC). Our
simulatedarchitecturesupports4-componentoating-point
vectorsandoneoutputvalue.lt usegheNVIDIA vertex pro-
graminstructionse®, with theadditionof textureoperations.
The architectureplacesno limits on the numberof texture
dependenciewithin a fragmentprogram.In short,eachPC
providesthe basicdatatypesand instructionsetnecessary
to supportfragmentshadersput imposesfour perpassre-
sourceconstraints.

Both compilerbackendsincorporatethe following three
elementdo supportRDS:

1. Beforepartitioning,thecompilersperforminstructionse-
lectionto build a DAG of fragmentoperations.

2. To supportpartitioning,the compilersprovide acommon
interfaceto RDSthatexposesacostmodelandhardware-
speci ¢ resourceconstraints.

3. After partitioning,the compilersorderthe passesndas-
signthemto textures.

To performinstructionselection,both of our back ends
useamodi ed versionof Iburgé. We extendedburg to sup-
port operatorswith arbitraryarity andwrote coveringrules
to mapthe shadingsystems intermediataepresentationi-
rectly to hardware operations Note that unlike Peery and
Proudfoot,we only usedlburg's tree-matchingcapabilities
for selectingoperationsnot for mappingoperationgo ren-
deringpasses.

TheinterfacebetweerRDS andthe backendsconsistof
four callbackfunctions:

1. vALID, afunctionthatdeterminesf a givensetof nodes
can be mappedto a single pass.This is needecdto en-
surethateachpasssatis esthe hardware's resourcecon-
straints.Our backendsimplementthis checkby generat-
ing codeandallocatingresourcesis neededThe check
failsif ary partof theresourcellocationfails.

2. cosrT, afunctionthatcomputeghe costof a given par
tition usinga costmodel. It is called during the search
algorithm describedn Section3.5. The costof a parti-
tion dependsn several factors,including the numberof
passe®, the numberof texture accesses, andthe num-
berof non-texture fragmentinstructions . We usea sim-
ple linearcostmodel:

cost= cyp+ cit + Gi;

Note that the costsc: and ¢ are chaged on a per
fragmentbasis,so the total costof texture accesseand
non-texture instructionsis proportionalto the numberof
renderedragmentsOntheotherhand,c, istheoverhead
of an entire pass,so we canthink of ¢, asthe perpass

costamortizedover all the fragmentsFor our ATI back
end,themultipassenderepreseresintermediatgesults
by saving the entire frameluffer with renderto-texture.
Savescanalsobe implementedisingcopy-to-texture,in
which casec, depend®nthesizeof theviewport.

3. RECOMPUTE, a heuristicfunction that decideswhether
or not to recomputea setof nodes.Thisis calledduring
thesearchalgorithmdescribedn Section3.5.In ourback
ends,we chooseto recomputea setof nodesif andonly
if the consumptiorof eachresourcds lessthanone-half
the maximumallowed.

4. MERGE, a heuristicfunctionthat, given a setof passes,
picks the one that consumeshe fewestresourcesThis
is calledduringthe memging algorithmdescribedn Sec-
tion 3.2. Sometimest is unclearwhich passconsumes
thefewestresourcespur backendsbreaktheseties arbi-
trarily.

RDS useghesecallbackfunctionsto querya compilerback

end for hardware-speci cinformation. This designallows

RDSto tamgetary architecturavhosecompilerbackendim-

plementsthesecallbacks.Furthermorejt requiresminimal

changedgo our existing compilerinfrastructure.

After partitioningis complete,compilerback endsmust
orderthepassegandassigrtexturesto storeintermediatee-
sults.ldeally, thesetexturesshouldbeassignedn away that
minimizes the numberof textures needed Assigning tex-
turesis similar to register allocation,so we appliedgraph
coloringtechniquessdescribedy Chaitir?.

