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Abstract

In this paper we describea multipurposetool for analysisof the performancecharacteristics of computer
graphicshardware and softwae. We are developingQsilver, a highly con gurable micro-architectual simulator
of the GPU that usesthe Chromiumsystens ability to interceptand redirectan OpenGLstream.Thesimulator
producesan annotatedrace of graphicscommandsising Chromium,thenrunsthe tracethrougha cycle-timer
modelto evaluatetime-dependertiehavios of the variousfunctionalunits. We demonstate the useof Qsilveron
a simplehypotheticalarchitecture to analyzeperformancebottlene&s, to explore new GPU microarchitectuies,
and to modelpower and leakage properties.One innovation we explore is the use of dynamicvoltage scaling
across multiple clodk domainsto achieve signi cant enegy savingsat almost nggligible performancecost.
Finally, we discusshow other architectural featues and experimentsmight be incorporated into the Qsilver

framevork.

CatagyoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.1[ComputerGraphics]:HardwareArchitecture

1. Intr oduction

Simulationhaslongbeenavital tool for thestudyanddesign
of computerarchitecture put simulationof graphicsarchi-
tecturepresentsomeuniquechallengesCommaoditygraph-
ics hardware is evolving at a tremendousate, with each
successie generatioraddingnot only performanceut fun-
damentallynew functionality In the time requiredto build
a comple simulationinfrastructurethe simulatedarchitec-
ture caneasilybecomeobsolete Furthermorethe architec-
ture of moderngraphicsprocessorer GPUsarelargely se-
cret; vendorsin the highly competitve PC graphicsarena
are reluctantto releasearchitecturaldetails, such as tex-
ture cachedesign,even to their registeredgame develop-
ers. Most GPU simulatorstoday can be broadly classi ed
as cycle-accuratecircuit-level simulations,which are ex-
tremelycostlyto run andavailableonly to vendorsbecause
of the enormousmanpaever they require to produce,and
functional emulatorswhich model the userlevel interface
(for example,a shadingassemblylanguageor API) without
ary underlyingarchitecturalstructure.This situation,cou-
pled with the sheercompleity and performanceof mod-
ern GPUs, presentsa signi cant challengefor researchers
interestedn exploring architecturalinnovations,modeling
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ne-grainedeffectssuchasintra-frameperformanceottle-
necks,or simulatingpower, leakage andthermalproperties
of GPUs.

We presenta simple, e xible simulationframework for
graphics architecturesthat lls the gap betweencycle-
accurateVHDL/Verilog modelsand functional emulators.
Our frameawork builds on the Chromiumsystem[7], which
interceptsand processestreamsof OpenGLcalls. We use
Chromiumto recorda traceof graphicsinstructionsduring
anapplicationandthento instrumentherenderingpipeline
to accumulatestatisticsduring playbackof that trace. The
instrumentedraceis thenrun throughthe simulatoritself,
which is essentiallya queue-dnen, cycle-timer model of
data and computation o w through the functional stages,
decoupledby queuesand cachespf the GPU. The result-
ing simulationframework is ne-grainedenoughto be use-
ful for a variety of tasks— for example,we demonstrate
power modelingof ahypotheticalarchitecture- but ef cient
enougho analyzdong (multi-secondyunsof real-world ap-
plications.The framawork is also e xible, allowing greater
or lesseramountsof detail to be modeledand providing a
naturalstructurefor addingexperimentalpipeline stagesor
functional units via Chromium stream processingunits or
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SPUs We call our fastChromium-basedimulationframe-
work Qsilver.

To demonstratehe applicability of Qsilver, we present
two simple studies.First, we analyzethe performanceof a
simple hypotheticalarchitecturerunning the recentSplash
Damagegame“Returnto CastleWolfenstein:EnemyTerri-
tory” We shaow that, asmight be expected differentstages
of the GPU pipeline act as the bottleneckduring differ-
entframesandduring differentsegmentsof a singleframe.
Next, we build a power modelof the hypotheticalarchitec-
ture and use Qsilver to explore power-relatedarchitectural
optimization.

Note that these studiessene as illustrative examples
ratherthanseriousarchitecturakxperimentsOur hypotheti-
cal GPUpipelineis a prototype modeledonly coarselyand
our power modelrepresents best-guesgstimateof a cur
rentgraphicsprocessoWe emphasizehatour goal hereis
not to perform conclusve architecturalresearchout to de-
scribea usefultool and demonstratéhe sort of interesting
studiesthat vendorsandresearchersarmedwith the archi-
tecturaldetailsthat our prototypemodellacks,could easily
performwith the Qsilver approach.

2. Relatedwork and motivation

The adwent of detailedbut e xible, con gurable, cycle-
accurateCPU simulatorsin the 1990sfor comple, supef
scalararchitecturesenedasthecatalystfor anexplosionof
guantitatve researchin the computerarchitecturecommu-
nity. Themostprevalentsimulatorin academiarchitectural
researchs SimpleScalaf3]; othersimulatorsusedin spe-
ci ¢ circumstancescludeRsim[6] for multiprocessorsas
well asSimics[10] andSimOS[13] for capturingoperating-
systemandmulti-programmedehaior.

