
GraphicsHardware(2005)
M. Meissner, B.- O. Schneider(Editors)

A Recon�gurable Ar chitecture for Load-BalancedRendering

JiawenChen1 MichaelI. Gordon1 William Thies1 MatthiasZwicker1 Kari Pulli2;1 FrédoDurand1

1MassachusettsInstituteof Technology 2NokiaResearchCenter

Abstract

Commoditygraphicshardwarehasbecomeincreasinglyprogrammableoverthelastfew yearsbuthasbeenlimited
to �xed resource allocation.Thesearchitectureshandlesomeworkloadswell, others poorly; load-balancingto
maximizegraphicshardware performancehasbecomea critical issue. In this paper, weexplore onesolutionto
this problemusingcompile-timeresourceallocation.For our experiments,we implementa graphicspipelineon
Raw, a tile-basedmulticore processor. We expressboththefull graphicspipelineandtheshaders usingStreamIt,
a high-level languagebasedon thestreamprogrammingmodel.Theprogrammerspeci�esthenumberof tilesper
pipelinestage, andtheStreamItcompilermapsthecomputationto theRawarchitecture.
We evaluateour recon�gurable architecture using a mix of commonrenderingtaskswith different workloads
and improve throughputby 55–157%over a static allocation.Althoughour early prototypecannotcompetein
performanceagainst commercial state-of-the-artgraphicsprocessors, we believe that this paper describesan
important�r st stepin addressingtheload-balancingchallenge.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.1 [ComputerGraphics]:HardwareArchitecture
- GraphicsprocessorsC.1.2[ProcessorArchitectures]:Multiple DataStreamArchitectures- Single-instruction-
stream,multiple-data-streamprocessors(SIMD)

1. Intr oduction

“All processorsaspireto begeneral-purpose.”

– Tim VanHook,GraphicsHardware2001

And so it has beenwith commodity graphicsprocessing
units (GPUs) in the last few years.New features,suchas
�oating-point per-pixel operationsand �o w control, offer
new and exciting possibilities for shadingas well as for
general-purposenon-graphicsapplications.

Despite signi�cant gains in performance and pro-
grammablefeatures,currentGPU architectureshave a key
limitation: a �x ed resourceallocation. For example, the
NVIDIA NV40 processorhas6 vertex pipelines,16 frag-
mentpipelines,anda �x edsetof otherresourcessurround-
ing theseprogrammablestages.Theallocationis �x edatde-
signtimeandremainsthesamefor all softwareapplications
thatrunon thischip.

Although GPU resourceallocationsare optimized for
commonworkloads,it is dif�cult for a �x ed allocationto
work well on all possiblescenarios.For instance,during

anexpensiveimage-basedspecial-effectsrenderingpass,the
vertex enginessit idle. Conversely, whenthebottlenecklies
in the vertex shaderbecauseof complex deformations,the
pixel enginesareidle.Andwhenanapplicationspendsmuch
of its time rasterizingshadow volumes(e.g.,in gamessuch
asDoom3), almostthe entirechip is idle. Thesearecom-
monscenariosthatsuffer from loadimbalancedueto a�x ed
resourceallocation.

In this paper, we examineoneapproachfor solving this
load-imbalanceproblemusingcompile-timeresourceallo-
cation.For our experiments,we have implementeda graph-
ics pipelineon Raw, a paralleltiled processor. We compare
a �x ed resourceallocationrepresentative of currentgraph-
ics architectureagainstcompile-time�e xible resourceallo-
cationson Raw. The �e xible allocationtakes into account
thecomplexity of thecalculationfor a givenrenderingpass
andtherespective loadon thevariousstagesof thepipeline.
Wetakeanextremestanceandexplorethehypothesiswhere
all stagesof thegraphicspipelineareprogrammable.While
many will arguethatGPUswill retaina level of specializa-
tion in theforeseeablefuture(in particularfor rasterization),
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we show thatour hypothesisallows usto explorea point in
the designspacethat permitsef�cient load balancing.We
hopethat this work will inspiregraphicshardwaredesigns
that arerecon�gurableandyield betterresourceutilization
throughload-balancing.

1.1. Overview

Theprototypeimplementationof our approachis madefea-
sible by two unique technologies:a multicore processor
with programmablecommunicationnetworks and a pro-
gramminglanguagethatallowsusto specifythetopologyof
the graphicspipelineusinghigh-level languageconstructs.
Our renderingpipeline is executedon the Raw processor
[TKM � 02], which is ahighly scalablearchitecturewith pro-
grammablecommunicationnetworks. The programmable
networksallow usto realizepipelineswith differenttopolo-
gies;hence,we canallocatecomputationunits to rendering
tasksbasedon thedemandsof theapplication.We program
Raw using StreamIt[GTK� 02], which is a high-level lan-
guagebasedon a streamabstraction.The streamprogram-
ming model of StreamItfacilitatesthe expressionof par-
allelism with high-level languageconstructs.The StreamIt
compilergeneratescodeto controlRaw's networks andre-
lievestheprogrammerof theburdenof manuallymanaging
datarouting betweenprocessortiles. On the compilerside,
ourmainchallengehasbeento extendStreamItto handlethe
variabledataratespresentin 3D renderingdueto the vari-
ablenumberof pixel outputspertriangleandshaderlengths.

