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Abstract

Commoditygraphicshardware hasbhecomeéncreasinglyprogrammableoverthelastfew years but hasbeenlimited
to xed resouce allocation. Thesearchitectues handlesomeworkloadswell, otheis poorly; load-balancingto
maximizegraphicshardware performancenasbecomea critical issue In this paper we explore onesolutionto

this problemusingcompile-timeresouce allocation. For our experimentswe implementa graphicspipelineon
Raw a tile-basedmulticore processar\e expresshoththefull graphicspipelineandthe shades usingStreamlt,
a high-levellanguage basedon the streamprogrammingmodel. Theprogrammerspeci esthe numberof tiles per
pipelinestage, andthe Steamltcompilermapsthe computatiorto the Rawarchitectuse.

We evaluate our recon gurable architecture using a mix of commonrenderingtaskswith different workloads
and improve throughputby 55-157% over a static allocation. Althoughour early prototypecannotcompeten

performanceagainst commecial state-of-the-arigraphicsprocessos, we believe that this paper describesan

important r ststepin addressingtheload-balancingchallenge.

Catagoriesand SubjectDescriptors(accordingto ACM CCS) 1.3.1 [ComputerGraphics]:Hardware Architecture
- Graphicsprocessors.1.2[ProcessoArchitectures]:Multiple Data StreamArchitectures- Single-instruction-

streammultiple-data-strearprocessor¢SIMD)

1. Intr oduction
“All processorsspireto begeneral-purposk.
—Tim VanHook, GraphicsHardware2001

And so it has beenwith commodity graphicsprocessing
units (GPUs)in the last few years.New features,suchas
oating-point perpixel operationsand ow control, offer

new and exciting possibilitiesfor shadingas well as for

general-purposeon-graphicapplications.

Despite signi cant gains in performance and pro-
grammablefeatures,currentGPU architecturedave a key
limitation: a x ed resourceallocation. For example, the
NVIDIA NV40 processothas6 vertex pipelines,16 frag-
mentpipelines,anda x edsetof otherresourcesurround-
ing theseprogrammablstagesTheallocationis x edatde-
signtime andremaingthe samefor all softwareapplications
thatrun onthis chip.

Although GPU resourceallocationsare optimized for
commonworkloads,it is dif cult for a x ed allocationto
work well on all possiblescenariosFor instance,during
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anexpensveimage-basedpecial-efectsrenderingpassthe
vertex enginessitidle. Corversely whenthe bottlenecKies
in the vertex shademecausef complex deformationsthe
pixel enginesareidle. And whenanapplicationspendsnuch
of its time rasterizingshadev volumes(e.g.,in gamessuch
asDoom 3), almostthe entire chip is idle. Theseare com-
monscenarioshatsufier from loadimbalancedueto a x ed
resourceallocation.

In this paper we examineone approachfor solving this
load-imbalanceproblemusing compile-timeresourceallo-
cation.For our experimentswe have implementech graph-
ics pipelineon Raw, a paralleltiled processoWe compare
a x edresourceallocationrepresentate of currentgraph-
ics architectureagainstcompile-time e xible resourceallo-
cationson Raw. The e xible allocationtakesinto account
the complexity of the calculationfor a givenrenderingpass
andtherespectie loadon thevariousstagef thepipeline.
We take anextremestanceandexplorethe hypothesisvhere
all stageof the graphicspipelineareprogrammableWhile
mary will arguethat GPUswill retaina level of specializa-
tion in theforeseeabléuture (in particularfor rasterization),
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we shav thatour hypothesisallows usto explore a pointin
the designspacethat permitsef cient load balancing.We
hopethat this work will inspire graphicshardware designs
that arerecon gurableandyield betterresourceutilization
throughload-balancing.

1.1. Overview

The prototypeimplementatiorof our approactis madefea-
sible by two unique technologies:a multicore processor
with programmablecommunicationnetworks and a pro-
gramminglanguagehatallows usto specifythetopologyof
the graphicspipeline using high-level languageconstructs.
Our renderingpipeline is executedon the Rav processor
[TKM 02], whichis ahighly scalablearchitecturawith pro-
grammablecommunicationnetworks. The programmable
networksallow usto realizepipelineswith differenttopolo-
gies; hencewe canallocatecomputatiorunits to rendering
tasksbasedon the demandf the application.We program
Raw using Streamlt[GTK 02], which is a high-level lan-
guagebasedon a streamabstractionThe streamprogram-
ming model of Streamltfacilitatesthe expressionof par
allelism with high-level languageconstructsThe Streamlt
compilergeneratesodeto control Rav's networks andre-
lievesthe programmenf the burdenof manuallymanaging
datarouting betweenprocessotiles. On the compilerside,
our mainchallengehasbeento extendStreamltto handlethe
variabledataratespresentin 3D renderingdueto the vari-
ablenumberof pixel outputspertriangleandshadetengths.

We shouldemphasizehat our implementationis meant
asa proof of concept.Beyond the implementatiorof load-
balancingfor 3D renderingin this particularervironment,
thethesisof this articleis thatload-balancing@andincreased
programmabilitycanbe achiezed throughthe following ap-
proach:

A multicor e chip with exposedcommunication enables
general-purpose€omputationand resourcereallocation
by reroutingdata o w.