By describinginstruction o w at the granularityof indi-
vidual stepsthroughthe CPU pipeline,thesesimulatorsal-
lowed researchand designto move beyond simpli ed, im-
preciseanalyticalmodelsor cumbersomelpgic-level mod-
els. Instead architectscould analyzedetailedtradeofs un-
derrealisticworkloadsandestimateéhow variousmicroarchi-
tectural choicesaffectedinstructionthroughput.Examples
includethe impactof differentcacheand branchpredictor
algorithms,the impactof differentsuperscalaout-of-order
instruction-issuelesignsandtheability to evaluatea hostof
novel CPU organizationssuchashyperthreading.

Subsequenpower-modelingcapabilitylaunchedanother
round of innovation by allowing architectsto estimatethe
enepy ef ciency of differentprocessobrganizationsyerify
that new microarchitecturennovationsarejusti able from
anenegy-efciency standpointandexplore microarchitec-
tural techniquesor managingenegy ef ciency. The domi-
nantpower modeltodayis Wattch[4], which usescalibrated
analyticalmodelsto allow e xible andcon gurableestima-
tion of power for a variety of structuresstructuresizes,or-

ganizations,and semiconductotechnologygenerationor

“nodes”. Otherpower modelsthatusecircuit-extracteddata
have beendescribedbut they are basedon a speci ¢ im-

plementationandtendto be in e xible, especiallyin terms
of scalingto future semiconductotechnologynodes.These
two approachesanbecombinedusingthecircuit-extracted
model as calibration for Wattch's analytical models; see
for examplea recentstudy of hyperthreadingusingIBM's
circuit-extractedPoverTimer[9].

Our goalswith Qsilver are to stimulatethe samekind
of innovation in the GPU community to stimulategreater
cross-fertilizationwith the general-purpos€PU architec-
ture community andto enablenew studiesin poveraware
andeventuallythermal-avaredesign.Thepurposeof thispa-
peris to reportresultswith a prototypeto shov the valueof
this kind of simulationapproach.

3. A framework for simulation of graphicsarchitecture

Driving our simulatoris a traceof graphicscommandsin-
strumentedwith additional statisticsthat describethe be-
havior of thosecommandsFor example,in our systemthe
graphicscommandhat producesa triangleto be rasterized
would beannotatedvith thetotal numberof fragmentgyen-
erated humberof fragmentsaritten to the depthbuffer, av-
eragenumberof texels accessegber fragment,and so on.
Exactly which statisticsmust be gathereddependson the
level of architecturabetailwe wish to model.We thenfeed
this instrumentedraceinto a “cycle-timer” modelthatsim-
ulatesthe o w of dataand computatiornthrougheachstage
in the decoupledmicroarchitectureof the GPU. From the
cycle-timer model we can countthe numberof operations
and estimatethe computationaload in eachunit that we
model, which in turn provides a basisfor modelingpower
dissipation.We canalso examinehigh-level behaior such
asthemigrationof performancéottleneckgvertex process-
ing, fragmentprocessingmemorybandwidth etc.)between
or within frames.

3.1. Capturing the trace

We useChromium[7] bothto capturethe original traceand
to gatherthe statisticsusedto instrumentit. Chromiumis
a systemfor manipulatingstreamsof OpenGLcommands;
common usesinclude splitting renderingacrossmultiple
machinesfor tiled display or implementingsort- rst and
sort-lastparallel graphicsarchitecturen clustersof PCs.
The useof Chromiumsimpli es the task of capturingthe
behaior of real-world applications,since Chromium can
be appliednon-irnvasiely to applicationsfor which source
codeis not availableandcanstoreanapplications OpenGL
streamto disk for playbackandreproducibleanalysislater
Chromiumalsolets us avoid the developmentandrunning-
time overheadof implementing simulationsof low-level
structuressuchasrasterizatioror texture ltering hardware.
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Insteadwe useOpenGlLitself asa rasterizatiorengine,and
instrumentthe OpenGL streamusing mechanismsuchas
occlusion queries (see http://oss.sgi.com/projects/ogl-
sample/rgistry/ARB/occlusion_quertxt) and  pro-
grammable shaders to gather the essential statistics.
For example, we emplgy a Chromium SPU that renders
eachtriangle twice, onceinto the destinationimage buffer
and onceinto a scratchbuffer in which the depthtestis
disabled.Occlusionquerieswrappedaroundboth triangles
provide a countof fragmentsdravn andfragmentscreated,
which we later usefor estimatingcomputationaload and
memorybandwidthusedby the fragmentprocessoandthe
depthbuffer.

Speci cally, our prototypesimulatorimplementsthe fol-
lowing SPUs:

Expand vertex arrays. For ef cient rendering OpenGL
applicationsgenerally collect object geometryinto vertex
arrays.To simplify the task of associatingragmentswith
the primitives(verticesandtriangles)thatproducethem,we
dereferencerertex arraysinto immediate-mode|Begin
glVertex , glEnd calls. Note that we can easily retain
thevertex arrayorganizationin our annotationsf, for exam-
ple, we wish to accuratelysimulatethe post-transformver
tex cache(but our currentprototypesimply usesa statistica
modelof cachehits).