We shouldemphasizethat our implementationis meant
asa proof of concept.Beyond the implementationof load-
balancingfor 3D renderingin this particularenvironment,
thethesisof this articleis that load-balancingandincreased
programmabilitycanbeachievedthroughthefollowing ap-
proach:

A multicor echip with exposedcommunication enables
general-purposecomputationand resourcereallocation
by reroutingdata�o w.

A stream-basedprogramming model facilitates the ex-
pressionof arbitrarycomputation.

A compiler approachto static load-balancing facilitates
the appropriatemapping of computing units for each
applicationphase.Theprogrammerspeci�esthenumber
of computingunitsallocatedto eachstageof thepipeline.

We focuson loadbalancingandtheprogrammingmodel
at the cost of the following points, which we plan to ad-
dressin future work. First, we do not emphasizethe mem-
ory system,althoughwe acknowledgeits crucial in�uence
ongraphicshardwareperformance.Second,wefocusonthe
high-level architectureof the chip and its resourcealloca-
tion and do not addressthe designof individual process-
ing elements(in particular, vectorcomputationcapabilities
would likely improve our currentperformance).Third, we
only explore loadbalancingat compilationtime,wheredif-

ferent renderingpassescanhave differentstaticcon�gura-
tions.We leave dynamicloadbalancing,wherethecon�gu-
rationchangeswithin a renderingpass,asanexciting topic
for future research.Finally, we pushfull programmability
quite far anddo not usespecializedunits for rasterization,
the stageof the 3D pipeline that seemsleast likely to be-
comeprogrammablein thenearfuturefor performancerea-
sons.Specializingtrianglerasterizersto supportother ren-
deringprimitives(e.g.,point sprites)is a promisingpart of
ourongoingresearchagenda.

Despitetheselimitations, andalthoughthe performance
obtainedby our simulationcannotcompetewith state-of-
the-artgraphicscards,webelievethatthispaperdescribesan
important�rst stepin addressingthe load-imbalanceprob-
lem in currentgraphicsarchitectures.Solving this problem
is importantbecausedoingsomaximizestheuseof available
GPU resources,which in turn implies a moreef�cient and
cost-effective renderingarchitecture.We hopeto encourage
thedesignof recon�gurablegraphicsarchitecturesin thefu-
ture.

Paper organization. The restof this paperis organizedas
follows:After reviewing relatedwork in Section1.2, wepro-
vide an overview of the Raw processorand the StreamIt
languagein Section2. We thendiscussmappinga render-
ing pipelineto sucha framework (Section3), followedby a
seriesof casestudiesillustrating the improvementsin pro-
cessorutilization that we achieve through�e xible resource
allocation(Section4).

1.2. RelatedWork

Parallelism is a key sourceof the immensecomputation
power of graphicsprocessors.Recentstudieshave focused
onvariousaspectssuchasparallelinterfaces[ISH98] or load
distribution andscalabilitywith parallelpipelines[EIH00].
Both general-purposeprocessors[NK96] and PC clus-
ters[HHN� 02] have beenusedfor parallelrendering.How-
ever, thesesystemsdo not applycompile-timeloadbalanc-
ing for eachapplicationor renderingpass.Hence,they may
suffer from the sameload imbalancesas specialpurpose
hardware. In contrast,our systemfocuseson �e xible re-
sourceallocationata �ne level of granularity.

Pioneeringwork in programmableandrecon�gurablear-
chitecturesincludePixelFlow [EMP� 97] andthePixel Ma-
chine[PH89]. PixelFlow hadprogrammablevertex andfrag-
mentprocessingandtheability to balancetheloadbetween
the two on similar processingelements.ThePixel Machine
featureda programmablepipeline implementationand the
ability to map thesealgorithms onto its computenodes.
Thesedesignswereworkstationarchitecturesandrequired
a large amountof hardware. With the increasingtransis-
tor budget provided by modernmanufacturing processes,
it has becomemore viable to add a certain level of pro-
grammabilityto variousfunctionalunitsin consumerGPUs,
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e.g., the vertex unit [LKM01]. Also, a number of high-
level languagesandcompilersarenow availableto program
theseunits[PMTH01,MGAK03,MQP02]. Hence,computer
graphicshardwarehasbecomemoreandmoreattractive for
generalpurpose,high-performancecomputing.In particu-
lar, the architectureof renderingpipelinescloselymatches
the conceptof streamprocessing.For example, Buck et
al. [BFH� 04] presentsastreaminglanguagethatpermitsthe
implementationof streamingalgorithmson a graphicspro-
cessor. We focuson expressingthe renderingpipelineand
mappingit to ageneral-purposeprocessor.

Owens et al. [ODK� 00] characterizesrendering as a
streamoperationanddemonstratesthe implementationof a
�x ed-functionpipelineon a data-parallelstreamprocessor.
We usea tiled streamprocessor, the Raw machine,andwe
make the pipelinecompletelyprogrammable.The applica-
tion developercancompileseveralpipelines,andchangethe
graphtopologyat runtime,allowing for compile-timeload
balancing.

Our approach is also related to the shader algebra
[MTP� 04] whereshaderscanbecombinedandcodeanaly-
sisleadsto ef�cient compilationanddead-codeelimination.

In this paper, we start from the assumptionthat future
GPUs will contain a single type of generalpurposepro-
cessingtile that canbe assigned�e xibly to different tasks
(the upcominguni�ed shadersare going in this direction
[Bly05]). Our goal is to study the implications and chal-
lengesthat this scenarioimposeson the “driver” of sucha
processor. Thedriver will beof critical importancebecause
it allocatesresourcesdependingon the renderingtaskand
ensuresthat the processoris usedef�ciently . We build on
solutionsin the streamcompiler communityto tackle this
challenge.