5. Results
5.1. Example and SystemDemonstration

We now demonstratdow our ATI Radeon8500 compiler
usesRDSto partitiona shadeiinto multiple passesothatit

canberenderedn real-time.Our shadeiis a versionof the

RenderMarbowling pin surfaceshadercombinedwith ve

light shadersonepoint light sourceandfour animatedtex-

turedlights. Figure4 shaws the sourcecodefor this shader
written in the StanfordReal-Time ShadingLanguage The

compiler front end mapsthis sourcecodeto a hardware-
independenintermediaterepresentationiNext, our Radeon
8500backendperformsinstructionselectionandbuilds the

DAG in Figure 5a. Sincethis DAG is too large to mapto

a single pass,the compilercalls RDS to partitionthe DAG

into multiple passesigure5b shavs theresultingpartition,

which contains7 passes]12 texture fetches,and 30 non-

texture operationsWe ran the partitionedshaderat a res-
olutionof 512 512 ona 1.4 GHz Pentium4 systemwith

an ATl Radeon8500. The systemrendersthe shaderat 30

frames/se@nd produceghe imageshavn in Figure7 (see
color plates).

5.2. TestingMethodology

In this section,we discussthe techniqueshat we usedto
evaluatethe efciency of RDS. We chosethree shaders,
seven pipelinecon 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;

}

Figure 4: RTSLsource codefor the bowling pin surfaceshader

Datafor the shaderarelistedin Tablel. The rst shader
(RBP) is the version of the RenderManbowling pin de-
scribedabove. RBP has modestcomputationbut requires
several vertex interpolantsand texture units. The second
shade(BMBP) appliesa bumpmapto the bowling pin sur
faceandusesonly onepointlight sourceBMBP usesamore
balancedetof resourceshanRBR Thethird shadeXWood)
procedurallygenerateawoodtexture’. It is computationally
intensive andrequiresmary dependentexture lookups,but
usesotherresourcesnodestly We chosethesethreeshaders
for testingbecausehey stresdifferentresources.

Eightpipelinecon gurationsarelistedin Table2. PCs1—
4 arelimited in only oneresourcetheseallow usto shav
thatRDS nds goodpartitionson architecturesonstrained
in differentways.PCs5—7 have more balancectonstraints;
they represenevolving architectureshat provide moreand
more resourcedo fragmentpipelines.We use PCs5-7 to
shawv that RDS performswell when multiple resourcesre
constrainedPC 8 hasunlimited resourcesndis usefulfor
comparingthe costof a single-pasgartition to the costof
multiple passes.

For corveniencewe will usethenotationOy=R, =T; =W,
to referto architecturestesourceconstraintswhereO is the
numberof operationsR is the numberof registers,T is the
numberof textureunits,andV is thenumberof interpolants.
For instancePC5 hasconstraint$, =4, =4; =4y .

We chosea simple, linear costfunctioncyp + ¢t + Gii,
asdiscussedn Sectiond. For the ATI Radeor8500,we es-
timatedthe coefcients for eachtermby pro ling the hard-
wareasfollows. We performedall ourmeasurementsy ren-
dering a screen-alignedgquareinto a 512 512 window.
First, we comparedhe renderingtimes of shaderghat dif-
feredonly in the numberof non-texture fragmentinstruc-
tions. We thencomputedc; =  ti=f i, wheref is the
numberof fragments, i is the controlled changein the
numberof non-tectureinstructionsand t; isthemeasured
changen renderingtime. Our measurementsf ¢; remained
constantwhenwe variedf by resizingthe square,as ex-

¢ TheEurographic#Association2002.

Figure 5: (a) DAG of the RBP shadey after instruction selection.
(b) A partition of the shaderwith 7 passescomputedoy RDSfor

the ATl Radeor8500architectuse. Texture fetches(T), vertex inter-

polants(V), andconstantgC) are shownasdiamondstrianglesand
squaes, respectivelyCirclesrepresentother fragmentopemtions,
and multiply-refeencednodesare shaded.Dotted edges indicate
dependencielketweerpasses.

pected.We computedc; similarly. To estimatec,, we re-
ducedthe squareto one pixel in sizeto make the cost of
fragmentoperationsnegligible. After measuringthe three
coefcients, we normalizedhemby ¢; to obtain:

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

While theresultis a roughestimateijt is clearthat perpass
overheads high relative to individual fragmentoperations.
This supportsour assumptiorthat perpassoverheaddomi-
natesheoverall cost.