Triangulate complexgeometries We wish to counttotal
versusoccludedfragmentgyeneratedy eachprimitive, but
complex primitivessuchastriangle stripscanself-occlude
In this SPUwe split triangle strips, trianglefans,andcom-
plex polygonsinto trianglessothatour occlusionqueriesare
guaranteedo measureonly planarpolygons.Though our
prototypeimplementationdoesnot do so, this SPU could
alsogeneratérianglesfor otherprimitivessuchasthicklines
andpoint sprites.

Unfold display lists. We alsostoredisplaylists andplay
thembackwhenreferencedn the OpenGLstreamIn addi-
tion to potentially containingself-occludinggeometry dis-
play lists mayencapsulatehangego renderingstate These
mustbe exposedto the simulatorsincewe wish to trackin-
formationsuchastextureaccessesyhich areaffectedby the
numberof texturesbound,MIP-map ltering mode,etc.

Count visible fragments rasterized. The aforemen
tioned SPUsconditionthe OpenGLstreamfor annotation
this SPUbgginsthe actualdatacollection.As eachtriangle
is renderedwe encloseit in an occlusionquery which re-
turnsthe numberof fragmentsthat passthe depthtest. We
storethisinformationin theannotatedracethatwill laterbe
usedto drive the cycle-timermodel.

Count total fragmentsrasterized. To getanaccuratees-
timate of depth-tuffer bandwidth,we mustalso counttotal
fragmentgasterizedWe do this by renderingeachpolygon
again, thistime into a separatéuffer with thedepthtestdis-
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abled.Again,anocclusionqueryreturnsthetotal numberof
fragmentgasterized.

Count average texture accesseger fragment. The
numberof texture accessedependn several things: how
mary texturesare bound,what form of texture Itering is
enabled,and the perpixel texture LOD of the fragments.
Full trilinear MIP-mappingpresents challengebecausehe
numberof texelsreadfor magni cation (4) is differentfrom
the numberreadfor mini cation (8). We could usea soft-
ware rasterizerthat directly evaluatesperfragmenttexture
LOD, but this sacri ces much of the simplicity and speed
that we gain by using Chromiumand OpenGLto perform
rasterizatiorand ltering. Insteadwe obtainanaveragetex-
ture accessountby binding a texturethatencodeghe MIP
level directly, then binding a fragmentprogramthat kills
fragmentshasedon the hardware- ltered texture value.An-
otherocclusionquery countssurviving fragmentsand uses
theresultto calculateaveragetextureaccesseperfragment.

In practice,the last three SPUscan be combinedto in-
creaseenderingef ciency. In our experimentswith the En-
emyTerritory game,the entire procesf annotatinga pre-
recordedOpenGLtrace, preparinginput for the simulator
core,runsat nearinteractve rates,roughly 3-15 framesper

: A
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Figure 1: The functional units and data ow of our hy-
pothetical graphics architectue. The units can be classi-
ed asqueuesgades,or dataprocessingcomponentsThe
fragmentqueuesepantesthe vertex- and pixel-processing
component®f the GPU; we exploit this decouplingin the
multiple-clok-domainexperimentof Sections.2.2

3.2. Applying the cycle-timer model

The instrumentedrace consistsof a streamof geometric
primitivesannotatedvith statisticsdenotingfragmentspro-
ducedandoccluded texture accessesand potentially other
information(suchasvertex indicesfor post-transforntache
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analysis)aswell astherelevantgraphicsstate(suchasnum-
ber of textures,number/kindof lights, andtexture Itering
state)for eachbatchof geometryOncethetraceis acquired
we next runacycle-timersimulationthatpullsthefragments
andvertices,cycle by cycle, througheachstageof the GPU
pipeline. The pipelineis modeledas a seriesof functional
units connectedy queuesand cachesjigure 1 shavs our
prototypemodelof a hypothetical x ed-functionGPU.

In the cycle-timer model, Qsilver repeatedlyadvancesa
globaltime counterby onecycle andadvancesthe simula-
tion stage-by-stagbackwardsthroughthe pipeline.For ex-
ample,eachcycle amaximumnumberof fragmentsnaybe
writtento theframeluffer (possiblylimited furtherby mem-
ory bandwidthto the color and/ordepthbuffers). This in-
crementsoperationcountersin the “Frameluffer ops” unit
(representingrithmeticoperationgperformedfor blending,
Z-buffer comparisonetc) anddrainsthe queuebetweerthat
unitandthefragmentprocessonf thefragmentprocessors
readyto produceafragment(actuallythefragmentprocessor
operateon tiles, which are2 2 fragmentsin our model),
the processedragmentsare addedto the queue.The rate
of the fragmentprocessodependn the computationde-
mandedby the renderingstate(e.g.,how mary texturesto
interpolate),on the annotatedracestatisticsfor that setof
fragments(e.g.,how mary texture value interpolationsare
necessarylueto magni cation/mini cation), on the intrin-
sic architecturaparametersf the fragmentprocessothow
mary pipelines,how deeply pipelined),and on the band-
width to texture memory(accountingfor texture cachebe-
havior, which we currently model only statistically). Note
thatin a given cycle, the fragmentprocessomay stall for
severalreasonsthe subsequerueuemaybefull (thisgen-
erallyimpliesthe systemis frameluffer bound) becaus¢he
texture fetchescannotbe performed(systemmay be texture
bound,or poortexturecachdocality), or becaus¢heincom-
ing queueis empty (vertex or rasterizationbound).As the
fragmentprocessoproducedragmentswve incrementoper
ationcounterghatre ect the arithmeticoperationsncurred
perfragment.