2. Background

In this section,we give an overview of the two main tech-
nologiesthat our systemis built upon: the Raw processor
(Section2.1) andtheStreamItlanguageandcompiler(Sec-
tion 2.2).

2.1. The Raw Processor

TheRaw processor[TKM � 02,TLM � 04] is aversatilearchi-
tecturethatachievesscalabilityby addressingthewire delay
problem.Raw alsoaimsto beasef�cient asanASIC while
still runninggeneralpurposeprogramswith reasonableper-
formance.Raw approachesthesechallengesby exposingits
rich on-chipresources,which includelogic, wires,andpins,
througha new ISA to the software.In contrastto otherar-
chitectures,this allows Raw to moreeffectively exploit all
formsof parallelism,includinginstruction,data,andthread
level parallelism,aswell aspipelineparallelism.

Tile-BasedProcessorAr chitecture. Raw is a parallelpro-
cessorwith a 2-D array of identical, programmabletiles.
Eachtile containsa computeprocessoraswell asa switch
processorthat managesfour networks to neighboringtiles.
The compute processoris composedof an eight-stage
in-order single-issueMIPS-style processor, a four-stage
pipelined�oating pointunit, a32kBdatacache,anda32kB
instructioncache.The currentprototypeis implementedin
an IBM 180nmASIC processrunningat 425MHz; on one
chip, it contains16 uniform tiles arrangedin a squaregrid.
The theoreticalpeakperformanceof this prototypeis 6.8
GFLOPS.In this paper, we gatherresultsusingbtl, a cycle-
accuratesimulator that can model multiple tile con�gura-
tions.We usea 64-tile con�gurationfor our results.Though
the prototypechip containsonly 16 tiles, a 64-tile fabric is
underconstruction.

On-Chip Communication Networks. The switch pro-
cessorscontrol four 32-bit full-duplex on-chip networks.
The networks are register-mapped,blocking, and �o w-
controlled,andthey are integrateddirectly into the bypass
pathsof theprocessorpipeline.As a key innovative feature
of Raw, thesenetworksareexposedto thesoftwarethrough
theRaw ISA.

Therearetwo staticnetworksandtwo dynamicnetworks.
The static networks are usedfor communicationpatterns
that areknown at compiletime. To routea word from one
tile to anotherover a staticnetwork, it is the responsibility
of the compiler to inserta routeinstructionon every inter-
mediateswitch processor. The staticnetworks areideal for
regular stream-basedtraf�c andcanalsobe usedto exploit
instructionlevel parallelism[TLAA03]. The dynamicnet-
works supportpatternsof communicationthat vary at run-
time. Itemsaretransmittedin packets;a headerencodesthe
destinationtile andpacket length.Routingis donedynam-
ically by the hardware, rather than statically by the com-
piler. Therearetwo dynamicnetworks: a memorynetwork
for trustedclients(datacaches,I/O, etc.)anda general net-
work for useby applications.

Memory System. On the boundariesof the chip, the net-
work channelsaremultiplexed onto the pins to form �e xi-
ble I/O ports.Wordsroutedoff thesideof thechip emerge
on the pins,andwordsput on the pins by externaldevices
appearon the networks. Raw's memorysystemis built by
connectingtheseports to externalDRAMs. For the 16 tile
con�guration,Raw supportsa maximumof 14 ports,which
canbeconnectedto asmany as14full-duplex DRAM mem-
ory banks,leadingto a memorybandwidthof 47.6GBper
second.While thereareI/O portsonly on the boundaryof
thechip,any tile canaccessmemoryby routingrequestsand
dataover the networks. Memory accessesfrom inner tiles
arealmostasef�cient asboundarytiles becausetheon-chip
network latency (1 cycle/ hop)is negligible comparedto the
off-chip memorylatency.
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Raw asGraphics Hardware. WebelievetheRaw architec-
tureis interestingfor graphicshardwaredevelopers,because
its designgoalssharea numberof similaritieswith current
GPUs.Raw is tailoredto effectively executea wide variety
of computations,from specialpurposecomputationsthatare
often implementedusingASICs to conventionalsequential
programs.GPUsexploit dataparallelism(by replicatingren-
dering pipelines,using vector units), instructionlevel par-
allelism(in super-scalarfragmentprocessors),andpipeline
parallelism(by executingall stagesof thepipelinesimulta-
neously).Raw, too,is capableof exploiting thesethreeforms
of parallelism.In addition,Raw is scalable:it consistsof uni-
form tileswith nocentralizedresources,noglobalbuses,and
no structuresthat get larger as the tile count increases.In
contrastto GPUs,Raw's computationalunits andcommu-
nicationchannelsarefully programmable,which opensup
almostunlimited�e xibility in layingoutagraphicspipeline
andoptimizingits ef�ciency.

Ontheotherhand,thecomputationalpowerof thecurrent
16 tile, prototypeRaw processoris more than an orderof
magnitudesmallerthanthepowerof currentGPUs.Theob-
viousreasonis thatthenumberof paralleloperationsonRaw
is muchsmallerthanon GPUs(Raw's computationunitsdo
not performvectorcomputation).In addition,Raw is a re-
searchprototypeimplementedwith a 180nmprocess;anin-
dustrialdesignwith a modern90nmprocesswould achieve
higherclock frequencies.