A stream-basedorogramming model facilitates the ex-
pressiorof arbitrarycomputation.

A compiler approachto static load-balancing facilitates
the appropriatemapping of computing units for each
applicationphase The programmeispeci esthe number
of computingunitsallocatedto eachstageof the pipeline.

We focuson load balancingandthe programmingmodel
at the cost of the following points, which we plan to ad-
dressin future work. First, we do not emphasizéhe mem-
ory system,althoughwe acknavledgeits crucial in uence
ongraphicshardwareperformanceSecondwe focusonthe
high-level architectureof the chip andits resourcealloca-
tion and do not addressthe designof individual process-
ing elementg(in particular vectorcomputationcapabilities
would likely improve our currentperformance)Third, we
only exploreload balancingat compilationtime, wheredif-

ferentrenderingpassesan have differentstatic con gura-
tions.We leave dynamicload balancingwherethe con gu-
ration changeswithin a renderingpassasan exciting topic
for future researchFinally, we pushfull programmability
quite far and do not usespecializedunits for rasterization,
the stageof the 3D pipeline that seemdeastlikely to be-
comeprogrammablén the nearfuture for performanceea-
sons.Specializingtriangle rasterizergo supportotherren-
dering primitives (e.g., point sprites)is a promisingpart of
ourongoingresearctagenda.

Despitetheselimitations, and althoughthe performance
obtainedby our simulation cannotcompetewith state-of-
the-artgraphicscardswe believe thatthis paperdescribesn
important rst stepin addressinghe load-imbalancerob-
lem in currentgraphicsarchitecturesSolving this problem
isimportantbecauseloingsomaximizegheuseof available
GPU resourceswhich in turn implies a more ef cient and
cost-efective renderingarchitectureWe hopeto encourage
thedesignof recon gurablegraphicsarchitecturesn thefu-
ture.

Paper organization. Therestof this paperis organizedas
follows: After reviewing relatedwork in Sectionl.2, wepro-

vide an overview of the Rav processorand the Streamlt
languagein Section2. We thendiscussmappinga render

ing pipelineto sucha framework (Section3), followed by a

seriesof casestudiesillustrating the improvementsin pro-

cessouutilization that we achieve through e xible resource
allocation(Section4).

1.2. RelatedWork

Parallelismis a key sourceof the immensecomputation
power of graphicsprocessorsRecentstudieshave focused
onvariousaspectsuchasparallelinterfacedISH9§ orload
distribution and scalabilitywith parallelpipelines[EIHOQ].

Both general-purposeprocessors|NK96] and PC clus-
ters[HHN 02] have beenusedfor parallelrendering How-

ever, thesesystemado not apply compile-timeload balanc-
ing for eachapplicationor renderingpassHence they may
suffer from the sameload imbalancesas special purpose
hardware. In contrast,our systemfocuseson e xible re-

sourceallocationata ne level of granularity

Pioneeringwvork in programmabl@ndrecon gurablear
chitecturesncludePixelFlow [EMP 97] andthe Pixel Ma-
chine[PH8Y. PixelFlow hadprogrammableertex andfrag-
mentprocessin@ndthe ability to balancetheload between
the two on similar processinglementsThe Pixel Machine
featureda programmablepipeline implementationand the
ability to map thesealgorithmsonto its computenodes.
Thesedesignswere workstationarchitecturesand required
a large amountof hardware. With the increasingtransis-
tor budget provided by modernmanufcturing processes,
it has becomemore viable to add a certain level of pro-
grammabilityto variousfunctionalunitsin consumeGPUs,
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e.g., the vertex unit [LKMO1]. Also, a numberof high-

level languagesindcompilersarenow availableto program
theseunits[PMTHO01, MGAKO03,MQP0Z. Hence computer
graphicshardwarehasbecomemoreandmoreattractve for

generalpurpose,high-performanceomputing.In particu-
lar, the architectureof renderingpipelinesclosely matches
the conceptof streamprocessing.For example, Buck et

al. [BFH 04] presenta streaminganguagehatpermitsthe
implementatiorof streamingalgorithmson a graphicspro-

cessarWe focus on expressingthe renderingpipeline and
mappingit to ageneral-purposprocessar

Owens et al. [ODK 00] characterizegenderingas a
streamoperationand demonstratethe implementatiorof a
x ed-functionpipeline on a data-parallektreamprocessar
We useatiled streamprocessaqrthe Rav machine,andwe
male the pipeline completelyprogrammableThe applica-
tion developercancompileseveralpipelinesandchangehe
graphtopology at runtime, allowing for compile-timeload
balancing.

Our approachis also related to the shader algebra
[MTP 04] whereshadersanbe combinedandcodeanaly-
sisleadsto ef cient compilationanddead-codelimination.

In this paper we start from the assumptiorthat future
GPUswill containa single type of generalpurposepro-
cessingtile that canbe assignede xibly to differenttasks
(the upcominguni ed shadersare going in this direction
[Bly05]). Our goalis to study the implications and chal-
lengesthat this scenariomposeson the “driver” of sucha
processarThedriver will be of critical importancebecause
it allocatesresourceslependingon the renderingtask and
ensureghat the processolis usedef ciently. We build on
solutionsin the streamcompiler communityto tackle this
challenge.