Qsilver follows a similar processthrough the various
stagesof the cycle-timer model. The fragmentprocessor
drains the “fragment queue”, a queueof fragmentinter
polants(again, organizedinto tiles) lled by the rasterizer
This queueeffectively partitionsthe GPU into vertex- and
pixel-processingcomponentssince a full or empty frag-
mentqueueimpliesthatthe vertex or fragmentprocessois
stalled,queueoccupang providesa metric for whetherthe
systemis currentlytransform-or ll-rate limited. We there-
fore useoccupanyg to drive the multiple-clockdomainex-
perimentdescribedn Section5.2.2

Therasterizerwhich in our prototypeincorporategprim-
itive assembly lls the fragmentqueueanddrainsthe post-
transformcache Computationabperationsexecutedby the
rasterizerare derived from the numberof fragmentsgener

atedper primitive (available from our annotatedrace)and
thenumberof activeinterpolantgdictatedby currentrender
ing state).The post-transforntacheis modeledasa simple
FIFO,whichaccuratelye ects currentarchitectureshut we
do not currentlymodelcachehits for indexed vertex arrays.
Insteadthepost-transforntacheis treatedasa queue, lled
by thevertex processar

The vertex processof{modeledastwo separatipelines
in our hypothetical architecture) performs signi cantly
more arithmetic per operation than other units. Again,
the details dependon renderingstate (e.g., number and
kind of lights). To estimatethe computationalload of
transforming and lighting vertices, we use a collec-
tion of compiled assembly code for implementing a
x ed-function pipeline on programmable GPUs, ob-
tained from a Cg model provided by Nvidia online
(http://developermvidia.com/object/cg_ xed_function.html).
This codeincludesthe variouspermutation®f point, direc-
tional, andspotlights, local- versusin nite-vie wer lighting,
and so on; we simply scalethe appropriateoperationsby
the numberof lights and count the total operations.The
vertex processomdrainsa pre-transformcacheof vertices,
which we approximateas a perfect(no-miss)cachein our
prototypemodel.

To summarizeQsilverrunsacycle-timermodelthatsteps
cycle-by-gscle; during eachcycle every functional unit ei-
theradwancesn its computationpossiblyproducinganout-
putfor the next stageandincurringthe costof thatcomputa-
tion'soperationsor stallsasit waitsonaqueueor cacheBy
analyzingtheactvity of thevariousstage®f thecycle-timer
modelover time, we canstudythe performanceandbottle-
necksof the system;by augmentinghis informationwith a
powver modelwe can examinethe power characteristicof
the system.The simulationadwancesrelatively quickly by
architecturakimulationstandardsa simulatedframein our
EnemyTerritoriesstudy requiresapproximatelyl0-15sec-
ondsto processon a 1.7GHzAMD Athlon with 512 MB
RAM. This enablegapid exploration of designparameters
suchasthe studiespresentedn Section5.

4. Modeling power

To modelpowerin Qsilver, we estimatehepower for primi-
tive operationdik e cacheaccessesjueueaccessespating-
point operationsregisteraccessestc. Then,by identifying
theprimitive operation€omprisingafunctionalblockin our
pipeline,we canconstructa power estimatefor it.

To estimatethe power for each primitive operation,
we extract the cost of similar operationsfrom an indus-
trial, architecture-leel power modelto which we have ac-
cess.This model is basedon circuit-extracted data for a
180nm high-performancesuperscalamicroprocessorWe
thenscaledtheseestimateso matchthe structuresizesand
bit-widthsusedin Qsilver, andfurtherscaledhemto theap-
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propriatetechnologynodeaccordingo cv2f (poweris pro-
portionalto CV2f, whereCis capacitancey is voltage,and
fis frequeng. All of thesescalewith eachsuccessie gener
ationof semiconductotechnology)In our casethecurrent
Qsilver prototyperesemblesnNvidia GeForce4 (but tuned
to drive low framehuffer resolutions—sekelow), sowe have
choserto modela 150nm implementatiorrunningat 1.8V
and 300 MHz. Althoughtherewill certainlybe differences
in circuit-desigrstylebetweerahigh-performanc€PUand
our GPU, therelative power costamongdifferentoperations
in the high-performancesuperscalaCPU is likely to be a
reasonabléndicator of relative costin the GPU. We also
cross-chead the relative power dissipatedn eachprimi-
tive againstboth Wattch and a secondindustrial model; of
coursethesetoo aremodelsfor high-performanc€PUs.

Although our current powver-modeling approachis ad-
mittedly crude, it enablesus to constructa prototypethat
demonstratethe potentialbene tsof modelingpowerin the
GPU.Eventhoughthe prototypepower modelis clearlyim-
preciseand not suited for detailedmodeling, it allows us
to explore basicenepgy-efciency tradeofs like thebene ts
of a moreaggressie vertex or fragmentengine,the ability
of runtimetechniquego reducepower in responseo time-
varying applicationbehaior, andthe affect of designtrade-
offs on leakagepower asit grows in importancewith future
technologygenerations.