Hence,in thispaperwedonotintendto competewith cur-
rent GPUsin termsof absoluteperformance,but we show
the bene�ts of a �e xible andscalablearchitecturefor ef�-
cient resourceutilization. The optimizationof the Raw ar-
chitecturefor graphicspipelinesis anexciting directionfor
futureresearch.

2.2. The StreamIt Programming Language

StreamIt[TKA02,GTK� 02] is ahigh-level streamlanguage
that aimsto be portableacrosscommunication-exposedar-
chitecturessuchas Raw. The languageexposesthe paral-
lelism and communicationof streamingprogramswithout
dependingon the topologyor granularityof theunderlying
architecture.TheStreamItprogrammingmodelis basedona
structuredstreamabstraction: all streamgraphsarebuilt out
of ahierarchicalcompositionof �lters, pipelines,split-joins,
andfeedback-loops(describedbelow).

As wewill describein moredetail in Section3, thestruc-
turedstreamgraphabstractionprovided by StreamItlends
itself to expressingdataparallelismandpipelineparallelism
thatappearin graphicspipelines.In particular, wewill show
how to useStreamItfor high-level speci�cationof rendering
pipelineswith differenttopologies.As previouslypublished,
StreamItpermitsonly �x eddatarates.In orderto implement
a graphicssystemthat allows different trianglesizes,sup-
port for variabledataratesis necessary. In thiswork, weadd
variabledataratesto theStreamItlanguageandcompiler.

Language Constructs. The basic unit of computationin
StreamItis the�lter . A �lter is a single-input,single-output
block with a user-de�ned procedurefor translatinginput
items to output items. Filters send and receive data to
andfrom other�lters throughFIFO queueswith compiler-
checked data types.StreamItdistinguishesbetween�lters
with static andvariable datarates.A staticdatarate �lter
readsa �x ednumberof input itemsandwritesa �x ednum-
berof outputitemseachtimeit �res, whereasavariabledata
rate�lter mayreador write avaryingnumberof items.

In additionto the �lter , StreamItprovidesthreelanguage
constructsto composestream graphs: pipeline, split-join,
andfeedback-loop.Wecall eachof theseconstructs,includ-
ing a �lter , a stream. In a pipeline,streamsareconnectedin
a linearchainsothattheoutputsof onestreamaretheinputs
to the next stream.In a split-join con�guration, the output
from a streamis split andsentto multiple (not necessarily
identical) streamsthat have the sameinput datatype. The
datacanbeeitherduplicatedor placedin a weightedround-
robin schedulingpolicy. Theparallelstreamsmusteitherbe
joined somewheredownstreamor the split-join mustserve
asthesink for theentirestreamgraph.Theprogrammercan
specify data-parallelismby varying the width of the split-
join. The feedback-loopenablesa streamto receive input
from downstream,for applicationssuchasMPEG.

2.3. Compiling StreamIt to Raw

A compiler for mappingstatic data rate StreamItto Raw
has beendescribedin previous work [GTK� 02]. Compi-
lation involves four stages:dividing the streamgraphinto
load-balancedpartitions, laying out the partitions on the
chip,schedulingcommunicationbetweenthepartitions,and
generatingcode.In this paper, automaticload-balancingis
disabled:as we assumethat the programmerhasdomain-
speci�c knowledgeaboutthe work requirements,each�l-
ter in the programis directly mappedto a single tile. We
summarizethe operationof the layout andcommunication
schedulingstagesbelow anddescribehow to extendthemto
variabledataratesin Section3.3.

Layout The layout stageassignseach�lter in the stream
graphto a Raw tile while minimizing communicationand
synchronization.Sinceanexhaustive searchfor theoptimal
layoutis computationallyintractable,weuseasimulatedan-
nealingalgorithmthatincrementallyadjuststhelayouttoop-
timizeacostfunction.Thecostfunctionmeasuresthemem-
ory latency andcommunicationoverheadfor agivenlayout,
as well as the synchronizationimposedwhen independent
communicationchannelsaremappedto intersectingroutes
on the chip. For example,placingmemoryintensive �lters
closerto theboundarywill reducethememorylatency com-
ponentof the cost function. If thereare fewer �lters than
tiles, certain tiles will remain unmapped;unmappedtiles
will be utilized for routing.For all layoutsusedin our ex-
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periments,thesimulatedannealingalgorithmranin under5
minutesonaPentiumXeon2.8GHzmachine.

Communication Scheduling Communicationscheduling
mapsthe abstractcommunicationchannelsof the stream
graphto Raw'sstaticnetwork,maximizingthroughputwhile
avoiding deadlock.As multiple logical channelsfrom the
streamgraphmight be multiplexed over a single physical
network link, routingoperationsaresequencedto minimize
the amountof time that a given tile is idle waiting for an-
otherpair of tiles to communicate.This staticcommunica-
tion scheduleis calculatedby simulatingthe�ring of �lters
in thestreamgraphandrecordingthecommunicationpattern
for eachswitchprocessor.

3. Flexible Graphics PipelinesUsingStreamIt

To addresstheload-balancingproblem,we designeda �exi-
blegraphicspipelineusinggeneralpurposehardware,where
theallocationof resourcesto taskscanbechangedto adapt
to the input. We �rst describehow we expressthegraphics
pipelineusingStreamIt,beforepresentingour extensionof
thecompilerto enablevariabledatarates.