2. Background

In this section,we give an overviev of the two maintech-
nologiesthat our systemis built upon:the Rawv processor
(Section2.1) andthe Streamltlanguageandcompiler(Sec-
tion 2.2).

2.1. The Raw Processor

TheRaw processof TKM 02, TLM 04] is aversatilearchi-
tecturethatachiezesscalabilityby addressinghewire delay
problem.Raw alsoaimsto be asef cient asan ASIC while
still runninggeneralpurposeprogramswith reasonablger
formance Raw approachethesechallengedy exposingits
rich on-chipresourceswhichincludelogic, wires,andpins,
througha new ISA to the software.In contrastto otherar-
chitecturesthis allows Raw to more effectively exploit all
formsof parallelism,ncludinginstruction,data,andthread
level parallelism aswell aspipelineparallelism.
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Tile-BasedProcessorAr chitecture. Raw is a parallelpro-
cessorwith a 2-D array of identical, programmabldiles.
Eachtile containsa computeprocessoraswell asa switch
processorthat managedour networksto neighboringtiles.
The compute processoris composedof an eight-stage
in-order single-issueMIPS-style processqr a four-stage
pipelined oating pointunit, a 32kB datacacheanda 32kB
instructioncache.The currentprototypeis implementedn
an|BM 180nmASIC processunningat 425MHz; on one
chip, it containsl16 uniform tiles arrangedn a squaregrid.
The theoreticalpeak performanceof this prototypeis 6.8
GFLOPS.In this paperwe gatherresultsusingbtl, a cycle-
accuratesimulatorthat can model multiple tile con gura-
tions.We usea 64-tile con gurationfor our results. Though
the prototypechip containsonly 16 tiles, a 64-tile fabricis
underconstruction.

On-Chip Communication Networks. The switch pro-

cessorscontrol four 32-bit full-duplex on-chip networks.
The networks are registermapped, blocking, and o w-

controlled,andthey areintegrateddirectly into the bypass
pathsof the processopipeline.As a key innovative feature
of Raw, thesenetworks areexposedto the softwarethrough
theRaw ISA.

Therearetwo staticnetworksandtwo dynamicnetworks.
The static networks are usedfor communicationpatterns
that are known at compiletime. To routea word from one
tile to anotherover a static network, it is the responsibility
of the compilerto inserta routeinstructionon every inter-
mediateswitch processarThe static networks areideal for
regular stream-basettaf ¢ andcanalsobe usedto exploit
instructionlevel parallelism[TLAAO3]. The dynamicnet-
works supportpatternsof communicatiorthat vary at run-
time. Itemsaretransmittedn paclets;a headerencodeshe
destinatiortile and paclet length. Routingis donedynam-
ically by the hardware, ratherthan statically by the com-
piler. Therearetwo dynamicnetworks: a memorynetwork
for trustedclients(datacaches)/O, etc.)anda geneal net-
work for useby applications.

Memory System. On the boundariesf the chip, the net-
work channelsare multiplexed onto the pins to form e xi-
ble I/0 ports.Wordsroutedoff the side of the chip emege
on the pins, andwords put on the pins by external devices
appearon the networks. Rawv's memorysystemis built by
connectingtheseportsto external DRAMs. For the 16 tile
con guration, Raw supportsa maximumof 14 ports,which
canbeconnectedo asmary as14full-duplex DRAM mem-
ory banks,leadingto a memorybandwidthof 47.6GBper
second While thereare /O portsonly on the boundaryof
thechip,ary tile canaccessnemoryby routingrequestand
dataover the networks. Memory accessefrom inner tiles
arealmostasef cient asboundarytiles becausehe on-chip
network lateng (1 cycle/ hop)is negligible comparedo the
off-chip memorylateng.



J. Chen& M. Gordon& W. Thies& M. Zwidker & K. Pulli & F. Durand/ A Recon guable Architecture for Load-BalancedRendering

Raw asGraphics Hardware. We believetheRaw architec-
tureis interestingfor graphicshardwaredeveloperspecause
its designgoalssharea numberof similaritieswith current
GPUs.Raw is tailoredto effectively executea wide variety
of computationsfrom specialpurposecomputationshatare
oftenimplementedusing ASICs to conventionalsequential
programsGPUsexploit dataparallelism(by replicatingren-
dering pipelines,using vector units), instructionlevel par
allelism (in superscalarfragmentprocessors)andpipeline
parallelism(by executingall stagef the pipelinesimulta-
neously) Raw, too, is capableof exploiting thesethreeforms
of parallelismIn addition,Raw is scalableit consistof uni-
formtileswith nocentralizedesourcesyoglobalbusesand
no structuresthat get larger as the tile countincreasesin
contrastto GPUs,Raw's computationalnits and commu-
nicationchannelsarefully programmablewhich opensup
almostunlimited e xibility in laying outa graphicspipeline
andoptimizingits ef ciency.

Ontheotherhand thecomputationapower of thecurrent
16 tile, prototypeRaw processoiis more than an order of
magnitudesmallerthanthe power of currentGPUs.Theob-
viousreasoris thatthenumberof paralleloperationon Rav
is muchsmallerthanon GPUs(Raw's computatiorunitsdo
not performvectorcomputation)In addition,Raw is a re-
searchprototypeimplementedvith a 180nmprocessanin-
dustrialdesignwith a modern90nmprocessvould achieve
higherclock frequencies.