For our simulatedarchitecturewe alsotestedRDS with
thefollowing costmodels:
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Shader RBP | BMBP | Wood
# totalnodeg(n) 68 72 475
# MR nodeg(k) 11 14 72
Non-textureoperations| 27 33 175
Textureoperations 9 3 33
Total operations 36 36 208
Registers 7 5 16
Texture units 9 3 6
Interpolants 24 6 5

Table 1: Shades. Resouce consumptioron our simulatedarchi-
tectue is listed for ead shader The shaderwith the largestcon-
sumptionin ead category is shownin boldface Thelast four rows
containthe primary resouce constaints. For example in order for
RBPto compileto a single pass,our pipeline con guration must
supportat least36 opeftions, 7 registers, 9 texture units, and 24
interpolants.

Architecture

PC1 (operation-limited)
PC2 (registerlimited)
PC3 (texture-limited)
PC4 (interpolant-limited)
PC5

PC6

PC7

PC8 (unlimited)

~
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PR oaP P LR[S
e L e S

Table 2: Architectules.Four resouceconstaintsare givenfor eac
architectue: operations(0), registers(r), texture units(t), andver
tex interpolants(v).

15p+ 5t + i
5p+ 3t+ i
3p+ 2t+i
p+t+i
t+i

We picked differentcoefcients to shav thatRDS performs
well for architecturewith differentperformancecharacter
istics.Notethatthelastcostmodelt + i completelyignores
perpassoverhead.

5.3. Ef ciency

For comparisonwe implementedhe algorithmin Section
3.1thatusesexhaustve searchto nd the optimal partition.
It is interestingto notethatin all of our tests,RDS always
foundapartitionwith thesamenumberof passesstheopti-
mal partition. However, thereis a differencein costbecause
RDS picked differentpassboundarieswhich canaffect the
total numberof restoreoperationsieeded.

Table 3 compareghe partitionscomputedby RDS using
thecostmodell5p+ 5t + i to theoptimalpartitions.In some
casesthesearctspacevastoo largefor theexhaustve algo-
rithm to nish. We measurdhe ef ciency of RDS by com-
putingthe percentagéncreasen costof theRDS-generated
partition over the optimal partition. Thereare 17 complete

testcasesot including PC 8. RDS found a minimum-cost
partitionin 14 of thesecasesandwaswithin 5% of optimal
costin eachof theremainingcases.

Resultsfor the othercostmodelsaresimilar. RDS found
anoptimalpartitionin two-thirdsof all thetestcasesFor the
remainingcasesRDSwaswithin 5% of optimalon average
andwithin 15%in theworstcase . Theworstcasesccurred
whenusingthecostmodelsp+ t+ i andt+ i. Thisis notsur
prising, sinceRDS wasdesignedunderthe assumptiorthat
perpassoverheaddominateghe overall cost.Nonetheless,
theseresultsindicatethat RDS performsconsistentlywell
acrosdlifferentcostmodels.

5.4. Speedvs. Quality Tradeoff

In practice,one can imagine a knob that allows usersto
tradeoff speedor partitionquality. As anexample we com-
pareRDSto RDS, in Table4. We measurehe ef ciency
of RDS, asa percentagéncreasein costover RDS. Over
the 21 casesthe averagecost of RDS, is 10.5% higher
SinceRDS, usesonly heuristicsand RDS performsa lim-
ited search,it is not surprisingthat RDS, runsfasterthan
RDS atthe expenseof quality.

Both versionsof the algorithmmay be usefulin practice.
For example afastpartitioningschemesuchasRDS, canbe
usedduringiterative developmentof new shadersOncethe
shaderis complete,a slower but more thoroughalgorithm
suchasRDSis usedto produceef cient partitions,whichin
turnwill improve renderingoerformance.

5.5. CostAnalysis

In this section,we studythe costof sasesandrestoresel-
ative to the total costof a partition. Table 5 comparegwo
partitionsof the RBP shaderThe 11-passartition contains
53 operationspf which 11 arerestoresln contrast.the 3-
passpartition contains44 operationsof which only 2 are
restoresThusall 9 of theextraoperationsn theformerpar
tition aredueto restoresThis overheadoccursbecausehe
partitionsimply requiresmoreintermediatevalues.