The structuresn the GPUfall into four major categories:
cachegueueegister andarithmetic.For the cache gqueue,
and register structures,after scaling the power value ex-
tractedfrom the referencemodelto accountfor CV 2f, we
further scaleit to accountfor the width, height,and num-
ber of portsin the GPU. For purposesf our prototype,we
scalelinearly with eachdimension.For example, our ref-
erencemodel usesa direct-mapped64KB, single-ported
cachewhile our texture cachehasfour ports. After scaling
for technology we thereforeaccountfor the extra ports by
multiplying by four.

The data-processingunits—for example, the vertex
transform-and-lightinit—arelessstraightforvard. We deal
with theseunits by assuminghey aredriven either by mi-
crocodeor a nite statemachineanddeterminghe primitive
operationghey execute suchasdotproductsmultiply-adds,
etc—for this, we usethe collection of compiledassembly
codefor the model of the x ed-functionvertex processor
We thenfurther breakthesedown into basic oating-point
multiplies and addswherever possible(the main exception
being transcendentafunctions). In the caseof the vertex
transform-and-lightnit, we assumehat becauseheseop-
erationsaresocomple, it is not pipelined but ratherit con-
sistsof a oating-point multiply-addarrayandthateachmi-
crocodeoperationmakes one passthroughthis hardware.
(Thisassumptiotis alsothebasisfor ourmodelof how mary
cycles it takes to traverse the transform-and-lightstage.)
Ourreferencegpowver modelis alsobasedn a oating-point
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multiply-add array (double-precisiorin this case),so after
scalingto accountfor CV 2f, we cansimply scaletheresult-
ing power valueto accountfor the numberof bits involved
in eachmicrocodedstep.We currentlyscaldinearlywith the
numberof bits in eachoperation althoughthis oversimpli-
es the actualpower scaling.In additionto the costof the
arithmeticoperationswe alsoaccountfor the power dissi-
patedin the microcodememoryandin readingandwriting
theregister le.

Finally, we augmentedhe power estimatefor eachblock
to include power dueto leakagecurrents.Leakagecurrent
arisesfrom the fact that in deep-submicroniechnologies,
transistorsare never fully cut off. At 150nm, leakageal-
readyaccountsfor approximatelyl0% of total power dis-
sipation(this assumesn operatingtemperaturef approxi-
mately100 C, sinceleakages exponentiallydependenbn
temperature)Non-idealdevice scalingmeansthat leakage
is growing proportionallyworsewith eachsuccessie tech-
nology generationthe InternationalTechnologyRoadmap
for SemiconductorgITRS) [18] projectsthat it will grow
to 50% or more within a few yearsaswe reachthe 70nm
node.This is importantbecausdt meansthat units which
areclock gatedstill dissipatesubstantiapower, andsotry-
ing to improve enepgy ef ciency by reducingswitchingac-
tivity and/orimproving clock gating will be lesshelpful in
future generationswhile optimizationsthat put blocks to
sleep(like disconnectinghemfrom their voltagesupplyus-
ing sleeptransistors)r reducethe operatingvoltage(asin
themultiple-clock-domaimesultspresenteéh Sections.2.2
becomemorehelpful.

Following theapproactusedn Wattch,we modelleakage
asa simple fraction of the unconstrainedgwitching power.
Whena unit is idle and clock gated,insteadof dissipating
its associatedlynamic power that has beenderived from
our referencemodel, it dissipatesa technology-dependent
fractionthereof. Theappropriatdeakageratio is takenfrom
ITRS, e.g.,10%for 150nmand50%for 70nm.

Again, this power modelis impreciseandcanonly sene
as a prototype.We have mademary guesseor simplify-
ing assumptionsboutthe internal microarchitecturef the
GPU, unit latenciesand power dissipation,and so forth;
andour power estimatesare derived from datafor a high-
performancemicroprocessothat may usedifferentcircuit-
designstylesthan would be employed for a GPU. Justas
developinga moredetailedandaccuratgerformancenodel
is animportantareafor future work, sois developinga de-
tailedandaccuratgpower model.

Validating the current prototype model is dif cult, be-
causewe have no referenceagainstwhich to compare We
canhowever performsomesanitychecks First, we veri ed
thatpower dissipationin eachblock tracksits actiity factor
Next, welookedatthe power densityin eachblock. Thetwo
blocksdissipatingthe mostpower arethe vertex engineand
texture cache,both dissipatingabout12W at peak.Based
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on the roughGeForce4, 12mm  12mm oorplan in Fig-

ure 2 [17], this correspondso about0.7W/mn?, which is

reasonableThoughwe might expecteachblock to have a

similar peakpower density the fragmentengineonly dissi-

patesabout4.5W. This may seemsurprisinggiven thatthe

fragmentprocessois typically considereda computational
“hot spot”, but we have tunedour theoreticalpipelinefor a

relatively low-resolution800 600 display—moreappropri-
atefor agameconsolearchitecturehanthe PCgraphicschip

we are using as a guiding oorplan. The lower resolution
leadsto acorrespondinglyower overall arithmeticintensity

thusthe apparenanomalyin power density Similarly, the

rasterizeronly dissipatesabout2.5W. This is becauseour

modelof rasterizeroperationsdoesnot include somecom-

putations:iedgesetup,primitive assemblyor clipping. Hav-

ing veri ed thattherelative power dissipationin eachblock
isreasonablgiventheactionswe aremodeling we alsover

i ed thattotal powerdissipationjncludingblocksandactiv-

ities we do not yet model,will be within a rangeof about
50-75W.