Hencejn thispapemedonotintendto competewith cur
rent GPUsin termsof absoluteperformanceput we shav
the bene ts of a e xible and scalablearchitecturefor ef -
cientresourceutilization. The optimizationof the Raw ar-
chitecturefor graphicspipelinesis an exciting directionfor
futureresearch.

2.2. The Streamlt Programming Language

StreamIf TKA02, GTK 02] is a high-level streamlanguage
thataimsto be portableacrosscommunication-gposedar
chitecturessuchas Raw. The languageexposesthe paral-
lelism and communicationof streamingprogramswithout
dependingon the topology or granularityof the underlying
architectureThe Streamltprogrammingnodelis basedna
structuredstreamabstaction all streamgraphsarebuilt out
of ahierarchicacompositiorof lters, pipelinessplit-joins,
andfeedback-loopgdescribedelow).

Aswewill describen moredetailin Section3, the struc-
tured streamgraphabstractionprovided by Streamlitlends
itself to expressinglataparallelismandpipelineparallelism
thatappeaiin graphicspipelines.n particular we will shav
how to useStreamltfor high-level speci cationof rendering
pipelineswith differenttopologies As previously published,
Streamltpermitsonly x eddatarates.In ordertoimplement
a graphicssystemthat allows differenttriangle sizes,sup-
portfor variabledataratesis necessaryn thiswork, we add
variabledataratesto the Streamlianguageandcompiler

Language Constructs. The basic unit of computationin
Streamltis the Iter . A lter is a single-input,single-output
block with a userde ned procedurefor translatinginput
items to output items. Filters send and receve data to
andfrom other lters throughFIFO queueswvith compiler
checled datatypes. Streamltdistinguishesbetween lters
with static and variable datarates.A static datarate Iter
readsa x ednumberof inputitemsandwritesa x ednum-
berof outputitemseachtimeit res, whereasvariabledata
rate Iter mayreador write avaryingnumberof items.

In additionto the Iter, Streamltprovidesthreelanguage
constructsto composestream graphs pipeline, split-join,
andfeedback-loopWe call eachof theseconstructsinclud-
ing a Iter, astream In a pipeline,streamsareconnectedn
alinearchainsothattheoutputsof onestreamaretheinputs
to the next stream.In a split-join con guration, the output
from a streamis split and sentto multiple (not necessarily
identical) streamsthat have the sameinput datatype. The
datacanbeeitherduplicatedor placedin aweightedround-
robin schedulingpolicy. The parallelstreamamusteitherbe
joined somavhere downstreamor the split-join mustsene
asthesinkfor theentirestreamgraph.The programmecan
specify data-parallelisnby varying the width of the split-
join. The feedback-loopenablesa streamto receve input
from downstreamfor applicationssuchasMPEG.

2.3. Compiling Streamlt to Raw

A compiler for mappingstatic datarate Streamltto Rav
has beendescribedin previous work [GTK 02]. Compi-
lation involves four stagesdividing the streamgraphinto
load-balancedpartitions, laying out the partitions on the
chip, schedulingcommunicatiorbetweerthe partitions,and
generatingcode. In this paper automaticload-balancings
disabled:as we assumethat the programmerhas domain-
speci ¢ knowledge aboutthe work requirementseach |-
ter in the programis directly mappedto a singletile. We
summarizethe operationof the layout and communication
schedulingstagedelon anddescribenow to extendthemto
variabledataratesin Section3.3.

Layout The layout stageassignseach lter in the stream
graphto a Raw tile while minimizing communicationand
synchronizationSincean exhaustve searchor the optimal
layoutis computationallyintractablewe useasimulatedan-
nealingalgorithmthatincrementallyadjustshelayoutto op-
timize a costfunction. The costfunctionmeasurethe mem-
ory lateny andcommunicatioroverheador agivenlayout,
aswell asthe synchronizatiorimposedwhenindependent
communicationchannelsare mappedto intersectingroutes
on the chip. For example,placingmemoryintensie lters
closerto theboundarywill reducethememorylateny com-
ponentof the costfunction. If thereare fewer Iters than
tiles, certaintiles will remain unmappedunmappediles
will be utilized for routing. For all layoutsusedin our ex-
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perimentsthe simulatedannealingalgorithmranin under5
minuteson a PentiumXeon2.8 GHz machine.

Communication Scheduling Communicationscheduling
mapsthe abstractcommunicationchannelsof the stream
graphto Raw's staticnetwork, maximizingthroughpuwhile
avoiding deadlock.As multiple logical channelsfrom the
streamgraphmight be multiplexed over a single physical
network link, routing operationsaresequencetb minimize
the amountof time that a giventile is idle waiting for an-
otherpair of tiles to communicateThis staticcommunica-
tion schedulds calculatedby simulatingthe ring of lters
in thestreangraphandrecordinghecommunicatiorpattern
for eachswitchprocessar

3. Flexible Graphics PipelinesUsing Streamit

To addressheload-balancingroblem,we designed e xi-
ble graphicsipelineusinggenerapurposehardware,where
the allocationof resourceso taskscanbe changedo adapt
to theinput. We rst describehow we expressthe graphics
pipelineusing Streamlt,beforepresentingour extensionof
thecompilerto enablevariabledatarates.