The StreamItphilosophy is to implement�lters asinter-
changeablecomponents.In the �e xible pipeline,the differ-
entstagesareimplementedasStreamIt�lters andallocated
to Raw by theStreamItcompiler. Theprogrammeris freeto
vary thepipelinetopologyby rearrangingthe �lters andre-
compiling.The�e xible pipelinehasseveraladvantagesover
a �x ed pipelineon the GPU.First, any �lter (i.e., stage)in
the pipelinecanbe changed.For example,in the �rst two
passesof shadow volumerendering,texturemappingis not
used,andwecanperformdead-codeelimination.Theentire
pipelineis changedsothattexturecoordinatesareneitherin-
terpolatednorpartof thedata�ow, andthepixel shaderstage
is removed.For the third pass,thesefunctionsarerestored.
Second,thetopologydoesnot evenneedto conformto any
traditionalpipelinecon�guration. In our imageprocessing
casestudy(Section4.3), thecurrentGPUmethodwouldren-
derthesceneto a textureandusea complex pixel shaderto
performimage�ltering. We simply recon�gureRaw to act
asaextremelyparallelimageprocessor.

In our casestudies(Section4) we comparethe perfor-
manceof a �e xible pipelineagainst a �x ed-allocationref-
erencepipeline.Thereferencepipelinemodelsthesamede-
signtradeoff asmadein GPUsin �xing theratioof fragment
to vertex units.Wedemonstratethata�e xible pipelinebetter
balancestheloadacrosstheavailableresourcesandachieves
up to a157%increasein throughput.

3.1. Pipeline Implementation

The referencepipeline is implementedusing StreamItand
emulatesmostof thefunctionalityof aprogrammableGPU.
It is manuallylaidoutonRaw (Figure1). Thepipelinestages
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Figure1: Referencepipelinelayoutonan8� 8 Rawcon�g-
uration. SquaresrepresentRawtiles. Data arrives from an
I/O port off theedge of thechip, anddata is written to off-
chip memoryby tiles assignedto framebuffer operations.
Unallocatedtileshavebeenremovedto clarify therouting.

include Input, ProgrammableVertex Processing,Triangle
Setup,Rasterization,ProgrammablePixel Shading(includ-
ing texturemapping),andRecon�gurableRasterOperations
that write to the framebuffer. Sometiles areemptyto im-
prove routingof dataitems.

Thepipelineis asort-middlearchitecture[MCEF94]. The
input stageis connectedto off-chip memorythroughanI/O
port.Six tiles areassignedto programmablevertex process-
ing, andthey aresynchronizedthroughonesynchronization
tile. Thesynchronizerconsumesoutputof thevertex shaders
usingaround-robinstrategy andpushesthedatato thetrian-
gle setuptile. We usehomogeneousrasterizationto avoid
the overheadof clipping operations[OG97]. The triangle
setupstagecomputesthe vertex matrix andits inverse,the
screenspaceboundingbox, triangle facing,andthe param-
eter vectorsneededfor interpolation.It distributesdatato
the15 pixel pipelines.Thepixel pipelinesarescreenlocked
andinterleaved.Eachpipelineis assignedto every15thcol-
umn.Thepixel pipelineseachconsistof threetiles,a raster-
izer thatoutputsthevisible fragmentsof thetriangle,a pro-
grammablepixel processor, and a frame buffer operations
tile, which communicateswith off-chip memorythroughan
I/O port to performZ-buffering,blendingandstencilbuffer
operations.In StreamIt,�lters areindependentandhave in-
dependentaddressspaces.Hence,for ef�cient randomac-
cessto textures, texture memory is replicatedto all pixel
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processors.In contrast,the framebuffer is not replicated;it
is distributedacrossmultiplememorybanks.Sincethepixel
pipelinesarescreenlocked,framebuffer accessesareinde-
pendent.

We implement data-level parallelism using StreamIt's
split-joins at the vertex and pixel level. Our reference
pipelinecorrespondsto thedesignstrategy of currentgraph-
icshardware:atdesigntime,ahypothesisis madeontherel-
ative usageof thevariousstagesof thepipeline,anda �x ed
resourceallocationis decidedto optimizefor the situation.
As mentionedabove,split-joinsareusedto provide6 vertex
and15pixel pipelines.

In contrast,ourrecon�gurablepipelinebuildsonthesame
�lters asthe referencepipeline,but the programmervaries
thetopologydependingontherenderingpassof theapplica-
tion. It leveragestheStreamItcompilerto automaticallylay
out the streamgraphon Raw. The main parametersarethe
width of thesplit-joinsat thevertex andpixel stages.Where
thecomputationpermits,thedepthof thepipelinefor a cer-
tain stage(suchastrianglesetupor pixel shading)canalso
be changed.In somecases,the programmercanalsoomit
someof the�lters whenthey arenot needed.Together, �e x-
ible resourceallocationand dead-codeelimination greatly
improveperformance.

While the automaticassignmentof �lters to tiles by the
compilerprovidesgreat�e xibility , the layout is not neces-
sarily optimal.Automaticlayout canact asa good�rst ap-
proximationsotheprogrammercaniterateon pipelinecon-
�gurations without having to manuallycon�gure the tiles,
after which the programmeris free to tweakthe layout. In
ourbenchmarks,weusetheautomaticlayoutswithoutmod-
i�cation.