Figure2: GeForce4 die photofrom[17]. Notethatthefunc-
tional blocksin this marketingimage are likely incorrect.

5. Experimentsand results
5.1. Performanceanalysisand experiment

One applicationof Qsilver is to analyzeperformanceof a
realapplicationon a particular(perhapsypothetical)archi-
tecture,with very ne granularity enoughto analyzeintra-
aswell asinter-framephenomenakor example,Figure6 il-
lustrateghe evolution of atypical framefrom EnemyTerri-
tory, alongwith timelinesof somestatisticsfrom our model.
Analysisof this timeline revealsinterestingbottlenecksand
behaiors. Images(a-d) are partially renderedframesat a
certaincycle count;the ability to easilyrecordsuchframes
is a nice byproductof using Chromium.In (a), the game
is renderinga skybox using multiple passessometextured
and othersuntextured. As could be expected,the bottle-
neckis the fragmentengine;vertex throughputis quite low
(thoughnotice that the textured passusesadditional poly-
gons,perhapssothatfast-rejectriangleculling will reduce

rasterizatiorioad).In (b), thesystemhasturnedto rendering
smalldetailsof treesandbuildings;thevertex engineis now

plateauedat maximumcapacityandthe gameis transform
limited. Shortly afterwards, (c) shavs a suddenshift: the
gameis now renderingaroadsurfacethatcontainsew poly-

gons,occupiesnuchof thescreenandusesa MIP-mapped
texture. Finally, in (d) the gameis nishing the small head
in the lower-left corner which comprisesmary very small
polygonsandis thusheaily verte-bound.

Of course,Qsilver canalso be appliedto the traditional
task of microarchitecturakimulators:performancestudies.
In the next sectionwe describea performanceand power
studybasedon varying the throughputof the fragmentand
vertex engines.One could also analyzeperformancewhile
varyingparametersuchasthetexture cachegueudengths,
memoryarchitectureandsoon.

5.2. Experiment: power-aware graphics architecture
5.2.1. Energy-ef ciency tradeoffs

To illustrate the value of Qsilver for power-aware design,
we conducttwo simple experimentsin which we vary the
throughputof the fragmentand vertex enginesto nd the
highest-performancandmostenegy-efcient designpoints
(which aretypically notthe samepoints).Figure3 plotsthe
enegy-delay-square(ﬂEDz) product[20], enegy (E), and
performancéframerenderingime, T) asafunctionof frag-
mentprocessingate. Figure 4 plots the samemetricsasa
function of vertex processingrate. All three metrics have
beenmormalizedo theresultsobtainedwith ourdefaultcon-
guration: 5 cyclespertile for the fragmentengineand 38
cyclespervertex for thevertex engine(nolighting is usedin
this experiment).

Clearly, the fasterthe engine,the betterthe throughput,
but throughputeaches pointof diminishingreturnsat4 cy-
clespertile in thefragmentengine atwhich pointthepower
requiredto furtherimprove performancés disproportionate
to the minisculemaginal bene t. This makes4 cyclesttile
the enepgy-efciency optimum,asshowvn by the ED? prod-
uct. Note thatthis optimumdiffers slightly from the design
point we initially chose,as might be expectedin an early
prototypemodel.

A similar trend is obsenred for vertex rate, where di-
minishing returnsin termsof performanceare not clearly
presentbut enegy begins to rise disproportionatelyat the
mostaggressie throughputsettings.The ED? optimumis
thereforeat 5-6 cycleshertex.

Thesequalitative trendsin theseresultsarefairly insensi-
tive to our power modelingassumptionsshifting the curves
up or down onanabsolutescalebut leaving themessentially
unchange@ncenormalized.

ED? hasbeenestablishedy the low-power designcom-
munity as a sound gure of merit for trading off enegy
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Figure 3: PerformancgT) and enegy-efciency data(ED2
andE) for differentfragment-pocessingates All resultsare
normalizedo our basecase whichis 5 cycles/tile Notealso
thatin all casesa smallerratio is better

(Worse;
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Figure 4: PerformancgT) and enegy-efciency data(ED2
and E) for different vertex-processingates.All resultsare
normalizedto our basecase which is 18 cycles/verte.

and performance When consideringthe enegy ef ciency
of differentdesignchoicesiit is insufcient to simply look
at averagepower, becauseE = Pt, and so if reducingav-
eragepower comesat a cost of increasedexecutiontime,
more enegy may actually be consumedEnenpy is alsoa
poormetricwhenperformancematters sincea reductionin
enepgy only meanghat more powver wassaved thanperfor
mancewaslost. To copewith this, E t hasbeenproposed
asa heuristic gure of merit, wherethe executiontimet is
alsoreferredto asdelay (D), hencethe term “enegy-delay
product”. This metric simply assumesghat enegy andper
formanceareequallyimportant.Betteryetis the ED? prod-
uct, which is morerigorousbecausét providesa metric of
enepy efciency thatis independenbf the nominalsupply
voltage.lt is thereforean accurateindicator of the unique
contritution of microarchitecturalor runtime power man-
agementhat could not be achieved by simply choosinga
differentsupplyvoltageatruntime.As anexample consider
thethedataabove: if higherthroughputis not needed—that
is, the performanceneednot be ary betterthan1.0—then4
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cyclesttileis still the bestcon guration, becausehe chip's
voltagecanbereducediy 12%,yielding a23%enepgy sav-
ings. The resultspresentechereare only an illustration of
thekind of tradeof analysisthataninfrastructurdik e Qsil-
ver permits.