The Streamlitphilosoply is to implement Iters asinter
changeableomponentsln the e xible pipeline,the differ-
entstagesareimplementedas Streamlt lters andallocated
to Raw by the Streamltcompiler The programmeis freeto
vary the pipelinetopologyby rearranginghe Iters andre-
compiling.The e xible pipelinehasseveraladvantagesver
a x edpipelineon the GPU. First, ary lter (i.e., stage)in
the pipeline can be changedFor example,in the rst two
passe®f shadav volumerendering texture mappingis not
usedandwe canperformdead-codelimination.Theentire
pipelineis changedothattexturecoordinatesreneitherin-
terpolatechor partof thedata ow, andthepixel shadestage
is removed. For the third pass thesefunctionsarerestored.
Secondthetopologydoesnot even needto conformto ary
traditional pipeline con guration. In our image processing
casestudy(Sectiord.3), thecurrentGPUmethodwouldren-
derthe sceneto atexture andusea comple pixel shadetto
performimage Itering. We simply recon gure Raw to act
asaextremelyparallelimageprocessar

In our casestudies(Section4) we comparethe perfor
manceof a e xible pipeline againsta x ed-allocationref-
erencepipeline.Thereferencepipelinemodelsthe samede-
signtradeof asmadein GPUsin xing theratio of fragment
to vertex units.We demonstratéhata e xible pipelinebetter
balancesheloadacrosgheavailableresourceandachieves
upto a157%increasen throughput.

3.1. Pipeline Implementation

The referencepipeline is implementedusing Streamltand
emulatesnostof thefunctionality of a programmablé&PU.
It is manuallylaid outon Raw (Figurel). Thepipelinestages
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Figurel: Refeencepipelinelayoutonan8 8Rawcon g-
uration. SquaesrepresentRawtiles. Data arrives from an
I/O port off the edge of the chip, and datais written to off-
chip memoryby tiles assignedto frame buffer opemtions.
Unallocatedtiles havebeenremaedto clarify therouting

include Input, Programmable/ertex Processing;Triangle
Setup,RasterizationProgrammabléixel Shading(includ-
ing texturemapping).andRecon gurableRastelOperations
that write to the frame buffer. Sometiles areemptyto im-
prove routing of dataitems.

Thepipelineis asort-middlearchitecturd MCEF94. The
input stageis connectedo off-chip memorythroughan!/O
port. Six tiles areassignedo programmableertex process-
ing, andthey aresynchronizedhroughonesynchronization
tile. Thesynchronizeconsumesutputof thevertex shaders
usingaround-robinstratgly andpusheghedatato thetrian-
gle setuptile. We use homogeneousasterizationto avoid
the overheadof clipping operationsfOG97. The triangle
setupstagecomputeshe vertex matrix andits inverse,the
screenspacboundingbox, triangle facing, and the param-
eter vectorsneededfor interpolation.It distributesdatato
the 15 pixel pipelines.The pixel pipelinesarescreerlocked
andinterleavred. Eachpipelineis assignedo every 15thcol-
umn. The pixel pipelineseachconsistof threetiles, araster
izer thatoutputsthe visible fragmentsof thetriangle,a pro-
grammablepixel processqrand a frame buffer operations
tile, which communicatesvith off-chip memorythroughan
I/0 portto performZ-buffering, blendingandstencilbuffer
operationsin Streamlt, Iters areindependenandhave in-
dependentaddressspacesHence,for ef cient randomac-
cessto textures, texture memoryis replicatedto all pixel
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processorsn contrastthe framebuffer is not replicated;it
is distributedacrosamultiple memorybanks Sincethe pixel
pipelinesarescreeriocked, framebuffer accesseareinde-
pendent.

We implement data-level parallelism using Streamlts
split-joins at the vertex and pixel level. Our reference
pipelinecorrespondso the designstratey of currentgraph-
icshardvare:atdesigntime, ahypothesiss madeontherel-
ative usageof the variousstagef the pipeline,anda x ed
resourceallocationis decidedto optimizefor the situation.
As mentionedabore, split-joinsareusedto provide 6 vertex
and15 pixel pipelines.

In contrastpurrecon gurablepipelinebuildsonthesame
Iters asthe referencepipeline,but the programmervaries
thetopologydependingntherenderingpassof theapplica-
tion. It leverageshe Streamltcompilerto automaticallylay
out the streamgraphon Raw. The main parametersrethe
width of the split-joinsatthe vertex andpixel stagesWhere
the computatiorpermits,the depthof the pipelinefor a cer
tain stage(suchastriangle setupor pixel shading)canalso
be changedIn somecasesthe programmeircan also omit
someof the Iters whenthey arenotneededTogether e x-
ible resourceallocationand dead-codeelimination greatly
improve performance.

While the automaticassignmenbof lters to tiles by the
compilerprovides great e xibility, the layoutis not neces-
sarily optimal. Automaticlayoutcanactasa good rst ap-
proximationsothe programmexcaniterateon pipelinecon-

gurations without having to manuallycon gure the tiles,
after which the programmeiis free to tweakthe layout. In
our benchmarksye usetheautomatidayoutswithout mod-
i cation.