3.2. Switching BetweenCon�gurations

Weonly considerstaticloadbalancing, whereit is assumed
thattheprogrammerhasapriori knowledgeof theupcoming
frame,renderingpass,or evenpartof a frame.Thisscenario
is realistic for a wide rangeof applicationswherethe pro-
grammerhasalreadypro�led theapplication.Staticloadbal-
ancingis achievedvia user-speci�ed“context switches”be-
tweenpre-compiledstreamgraphswhentheloadis expected
to change.Switchingbetweencon�gurationsinvolves�ush-
ing the pipelineandhaving eachtile jump to the codefor
its new task.Thesecontext switchesmay or may not incur
somecost.Considerthe caseof a multi-passrenderingal-
gorithmsuchasshadow volumerendering.Eachpassplaces
the load on a different part of the pipeline and we would
like to switch con�gurationsbetweenthem.In this case,a
pipeline �ush occursbetweenpassesanyway, so the over-
headof the branch(andpossibleinstructioncachemiss) is
negligible. Theothercaseis a con�gurationswitchwithin a
frame.An exampleof this would berenderinga scenewith
adetailedcharacter(vertex limited) overabackgroundcom-
posedof largetriangles(fragmentlimited).Normally, a�ush

would not occur;the programmermustpro�le the applica-
tion anddecideif theoverheadfrom the�ush is greaterthan
theperformanceincreaseof thenew con�guration.

3.3. Variable Data Ratesin StreamIt

Variabledataratesareessentialfor graphicsrendering.Be-
causethe numberof pixels correspondingto a given trian-
gle dependson thepositionsof theverticesfor thattriangle,
the input/outputratio of a rasterizer�lter cannotbe�x edat
compiletime.This contrastswith traditionalapplicationsof
stream-basedprogrammingsuchas digital signal process-
ing that exhibit a �x ed ratio of output to input andcanbe
implementedusingsynchronousdata�ow models.In partic-
ular, theoriginal versionof StreamItrelieson thestaticdata
rateassumption.

We augmentedthe StreamIt languageand compiler to
supportvariabledataratesbetween�lters. Thelanguageex-
tensionis simple,allowing theprogrammerto specifyadata
rateasvariable.Onthecompilerside,variabledataratesare
supportedby dividing thestreamgraphinto static-ratesub-
graphs. Eachsubgraphrepresentsa streamin which child
�lters have staticdataratesfor internalcommunication.A
variabledataratecanappearonly betweensubgraphs.The
phasesof theStreamItto Raw mappingaredescribedbelow.

Partitioning with Variable Data Rates In this paper, we
rely onmanualpartitioning.Becausetheprogrammermight
have application-speci�cknowledgeaboutthe relative load
betweendifferentsubgraphs,sheshouldwrite the applica-
tion to have theappropriatenumberof �lters in eachstage.
Thecompilermapseach�lter to a singletile. Theprogram-
mer can easily adjust the numberof �lters allocatedto a
giventaskusingStreamIt'sparameterizedsplit-joins.

Layout with Variable Data Rates Variabledataratesim-
posetwo new layout constraints.First, a switch processor
mustnot interleaveroutingoperationsfor distinctstaticsub-
graphs.Becausethe relative execution ratesof subgraphs
are unknown at compile time, it is impossibleto generate
a staticschedulethat interleavesoperationsfrom two sub-
graphswithout risking deadlock.Second,there is a con-
straint on the links betweensubgraphs:variable-ratecom-
municationchannelsthat are running in parallel and have
downstreamsynchronizationmust not crosson the chip.
Even whensuchchannelsaremappedto the dynamicnet-
work, deadlockcanresultif suchchannelssharea junction,
sinceahigh-traf�c channelcanblockanother. However, this
constraintis only neededin the generalcase;our bench-
marksdo not containsynchronizationbetweenvariable-rate
streams.In our implementation,theseconstraintsareincor-
poratedinto thecostfunction in the form of largepenalties
for illegal layouts.

Communication Scheduling with Variable Data Rates
Communicationschedulingrequires a simple extension:
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Figure2: OutputImages.Casestudies1 through4, left to right. Original Resolution:600� 600.

channelswith variabledataratesaremappedto Raw's gen-
eraldynamicnetwork (ratherthanthestaticnetwork, which
requiresa �x ed communicationpattern).Within eachsub-
graph,the staticnetwork is still used.Our implementation
avoidsthecostof constructingthedynamicnetwork header
for every packet; instead,we constructthe headeronceat
initialization time. Even thoughthe rateof communication
is variable,the endpointsof eachcommunicationchannel
aredeterminedat compiletime.

4. CaseStudies

We study a numberof renderingscenariosto demonstrate
the load imbalancepresenton a �x ed hardwareallocation.
We alsoshow how theimbalancecanbealleviatedandper-
formanceimprovedby reallocatingresourcesappropriately.

In the following casestudies,we list performancenum-
bersin termsof trianglespersecondandpercentutilization.
Thescreenresolutionis �x edat 600� 600pixels.SeeFig-
ure 2 for output images.Pipelinestageutilization is com-
putedas the numberof instructionscompletedby all tiles
assignedto that stagedivided by the numberof instruction
slotsfor all thetilesof thestage.Notethatthismetricfor pro-
cessorutilization is unlikely to reach100%in any scenario,
evenin highly parallelcomputationssuchasimage�ltering
(Section4.3). While eachtile is fully pipelined,it is unlikely
to achieve1 instructionperclockcycle.Floatingpointoper-
ationsincur a 4-cycle latency, local memoryaccesseshave
a 3-cycle latency, andtherearelikely to be datahazardsin
thecomputation.Also,Raw's in-order, single-issuecompute
processorusesstaticbranchpredictionwith amis-prediction
penaltyof 3 cycles.