As the numberof passedncreasesthe additional costs
come primarily from save and restoreoverhead.Figure 6
shaws the costbreakdavn for seven partitionsof the RBP
shader eachgeneratecby RDS. Thesepartitions are the
sameas the oneslisted in Table 3, but they are now ar
rangedin order of increasingnumberof passesThe cost
of non-texture operation@ndnon-restorgexturefetchesre-
main nearly constantacrossthe graph;the slight variations
arisefrom recomputationln contrastthe costof savresand
restoresisessteadily This suggestghat renderingperfor
mancecould be improved by changedo hardwarethatuse
moreef cient methoddor saving andrestoringintermediate
results.

6. Discussion

In this sectionwe discusslimitations of RDS and future
work.

¢ TheEurographicsAssociation2002.
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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 +% ¢ p c p +%
PC1: 6o=1 (=1 t=1 v 309 11| 309 11| 0.0 | 310 12| 310 12| 0.0 - —]268 91| -
PC2: 1 o=4r=1 =1 v 125 2| 131 2| 48 (109 3109 3| 0.0 - -] 1462 32| -
PC3: 1 o=1 r=4=1 vy 171 4| 171 4| 0.0 63 1 63 100|378 2 378 2| 00
PC4: 1 =1 ;=1 =4y 269 9269 9| 00 84 2 84 2100|3714 2 374 2| 0.0
PC5: 60=4; =4t =4y 310 11| 310 11| 0.0 | 310 12| 310 12| 0.0 - —-12681 92| -
PC6: 24,=8; =8; =8y 179 5| 184 5| 28| 111 3| 116 3| 45 - - 937 17| -
PC7: 128,=12,=16:=12, | 145 3| 145 3| 0.0 63 1 63 1)1 00)3% 3 396 3| 00
PC8: 1 o=1=1¢=1y 87 1 87 1| 00 63 1 63 1] 00|35 1 355 1] 00

Table 3: Ef ciency comparisonFor eact case resultsfor boththe optimal partition andthe RDS-computegartition are given.All partitions
were geneated usingthe costmodell5p + 5t + i. Columnc showsthe costof the partition, and columnp showsthe numberof passesn
that partition. Theefciency of RDSis measuedasthe percentae increasein costover the optimalcost. — indicatesthe seach spacefor that

con gurationwastoo largeto nd anoptimalpartition.

RBP BMBP Wood
Architecture RDS RDS, RDS RDS, RDS RDS,
Time Time Eff. (+%) | Time | Time Eff. (+%) | Time | Time Eff. (+%)

PC1: 6o=1 =1 =1 y 0.32 0.03 7.1 0.32 | 0.06 1.9 55.58 | 0.69 5.7
PC2: 1 o=4,=1 =1y 0.15 0.02 0.0 0.07 | 0.04 0.0 53.27| 0.78 16.1
PC3: 1 o=1 (=4=1y 0.12 0.02 0.0 0.01 | 0.01 0.0 0.61| 0.13 0.0
PC4: 1 o=1 (=1 =4y 0.21 0.02 8.2 0.05 | 0.02 52.4 0.88 | 0.31 0.0
PC5: 60=4; =4t=4y 0.18 0.03 6.8 0.21 | 0.04 1.9 31.20 | 0.37 6.8
PC6: 24,=8; =8;=8y 0.09 0.02 3.8 0.17 | 0.03 10.3 39.32| 0.58 0.7
PC7: 128,=12; =16; =12y 0.12 0.02 0.0 0.01 | 0.01 0.0 6.32 | 1.30 99.0
PC8: 1 o=1=1=1y < 0.01| <0.01 0.0 0.01 | 0.01 0.0 0.07 | 0.07 0.0

Table 4: RDSvs. RDS, . Runningtimesfor both versionsof the algorithm were measued on a 1.4 GHz Pentium4 systenrunning Windows
2000SP2.All timesare reportedin secondsTheefciency of RDS, is computedasa percentaye increasein costover RDS.