3.2. Switching BetweenCon gurations

We only considerstaticload balancing whereit is assumed
thattheprogrammehasapriori knowledgeof theupcoming
frame,renderingpassor evenpartof aframe.This scenario
is realisticfor a wide rangeof applicationswherethe pro-
grammeihasalreadypro led theapplication Staticloadbal-
ancingis achievedvia userspeci ed “context switches"be-
tweenpre-compiledstreanmgraphavhentheloadis expected
to changeSwitchingbetweercon gurationsinvolves ush-
ing the pipeline and having eachtile jump to the codefor
its new task. Thesecontect switchesmay or may not incur
somecost. Considerthe caseof a multi-passrenderingal-
gorithmsuchasshadeov volumerenderingEachpassplaces
the load on a different part of the pipeline and we would
like to switch con gurationsbetweenthem. In this case,a
pipeline ush occursbetweenpassesaryway, so the over
headof the branch(and possibleinstructioncachemiss)is
negligible. The othercaseis a con guration switchwithin a
frame.An exampleof this would be renderinga scenewith
adetailedcharactefvertex limited) overabackgrounccom-
posedof largetriangles(fragmentimited). Normally, a ush

would not occur; the programmemustpro le the applica-
tion anddecideif theoverheadrom the ush is greaterthan
the performanceéncreasef the new con guration.

3.3. Variable Data Ratesin Streamlt

Variabledataratesare essentiafor graphicsrendering Be-

causethe numberof pixels correspondindo a given trian-

gle depend®on the positionsof the verticesfor thattriangle,

theinput/outputratio of a rasterizerlter cannotbe x edat

compiletime. This contrastswith traditionalapplicationsof

stream-basegrogrammingsuchas digital signal process-
ing that exhibit a x ed ratio of outputto input and canbe

implementedisingsynchronouslata ow models.In partic-

ular, the original versionof Streamltrelieson the staticdata
rateassumption.

We augmentedhe Streamltlanguageand compiler to
supportvariabledataratesbetweenlters. Thelanguagesx-
tensionis simple,allowing theprogrammeto specifyadata
rateasvariable.Onthecompilerside,variabledataratesare
supportedy dividing the streamgraphinto static-rate sub-
graphs Eachsubgraphrepresents streamin which child
Iters have static dataratesfor internalcommunicationA
variabledatarate canappearonly betweensubgraphsThe
phase®f the Streamltto Rav mappingaredescribedelow.

Partitioning with Variable Data Rates In this paper we
rely on manualpartitioning.Becausehe programmemight
have application-speci cknowledgeaboutthe relative load
betweendifferent subgraphsshe shouldwrite the applica-
tion to have the appropriatenumberof Iters in eachstage.
Thecompilermapseach Iter to asingletile. Theprogram-
mer can easily adjustthe numberof lters allocatedto a
giventaskusingStreamlts parameterizedplit-joins.

Layout with Variable Data Rates Variabledataratesim-
posetwo new layout constraints First, a switch processor
mustnotinterleave routingoperationdor distinctstaticsub-
graphs.Becausethe relative executionratesof subgraphs
are unknavn at compiletime, it is impossibleto generate
a static schedulethat interleases operationsrom two sub-
graphswithout risking deadlock.Second,thereis a con-
strainton the links betweensubgraphsvariable-ratecom-
municationchannelsthat are running in paralleland have
downstreamsynchronizationmust not crosson the chip.
Even whensuchchannelsare mappedto the dynamicnet-
work, deadlockcanresultif suchchannelsharea junction,
sinceahigh-trafc channekanblock anotherHowever, this
constraintis only neededin the generalcase;our bench-
marksdo not containsynchronizatiorbetweervariable-rate
streamsIn ourimplementationtheseconstraintsareincor
poratedinto the costfunctionin the form of large penalties
for illegal layouts.

Communication Scheduling with Variable Data Rates
Communicationschedulingrequires a simple extension:
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Figure 2: Outputimages.Casestudiesl through4, left to right. Original Resolution600 600

channelswith variabledataratesaremappedo Raw's gen-
eraldynamicnetwork (ratherthanthe staticnetwork, which
requiresa x ed communicatiorpattern).Within eachsub-
graph,the static network is still used.Our implementation
avoidsthe costof constructinghe dynamicnetwork header
for every paclet; instead,we constructthe headeronceat
initialization time. Even thoughthe rate of communication
is variable, the endpointsof eachcommunicationchannel
aredeterminedat compiletime.

4. CaseStudies

We study a numberof renderingscenariogo demonstrate
the load imbalancepresenton a x ed hardware allocation.
We alsoshav how theimbalancecanbe alleviatedandper
formancemproved by reallocatingresourcesppropriately

In the following casestudies,we list performancenum-
bersin termsof trianglespersecondandpercentutilization.
The screerresolutionis x edat600 600 pixels. SeeFig-
ure 2 for outputimages.Pipeline stageutilization is com-
putedasthe numberof instructionscompletedby all tiles
assignedo that stagedivided by the numberof instruction
slotsfor all thetiles of thestage Notethatthis metricfor pro-
cessouutilization is unlikely to reach100%in ary scenario,
evenin highly parallelcomputationsuchasimage Itering
(Sectiond.3). While eacttile is fully pipelined,it is unlikely
to achieve 1 instructionperclock cycle. Floatingpoint oper
ationsincur a 4-cycle lateng, local memoryaccessebave
a 3-gycle lateng, andtherearelikely to be datahazardsn
thecomputationAlso, Raw'sin-order single-issueompute
processousesstaticbranchpredictionwith amis-prediction
penaltyof 3 cycles.