4.1. CaseStudy 1: PhongShading

Considerthecaseof renderingacoarselytessellatedpolyhe-
droncomposedof largetriangleswith perpixel Phongshad-
ing. In the vertex shader, the vertex's world spaceposition
andnormalareboundastexturecoordinates.Therasterizer
interpolatesthetexturecoordinatesacrosseachtriangleand
thepixel shadercomputesthelighting directionandthedif-
fuseandspecularcontributions.Mostof theloadis expected
to beon thefragmentprocessor.

Case
Study

Instructions
Removed

Throughput
Improvement

Case 1: Phong Shading -1% 55%
Case 2: Shadow Volumes 46% 62%
   pass 1 62% 126%
   pass 2 63% 126%
   pass 3 24% 13%
Case 4: Particle System 13% 157%

Table 1: Fraction of dynamic instructions removed and
throughputimprovementwhenusinga �exible resource al-
locationratherthana �xed resourceallocation.

ReferencePipeline As expected,thereferencepipelinesuf-
fersfrom anextremeloadimbalance.Thefragmentproces-
sor is at 68%utilization, the rasterizeris at 17%,while the
otherunitsarevirtually idle (< 1%) (Figure5). Throughput
is 4060trianglespersecond.

Flexible Pipeline We tried severaldifferentallocationsfor
this scenario.We variedthe ratio betweenvertex andfrag-
mentprocessorsaswell asthedepthof thepixel pipelines.
We discovered that the largestgain in performancecame
whenwepipelinedthepixel shaderontotwo tiles; thelayout
is shown in Figure3.

In this allocation,the �rst pixel processoris at 74% uti-
lization, and the secondat 60%. The rasterizationstage's
utilization increasesto 31%.Theload-balancehasimproved
signi�cantly. This allocationachievesa throughputof 6280
trianglespersecond,a55%increaseoverthe�x edallocation
(Table1).

4.2. CaseStudy 2: Multi-P assRendering—Shadow
Volumes

To demonstratethe utility of a �e xible pipeline,we bench-
marked shadow volumerendering,a populartechniquefor
generatingreal-time hard shadows. In this algorithm, the
load shifts signi�cantly over the threepasses.In the �rst
pass,thedepthbuffer is initialized with thedepthvaluesof
thescenegeometry. In our scene,thetrianglesarerelatively
largeandthecomputationis rasterizationbound.In thesec-
ondpass,theshadow volumeitself is rendered.This incursa
signi�cant loadon therasterizerwhichhasto rasterizelarge
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Figure3: Compilergeneratedallocationfor casestudy#1.
It has1 vertex processorand12pixelpipelines,with 2 frag-
mentprocessorsperpixelpipeline.

shadow volumepolygons,andthe framebuffer operations,
which must perform a depth test and updatethe stencil
buffer. In the�nal pass,thefragmentshaderisusedto texture
mapthegeometryandthecomputationis fragment-limited.

ReferencePipeline In the �rst pass,asexpected,the ras-
terizationstageis thebottleneckat 69%utilization. It takes
approximately55 �oating point operationsfor thesoftware
rasterizerto outputeachfragment.Thepixels areoutputin
screen-alignedorderandmemoryaccessis very regular for
the large triangles.The frame buffer updatesonly achieve
a 7% utilization. The other units in the pipeline are virtu-
ally idle, with the exceptionof the pixel shaderuseat 6%;
it simply forwardsrasterizedfragmentsto the framebuffer
operationsunit. Throughputis 933triangles/ second.

Onthesecondpass,theresultsarevirtually identical,with
a slight increasein utilization at theframebuffer operations
stagewherethe Z-Fail algorithmupdatesthe stencilbuffer
basedon triangleorientation.Throughputis 752 triangles/
second.

In the�nal pass,thepixel processorretrievesfour samples
from memoryper fragmentto performtexturing with bilin-
ear�ltering. This causesa numberof cachemissesandalso
stallstherasterizerupstream.Rasterizerutilization dropsto
50%andthepixel shaderutilization is 42%dueto thenum-
berof cachemisses.Throughputis 651trianglespersecond.

Flexible Pipeline The �rst two passesare rasterization
bound,sotheallocationis changedto useonly 1 tile for ver-
tex processing.Neitherpassrequirespixel shading,so the
stageis removedcompletelyandthe tiles arereallocatedto
increasethenumberof pixel pipelinesto 20(Figure4). Since
the input verticesdo not containany attributesother than
position,we cansafelyremove interpolationandparameter
vectorcalculationfor theotherattributesfrom therasteriza-
tion andtrianglesetupstages.As shown in Table1, a total
of 46%fewerdynamicinstructionsare�red comparedto the
referencepipeline.

Weachievemorethana100%increasein throughputover
thereferencepipelinefor boththe�rst andsecondpasses.In
the �rst pass,throughputimproves126%to 2110triangles
/ second,andin the secondpass,throughputalsoimproves
126%to 1700triangles/ second.It is interestingto notethat
althoughloadbalancingbetweenstagesimproves(Figure5),
the utilization in the rasterizationstageactually decreases
from 71%down to 49%.

The �nal passis fragmentprocessinglimited dueto the
expensive texture memory accesses,so we pipeline that
stage.We useonly 1 tile for vertex processing,andallocate
12 pixel pipelines,with two tiles (pipelined)for the pixel
shader:the �rst tile retrieves the samples,the secondper-
forms the interpolation.Using this con�guration, through-
put increases13% to 736 triangles/ second.Utilization of
therasterizer, �rst pixel shader, andsecondpixel shaderare
34%,31%,and32%,respectively.