5.2.2. Multiple clock domains(MCD)

The notion of usingmultiple independentclock domains”
hasbeenbroachedn boththe GPUandCPU communities,
e.g.[8, 14, 15 asa way to enhanceclock speedby reduc-
ing theimpactof clock skew andasaway to save power by
allowing voltageandfrequeng to be dynamicallyreduced
in clock domainsthatdo not needto run at peakspeeddy-
namicallychangingvoltageandfrequeng is oftenreferred
to asdynamicvoltagescalingor DVS). In this paper we fo-
cuson the power implications.AlthoughMCD canprovide
substantiabene ts, there are manufcturingand potential
performancecosts.MCD requiresthe ability to manufc-
turechipswith independentoltageislandsandindependent
clock domains,increasingtesting costs;furthermore,each
timethevoltageandfrequeng settingsarechangedthechip
muststall while the voltagechangesandthe clock's phase-
locked loop resynchronizesA typical overheadfor this is
10ps.

In our GPUmodel therearetwo naturalclockdomains—
the vertex and fragmentengines—withthe fragmentqueue
servingto decouplethe two (seeFigure 1). Sincethe GPU
tendsto alternatebetweerbeingfragmentandvertex bound,
oneor the otherdomainis typically stalledandcanrun at
signi cantly lower voltageandfrequeng with minimal im-
pacton overall Il rate.Whenthe queueis full, this means
the GPUis fragmentbound,the vertex engineis effectively
stalled,andit shouldreducsits voltageandfrequeng. Like-
wise,whenthequeues empty the GPUis vertex bound the
fragmentengineis stalled,andit shouldreduceits voltage
andfrequeng.

Speci cally, we implementeda simplestatemachinethat
monitorsthefragmentqueue To avoid unnecessarghanges
in DVS settingandthe associatedverhead the controller
emplgys hysteresisby requiring the queueto stay within
10% of emptyor full for 50,000cyclesbeforeloweringthe
DVS settingby 10%. Then oncethe queuepassesan ap-
propriatehigh or low watermark to indicatethat execution
behaior is changingthe DVS settingis restoredo its full
value.

Figure5 comparenegy andperformancéothwith and
without MCD for threedifferentleakageratios. Again we
useED? asthe gure of meritto tradeoff performanceand
enepgy anddetermineoptimal enegy ef ciency. In fact,re-
gardlessof whetherE or ED? is used,MCD is clearly en-
ey ef cient. For a10%leakageratio, MCD improvesED2
by 11%with only a 1.5%performancdoss.It achievesthis
by minimizing power dissipatiorwhenoneor the otherdo-
mainis stalled.Becausdeakageds exponentiallydependent
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on voltage,MCD becomesven more advantageoust fu-
turetechnologynodeswhereleakages a greateifraction of
total power dissipation.Whena domainis stalledbut in a
low voltageandfrequeng state notonly is dynamicpower
reducedut leakagepower is dramaticallyreducedaswell.
With theleakageratio at50%,the ED? improvementreaches
30%.Theserepresenenegy savingsof 13-30%.

(Worse)
1.2

1.0
0.8 q
T

o
= 0.6 OED2
© OE

0.4 +

0.2 q

0.0

(Better) 10% 30% 50%

Leakage ratio

Figure 5: Performanceand enegy-efciency data of MCD
for differentleakage ratios. All resultsare normalizedto the
basecase(with no MCD) for the appropriate leakage ratio.
Smallery-axisvaluesare better representingoetterperfor-
manceandbetterenegy efciency.

6. Discussionand limitations

Sometradeofs accompan the decisionto use Chromium,
ratherthanwriting or modifying a software renderingsys-
tem suchasMesa[12], to generatehe instrumentedrace.
Chromiums plug-in architecturemales it fastand simple
to further annotatethe streamby writing additional SPUs,
or addingfunctionality to existing SPUs.We feel that the
framework is quite e xible and,with someingenuity canin-
corporatea wide rangeof architecturakxperimentsFor ex-
ample,we planin futurework to explorethe effectsof Zin
culling [2] andZmax or hierarchical Z-buffer culling [5, 11].
Typical hardware implementationf theseideasorganize
thedepthbufferinto 8 8 pixel tiles, andtrackthe maximum
or minimumdepth respectiely, within thetile. If agiventri-
angleis known to lie furtherthanthe maximumdepthof a
tile (for example thedistanceo thetriangle’s nearestertex
is greaterthan that maximumdepth),rasterizationmay be
skippedin thattile; if thetriangle's furthestvertex is closer
than the tile's minimum depth, rasterizationmay proceed
withoutrequiringary Z-readoperations.