4.1. CaseStudy 1: PhongShading

Considetthe caseof renderinga coarselytessellategholyhe-
droncomposeaf largetriangleswith perpixel Phongshad-
ing. In the vertex shaderthe vertex's world spaceposition
andnormalareboundastexture coordinatesTherasterizer
interpolateghe texture coordinatesacrosseachtriangleand
the pixel shadercomputeghelighting directionandthe dif-
fuseandspecularcontributions.Most of theloadis expected
to beonthefragmentprocessor
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Case Instructions Throughput
Study Removed 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 dynamicinstructions remoed and
throughputimprovementwhenusinga exible resouce al-
locationratherthana xed resouceallocation.

ReferencePipeline As expectedthereferencepipelinesuf-
fersfrom anextremeloadimbalance The fragmentproces-
soris at 68% utilization, the rasterizeris at 17%, while the
otherunitsarevirtually idle (< 1%) (Figure5). Throughput
is 4060trianglespersecond.

Flexible Pipeline We tried several differentallocationsfor
this scenario We variedthe ratio betweernvertex andfrag-
mentprocessoraswell asthe depthof the pixel pipelines.
We discoveredthat the largestgain in performancecame
whenwe pipelinedthe pixel shadeontotwo tiles; thelayout
is shavn in Figure3.

In this allocation,the rst pixel processois at 74% uti-
lization, and the secondat 60%. The rasterizationstages
utilizationincreaseso 31%. Theload-balancéasimproved
signi cantly. This allocationachiezesa throughputof 6280
trianglesperseconda55%increaseverthe x edallocation
(Tablel).

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

To demonstratehe utility of a e xible pipeline,we bench-
marked shadev volumerendering,a populartechniquefor
generatingreal-time hard shadevs. In this algorithm, the
load shifts signi cantly over the three passesin the rst

passthe depthbuffer is initialized with the depthvaluesof
the scenggeometryIn our scenethetrianglesarerelatively
large andthe computationis rasterizatiorbound.In the sec-
ondpasstheshadov volumeitselfis renderedThisincursa
signi cant loadontherasterizemwhich hasto rasterizdarge
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Figure 3: Compilergeneratedallocationfor casestudy#1.
It has1 vertex processomlnd 12 pixel pipelines with 2 frag-
mentprocessos per pixel pipeline

shadev volume polygons,andthe frame buffer operations,
which must perform a depth test and updatethe stencil
buffer. In the nal passthefragmentshadeis usedo texture
mapthegeometryandthe computations fragment-limited.

ReferencePipeline In the rst pass,asexpected,the ras-
terizationstageis the bottleneckat 69% utilization. It takes
approximately55 oating point operationgor the software
rasterizerto outputeachfragment.The pixels are outputin
screen-alignedrderandmemoryaccesss very regularfor
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 forwardsrasterizedragmentsto the frame buffer
operationaunit. Throughputs 933triangles/ second.

Onthesecondpasstheresultsarevirtually identical with
aslightincreasan utilization at the framebuffer operations
stagewherethe Z-Fail algorithmupdatesthe stencil buffer
basedon triangle orientation.Throughputis 752 triangles/
second.

Inthe nal passthepixel processoretrievesfour samples
from memoryper fragmentto performtexturing with bilin-
ear Itering. This causes numberof cachemissesandalso
stallstherasterizemupstreamRasterizewutilization dropsto
50%andthe pixel shadeuutilization is 42%dueto the num-
berof cachemissesThroughpuis 651trianglespersecond.

Flexible Pipeline The rst two passesare rasterization
bound,sotheallocationis changedo useonly 1 tile for ver
tex processingNeither passrequirespixel shading,so the
stageis removed completelyandthetiles arereallocatedo
increasehenumberof pixel pipelinesto 20 (Figure4). Since
the input verticesdo not containary attributes other than
position,we cansafelyremove interpolationand parameter
vectorcalculationfor the otherattributesfrom therasteriza-
tion andtriangle setupstagesAs shavn in Table 1, a total
of 46%fewer dynamicinstructionsare red comparedo the
referenceipeline.

We achieve morethana 100%increasen throughpubver
thereferenceipelinefor boththe rst andsecondhassesin
the rst pass.throughputimproves126%to 2110triangles
| secondandin the secondpassthroughputalsoimproves
126%to 1700triangles/ secondlt is interestingo notethat
althoughloadbalancingbetweerstagesmproves(Figure5),
the utilization in the rasterizationstageactually decreases
from 71%down to 49%.

The nal passis fragmentprocessindimited dueto the
expensve texture memory accessesso we pipeline that
stage We useonly 1 tile for vertex processingandallocate
12 pixel pipelines,with two tiles (pipelined)for the pixel
shader:ithe rst tile retrieves the samplesthe secondper
forms the interpolation.Using this con guration, through-
put increasesl3% to 736 triangles/ second Utilization of
therasterizer rst pixel shaderandsecondixel shaderare
34%,31%,and32%,respectiely.