Pass | PC5: 60=4r =4;=4y PC7: 128,=12, =16;=12,
# o|lr |t|Vv]|R o] r|t \Y R
1 5(3|2(3]0|10|2)|3]10 0
2 5(3|22]1]10|2)|3]10 0
3 513|212 1|24|4|8]10 2
4 411(1(4]0

5 211|11)2}0

6 62 |3|4]| 2

7 512|231

8 51313 |1f 2 notapplicable
9 411(1(4]|0

10 | 6|2 |3|4]| 2

11 | 63|33 2

Table 5: Per-passresouce consumptiorfor two partitions of the
RBP shader ColumnR givesthe numberof restoes.The 11-pass
and 3-passpatrtitions target PCs5 and 7, respectivelyBoth parti-
tionswere computedy RDS.

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

We have assumedhat programmableyraphicshardware
allows only oneoutputvalueperpassHowever, futurehard-
waremaysupporimultiple outputs soasinglepasscancom-
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Figure 6: Costof partitions, brokendownby type Thesepartitions
were computedby RDS for the RBP shaderwith the cost model
15p+ 5t + i.

pute several results. Thesecomputationamay be unrelated
andcorrespondo disjointregionsof the DAG. Ef cient par

titioning becomeamore dif cult becausét requiresexam-
ining mary disjoint regionssimultaneouslyOur currental-

gorithmcannothandlemultiple outputsbecausét considers
only oneconnectedegion atatime.

Accuratecostmodelsare neededo enableRDSto nd
partitionsthat renderef ciently. For that reason,RDS al-
lows ary costmodelto be pluggedin. However, we make
somesimplifying assumptionsn our costmodel. Someof
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theseassumptionsire necessarypecauseve don't have all
therelevantcostinformationat compiletime. For example,
the perpasscostmay dependon the viewport size,andthe
total costof instructionsdepend®n the numberof rendered
fragmentslin ourshadingsystemhowever, neithertheview-
portsizenor the numberof fragmentsareknown at compile
time, sowe simplytreatthecoefcients c,, ¢, andc; ascon-
stantsOntheotherhand,somelimitationscanbeaddressed
with moresophisticatec¢ostmodels.For example,our cur
rent modelignoresthe costof vertex shaderslf rendering
performancas limited by vertex computationsthenit is de-
sirableto nd a partition that minimizesrecomputatiorof
regionscontainingvertex inputs. This could be doneby us-
ing a costmodelin which the perpasscostis proportional
to the numberof vertex operationsieededy thatpass.

We shoved that RDS and RDS, areO(n? g(n)) and
O(n g(n)) algorithms,but it may be possibleto eliminate
the g(n) term. For simplicity and easeof implementation,
we checkvalidity by calling existing compilersubroutines.
However, this requiresthat subreions be compiled from
scratchevery time, sog(n) = O(n). The checkcould be
madelessexpensve by usingincrementatechniquessince
asubrgiondepend®nly on previously checledsubreions.
Oneapproactwould beto usevectorsto keeptrackof asub-
region's resourceconsumptionResourcevectorsfrom dif-
ferentsubrgionscouldbeaddedo determinequickly if the
subrgjionscanbemeiged.However, overlappingsubrejions
and peepholeoptimizationsare tricky and mustbe treated
carefully Usingincrementabpproachest may be possible
to reducethecostof thevalidity checkto constantime when
amortizedover the traversalof the entire DAG. This would
reducethecompleity of RDSandRDS, by afactorof n.

7. Conclusion

We have describedRDS, analgorithmfor partitioningfrag-
mentshadersnto multiple passesOur algorithm nds near
optimal partitionsfor a numberof shaderson architectures
with differentlimitations. FurthermoreRDS performscon-
sistentlywell acrossa rangeof different cost models.We
have integratedRDS with an existing programmableshad-
ing systemanddemonstratetiow this systemcanbeusedto
partition andrendera large shaderin real-time.SinceRDS
dependonly on a e xible costmodelanda setof resource
constraintsit canbereadilyappliedto futureprogrammable
graphicsarchitectures.
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Figure 7: RenderMarbowling pin with 1 pointlight source and 4 animatedtextured lights. Sincethe shaderis too large to mapto a single
pass,our RDSalgorithm splitsit into multiple passesThe pin rendes at 30 frames/seon a 1.4 GHz Pentium4 systenwith an ATl Radeon
8500graphicscard.
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