To incorporatesuchtiled Z-buffer schemeswe propose
to add anotherscratchbuffer, with 1/8" the linear resolu-
tion of theframebuffer, to the Qsilver annotatarThis buffer
storesat eachpixel the maximumand minimum depth of
the corresponding8 8 tile of the frametuffer, andis up-
datedafter every primitive by runninga min-maxfragment
programon the pixels of the scratchbuffer affectedby that

primitive (easily accomplishedby rasterizinga “fat” ver

sion of the primitive, or its boundingbox, into the low-

resolutionscratchbuffer). The min-maxfragmentprogram
simply poolsthe pixelsin the correspondingile of thefull-

resolutiondepthbuffer (boundasaninputtexture)andcom-
putestheir min and max values.Given this low-resolution
buffer, we caneasilyusean occlusionqueryanda special-
purposefragmentprogramto renderthe primitive (at full

resolution)and counthov mary fragmentswould passthe
Zmin OF Zmaxtests.

Anothermotivation for usinga hardware-acceleratedn-
notationprocesyia Chromiumis speedtheuseof hardware
rasterizatiorcanbe considerablyfasterthanusinganinstru-
mentedsoftwarerenderertypically in scenarioghigh reso-
lutions, full-screenstencilshadav buffer effects,etc) where
thesystemis heavily ll-bound. Indeed,onourtestplatform
a typical 50-frametracefrom EnemyTerritoriesruns1.8
fasterthroughthe Qsilver annotatorthan throughuninstru-
mentedVesaat 1280x1024and2.6 fasterat 1600x1200.

It mustbe noted,however, thatincorporatingthe annota-
tionsnecessaro evaluatenew architecturaembellishments
canbe expensve, sinceevery additionalrenderingpassand
scratchbuffer increaseshe numberof pipeline ushes,con-
text switches,and renderingcalls. Furthermore there are
fundamentalimitationsto whatdatacaneasilybe collected
by our hardware-basednnotatorusing fragmentprograms
and occlusion queries.Our annotationapproachis well-
suitedfor collectingaggreateinformation:how mary frag-
mentsget rasterized passthe depthtest, get textured with
magni cation versusmini cation, etc. While suchinforma-
tion is sufcient for a wide rangeof studies,someexperi-
mentsmayrequireprecisanformationaboutthepositionsor
valuesof individual fragmentsFor example,it might prove
dif cult to studythe effectsof a Z-compressiorschemein
which memorybandwidthdependedn the exact contents
of the Z-buffer. In sucha situationa userwould likely wish
to revert to instrumentinga software rasterizer suchasin
Mesa,to trackandcollectthe necessarglata.Conveniently
Mesaimplementghe OpenGLAPI andcanbeincorporated
directlyinto Qsilver's Chromiumframewvork. Thiswould al-
low the userto usetherestof the Qsilver framavork andto
re-useexisting OpenGLtraces,etc. It may even be possi-
ble to mix Mesaand hardware-accelerate@penGL using
different SPUsin Qsilver, for examplerunning the slower
Mesarasterizeonly for polygonsor renderingintervals for
whichaparticulararchitecturaembellishmenge.g.atexture
cachingor compressiorschemeywasbeingevaluated.

7. Conclusionsand futur e work

We have describedQsilver, a framework for power andper
formanceanalysisof graphicshardware.We have usedQsil-
ver to developa prototypepower andperformancenodelof
ahypotheticalGPU,andshavn how this modelallows:

¢ TheEurographicsAssociation2004.
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Fine-grainedanalysisof renderingbehaior and bottle-
neckswhich canbe usedto optimizerenderingsystems.
Architecturalpower andperformanceuning,suchasbal-
ancingthe fragment-engingéhroughputto matchthe ver-
tex engines throughput.

Evaluation of new architecturaltechniquesfor perfor
manceor power, suchasZy;, culling or the useof DVS
acrosamultiple clock domains.

Our goal in developing Qsilver is to createa tool that
will notonly sene asausefulsystemfor applicationperfor
manceanalysis,but also stimulateresearcton GPU archi-
tectureandpower-awaredesignin the sameway thatsimilar
capabilitiesin the CPU communityhave fosteredan explo-
sionof researchit isimportantto notethatwe have designed
Qsilverto besufciently e xibleto modelawide arrayof ar
chitecturesWe speci cally wantedto ensurehatit wouldbe
usefulfor modelingradicalarchitecture$o explore possible
GPUarchitecturesor futuregeneration®f graphicscards.

The next stepin our work is re ning our prototypeto
faithfully modela cutting-edge programmablésPU. Then
Qsilver malkes possiblea variety of interestingavenuesfor
futurework. For example we would lik e to experimentwith
architecturainnovationssuchasDelay Streamdg 1]. We are
alsoparticularlyinterestedn modelingthermaleffects.With
afaithful performancendpower model,andthe additionof
amoredetailed oorplan, Qsilver canbe augmentedvith a
thermalmodelsuchasHotSpot[ 19] to dynamicallysimulate
on-chiptemperaturesThisis anincreasinglyimportantarea
of researctashigh-performanc&PUsbecomeprohibitively
costly to cool. For example,the tendeng to oscillate be-
tweenbeingvertex-boundandfragment-bounduggestshat
the GPU will in fact oscillate betweenthermalhotspotsin
thesetwo regions.By smoothingoutthesehotspotsspatially
and temporally temperatureagare designat the architec-
turallevel cansigni cantly reducecoolingcosts[16].
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Figure 6: Theevolutionof a framein the EnemyTerritoriesgame
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