4.3. CaseStudy 3: Image Processing—mBisson
Depth-of-Field

Imageprocessingequiresaquitedifferentpipelinearchitec-
turethan3D rendering Sincewe areusingagenerapurpose
architecturewe do not needto mapthe computatiorontoa

traditionalgraphicspipeline.Considerthe Poisson-diséake

depth-of- eld algorithmby ATI [Sch04. In a GPU imple-

mentationthe nal passof thealgorithmwould requireren-
dering a large screen-alignedjuadrilateraland performing
the ltering in the pixel shaderThe operationis extremely
fragmentboundsincethescenecontainsonly 2 trianglesand
thepixel shademustperformmary textureaccessegerout-

put pixel.

In the e xible pipeline,eachtile is allocatedasanimage
Itering unit. We expressthe tile con guration usinga 62-
way Streamltsplit-join. We use 62 tiles becausedhe input
requiresonetile andincorporationof the split-join requires
onetile. Thecoloranddepthbuffersaresplitinto 62 blocks.
At 600 600resolution,the blocks t in the datacacheof
atile. Thetiles achieve a 38% utilization anda throughput
of 122framespersecondDueto the memory-intensie na-
ture of the operation,100%utilization is not reached—each
cachehit incursa 3-cycle lateng.
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Figure4: Compilergeneatedlayoutfor casestudy#2.

4.4. CaseStudy 4: Particle System

In our fourth experiment,we considerautomatictessella-
tion andproceduratieformatiorof geometrigorimitives.We
modify the vertex shadergo receve a triangleasinput and
output4 completeriangles Eachvertex is givenasmallran-
dom perturbationSincetheinput trianglesrequireno shad-
ing and occupy only a small areaon the screenwe expect
this sceneo bevertex-limited on thereferencepipeline.

Reference Pipeline It turns out, however, that the bottle-
neck lies in the triangle setupstage.Triangle setuphasa
49% utilization, therasterizeiis at 22%, andthe otherunits
arestalled(< 4%) (Figure5). In retrospectthisis unsurpris-
ing; our sort-middlearchitecturerequiresoutputverticesto

be synchronizedandcontainsonly onetrianglesetupstage.
Sincethe trianglesare small, setuptakes a proportionally
largeamountof computatiorrelative to rasterization.

Flexible Pipeline Noticing that triangle setupis a bottle-
neck,we pipelineit by dividing the work ontotwo tiles and
forwardingthenecessargata.We alsoadjustthe pipelineto
remove unnecessargomputationsuchastexturecoordinate
interpolationin the rasterizerand computationof parame-
ter vectorsin triangle-setupAs shavn in Table 1, 13% of
the dynamicinstructionsareremovedandthe pipelinedver-
sionobtainsa performancéncreaseof 157%over therefer
encepipeline.Even thoughwe originally misjudgedwhere
the bottleneckwould be, this casestill illustratesthe bene t
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of a exible architecturewe canimprove performanceby
transferringatile from anidle stageto abusyone.

4.5. Discussion

In the above experiments,we have comparedtriangle
throughputachiesed by a x ed anda e xible resourceal-
locationunderseveral renderingscenariosWe have shavn
that e xible resourceallocationcanincreasehroughputup
to 157%. We believe theseresults are indicatve of the
speedupghat could be obtainedby designingmore e xi-
ble GPU architecturesHowever, the absoluteperformance
obtainedby Raw is ordersof magnitudelower thancurrent
GPUs.As technologyimproves, this can be addressedy
integratingmoretiles on the Raw chip: Raw hasa homoge-
neousandscalabledesignthatis free of globalcommunica-
tion structuresCombiningthespecializedomputationate-
source®f GPUs(e.g. therasterizersyvith the e xible com-
municationgnfrastructureof Rav seemdo be a promising
researctthallenge.

5. Conclusionsand Futur e Work

We have presentedh graphicshardware architecturebased
on a multicore processqrwhereload balancingis achiezed
at compile-time,by recon guring the resourceallocation.
Both the 3D renderingpipeline and shadersare expressed
in the samestream-basethnguage allowing for full pro-
grammability and load-balancing Although our prototype
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cannotcompetewith state-of-the-arGPUs,we believe it is
animportantrst stepin addressingheload-balancinghal-
lengein graphicsarchitecture.

We are working on alleviating the currentlimitations of
our approachWe are studyingthe replacemenbf certain
computatiortiles by specializedasterizerssincethis is the
stageof the graphicspipelinethat bene ts mostfrom spe-
cialization. We are also studyingthe memoryhierarcly for
optimal graphicsperformancein particularthe prefetching
of textures.With prefetchingtexture mappingperformance
canbegreatlyimproved.Dynamicloadbalancings themost
exciting avenueof future work. A rst intermediatestep
might exploit the statisticsfrom the previousframeto re ne
resourcellocationor switchbetweerdifferentpre-compiled
versionsof the pipeline.In thefuture,we expectthatgraph-
ics hardwarewill beintrospectve andwill beableto switch
resourcellocationwithin aframeor renderingpassdepend-
ing ontherelative load of computatiorunitsandon the oc-
cupang of its buffers. Achieving the propergranularityfor
suchchangesandthe appropriatestatemaintenancearethe
biggestchallenges.
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Casel: Phong Shadhg
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Figure5: Steady-statetilizationgraph.
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