4.3. CaseStudy 3: ImageProcessing—Poisson
Depth-of-Field

Imageprocessingrequiresaquitedifferentpipelinearchitec-
turethan3D rendering.Sinceweareusingageneralpurpose
architecture,we do not needto mapthecomputationontoa
traditionalgraphicspipeline.ConsiderthePoisson-discfake
depth-of-�eld algorithmby ATI [Sch04]. In a GPU imple-
mentation,the�nal passof thealgorithmwould requireren-
deringa large screen-alignedquadrilateralandperforming
the �ltering in the pixel shader. The operationis extremely
fragmentboundsincethescenecontainsonly 2 trianglesand
thepixel shadermustperformmany textureaccessesperout-
putpixel.

In the �e xible pipeline,eachtile is allocatedasan image
�ltering unit. We expressthe tile con�guration usinga 62-
way StreamItsplit-join. We use62 tiles becausethe input
requiresonetile andincorporationof thesplit-join requires
onetile. Thecoloranddepthbuffersaresplit into 62blocks.
At 600� 600 resolution,the blocks�t in the datacacheof
a tile. The tiles achieve a 38% utilization anda throughput
of 122framespersecond.Dueto thememory-intensive na-
tureof theoperation,100%utilization is not reached—each
cachehit incursa3-cycle latency.
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Figure4: Compilergeneratedlayoutfor casestudy#2.

4.4. CaseStudy 4: Particle System

In our fourth experiment,we considerautomatictessella-
tion andproceduraldeformationof geometricprimitives.We
modify thevertex shadersto receive a triangleasinput and
output4 completetriangles.Eachvertex is givenasmallran-
domperturbation.Sincetheinput trianglesrequireno shad-
ing andoccupy only a small areaon the screen,we expect
this sceneto bevertex-limited on thereferencepipeline.

ReferencePipeline It turns out, however, that the bottle-
neck lies in the triangle setupstage.Triangle setuphasa
49%utilization, therasterizeris at 22%,andtheotherunits
arestalled(< 4%)(Figure5). In retrospect,this is unsurpris-
ing; our sort-middlearchitecturerequiresoutputverticesto
besynchronizedandcontainsonly onetrianglesetupstage.
Sincethe trianglesare small, setuptakes a proportionally
largeamountof computationrelative to rasterization.

Flexible Pipeline Noticing that triangle setupis a bottle-
neck,we pipelineit by dividing thework ontotwo tiles and
forwardingthenecessarydata.Wealsoadjustthepipelineto
removeunnecessarycomputation,suchastexturecoordinate
interpolationin the rasterizerand computationof parame-
ter vectorsin triangle-setup.As shown in Table 1, 13% of
thedynamicinstructionsareremovedandthepipelinedver-
sionobtainsa performanceincreaseof 157%over therefer-
encepipeline.Even thoughwe originally misjudgedwhere
thebottleneckwould be,this casestill illustratesthebene�t

of a �e xible architecture:we can improve performanceby
transferringa tile from anidle stageto abusyone.

4.5. Discussion

In the above experiments, we have compared triangle
throughputachieved by a �x ed and a �e xible resourceal-
locationunderseveral renderingscenarios.We have shown
that �e xible resourceallocationcanincreasethroughputup
to 157%. We believe theseresults are indicative of the
speedupsthat could be obtainedby designingmore �e xi-
ble GPU architectures.However, the absoluteperformance
obtainedby Raw is ordersof magnitudelower thancurrent
GPUs.As technologyimproves, this can be addressedby
integratingmoretiles on theRaw chip: Raw hasa homoge-
neousandscalabledesignthatis freeof globalcommunica-
tion structures.Combiningthespecializedcomputationalre-
sourcesof GPUs(e.g.,therasterizers)with the�e xible com-
municationsinfrastructureof Raw seemsto bea promising
researchchallenge.

5. Conclusionsand Futur eWork

We have presenteda graphicshardwarearchitecturebased
on a multicoreprocessor, whereloadbalancingis achieved
at compile-time,by recon�guring the resourceallocation.
Both the 3D renderingpipeline and shadersare expressed
in the samestream-basedlanguage,allowing for full pro-
grammabilityand load-balancing.Although our prototype
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cannotcompetewith state-of-the-artGPUs,we believe it is
animportant�rst stepin addressingtheload-balancingchal-
lengein graphicsarchitecture.

We areworking on alleviating the currentlimitations of
our approach.We are studyingthe replacementof certain
computationtiles by specializedrasterizerssincethis is the
stageof the graphicspipeline that bene�ts most from spe-
cialization.We arealsostudyingthe memoryhierarchy for
optimal graphicsperformance,in particularthe prefetching
of textures.With prefetching,texturemappingperformance
canbegreatlyimproved.Dynamicloadbalancingis themost
exciting avenueof future work. A �rst intermediatestep
mightexploit thestatisticsfrom thepreviousframeto re�ne
resourceallocationorswitchbetweendifferentpre-compiled
versionsof thepipeline.In thefuture,we expectthatgraph-
ics hardwarewill beintrospective andwill beableto switch
resourceallocationwithin aframeor renderingpassdepend-
ing on therelative loadof computationunitsandon theoc-
cupancy of its buffers.Achieving thepropergranularityfor
suchchangesandtheappropriatestatemaintenancearethe
biggestchallenges.
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Figure5: Steady-stateutilizationgraph.
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