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Abstract - In this paper we proposea systemlevel designand refinementmethod-
ology basedon the SystemCclasslibrary. We addressdesign spaceexploration and
performance profiling at the highest possiblelevel of abstraction. Systemlevel design
starts with the initial functional specificationand validation of the systembehavior in
SystemC.The refinementmethodologycovers architecture exploration and resultsin an
executableSystemAr chitecture Model, which is able to generatethe relevant profiling
data and to verify if the chosenarchitecture meetsthe performancerequirements.

Wehave applied this methodologyto a 100million gatedesignof a 3D graphic proces-
sor. In this projectwewereable to demonstratethe feasibility and definethe final system
architecture within 2 months. This 3D processolimplementsthe ray-tracing rendering
paradigm on one chip allowing real time rendering of 3D sceneswith photo-realistic
quality. Basedon the resultsof this casestudy we presentthe benefitsof our methodol-
ogy to successiely define a feasiblesystemarchitecture coping with the processingand
memory bandwidth requirements.

INTRODUCTION

Oneof the mostchallengingtasksin modernSystem-on-Chiplesignprojectsis to

map a complex applicationonto a heterogeneouarchitecturein adherencdo the
specifiedperformancendcostrequirementsDrivenby the everincreasinghumber
of transistorsntegratedinto onepieceof silicon, the completesystemfunctionality
canbe integratedon a single chip. Sincepower dissipationbecomesa major de-
signconstrainin nearlyall applicationdomainsthe designetasto tradecarefully
theflexibility of programmablarchitecturesgainsthe computationaéfficiency of

dedicatechardware[14].

Under stringentpower constraints the requiredflexibility and performances
bestdeliveredby a heterogeneousystemarchitectureemploying standardaswell
asapplicationspecificprogrammablearchitecturemnddedicatechardwareblocks.
As a result, the designerfacesa hugedesignspaceand hasto composea system
architecturdrom variouskinds of building blocksin orderto meettheconstraintsof
the specificapplication.

Fromthe designergperspectie, the overall performancef a systemcanbe sep-
aratedinto the performancedeliveredby the selectedalgorithmson the one side
andthe performanceof the underlyingarchitectureon the other side. Hencethe
traditionaldesignflow is subdvidedinto two decouplecbhasesFirst the function-
ality of the systemis definedduring the algorithmexplorationphasewhich is usu-
ally performedwith applicationspecifictool andlibrary support(e.g. SPWI[5] and
COSSAP[12] for wirelesscommunication®r OPNET[11] for networking). In the
secondbhaseof the designflow, the resultingsystemspecificatioris implemented.

This traditionalapproachs no longerfeasiblefor the designof large heteroge-
neoussystemsn asinglechip, becauseguantitatve architecturatonsiderationsre



not taken into accountprior to the implementatiorphase.Due to the high level of

detail of implementatiormodels,they areonly optimizedlocally andsystemarchi-

tecturetradeofs and optimizationsare not exploited. For thatreasonwe propose
an intermediatephasein the designflow, wherethe functionality of the systemis

mappedto the architecturen an abstractmannerto enablearchitectureoptimiza-
tions acrossheterogeneousomputationalcomponents.Bringing both parts- the

functionalspecificatiorandthearchitecturaspecification togetheiis themostchal-

lengingtaskin the designprocesdor on-the-edgeystems.

The paperis organizedasfollows: first we discussthe relatedwork beforewe
introduceour systemlevel designmethodology Key aspectof this methodology
areto capturethe systemsbehaior in an abstractandvery efficient way andthen
addarchitecturatletailssuccessiely to thatfunctionaldescription.Theapplicability
of our methodologyis demonstratethy anindustrialcasestudyin section. Finally
we briefly concludethe resultsof our work.

RELATED WORK

The issuesof SystemLevel Designhave attracteda growing attentionfrom both
university andindustryresearchteams. It is commonlyacceptedo copewith the
growing systencompleity by raisingtheabstractionevel of theinitial specification
to explorearchitecturd@radeofs andguideHW/SW partitioningdecisions.

The proposedspecificationlanguagesand co-designframewnorks cover all con-
ceivableabstractiorevelsandapplicationdomains but canbe assesselly thefol-
lowing classification. The more powerful the co-designframework is in termsof
accurategerformancendcostestimation automateddW/SW partitioningandsyn-
thesis the higheris the specificatioreffort andthe morerestricteds the frameawork
to a certainapplicationdomain.Our approactintendsto minimizethe formal spec-
ification overheadandis thereforeapplicablefor large scaledesignsandearlyfeasi-
bility considerationsin avery earlydesignstage wherethefeasibility of thedesign
is still unproven,theeffort to build a systenmodelcapablefor automateato-design
is oftenunjustifiable.

Startingfrom a formalizedsystemdescription,completeco-desigrnframenorks
addressrchitectureexploration,HW/SW partitioningandsynthesisPolis[4] from
UC Berkeley and ArchiMate from Arexsys[3] fall in this category, sincethey are
focusedon automatinghe completedesignflow for embeddedystemsin contrast
to suchco-desigrframevorkswe do not addressutomaticsynthesisput modelthe
impactof the architectureon the highestpossiblelevel of abstraction For verifica-
tion purposeghe hand-craftedHW and SW implementatiormodelsareintegrated
into our abstractrchitecturenodelvia a co-simulationinterface[1], whichis capa-
ble of adjustingdifferentlevels of abstraction.

N2C [6] from CoWarerelieson the RPC paradigm,which will be part of the
SystemQ2.0 specificationto build an executablesystemspecification.Fromthere
N2Cenablesnterfacesynthesigor rapidIP integrationin SW centricdesignsyhere
the target architectureis a programmablecore with acceleratorgonnectedo the
systembus.

Commerciallyavailable HW/SW co-simulationtoolslike Seamles§10] areuse-
ful for the verificationof implementatiormodels. On the otherhandthey are not
usefulto guidearchitecturedecisionsn systemlevel designdueto thelow abstrac-
tion level andlow simulationspeed.
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C/C++basedsystemmodelinglanguagetik e Specd8] andSOCOYJ7] arecon-
sideredasthe mostpromisingvehiclesto copewith the ever increasingcomplexity
of SoCdesigns.The Systemdnitiative [13] will probablyestablishra commonplat-
form for thesekinds of systemlevel designmethodologies.

In thiscontext themajorcontributionof this paperis asystemevel designmethod-
ology, whichis basednthestandardystemdibrary. Thismethodologyhasproven
to handletheenormoudunctionalandarchitecturatompleity of SoCdesignhsatthe
edgeof silicon feasibility.

SYSTEM LEVEL DESIGN METHODOLOGY

In this sectionwe introduceour systemlevel designmethodology The procedure
of defining a systemarchitecturecan be subdvided into building an initial, pure
functionalexecutablespecificatiorandthenfinding a suitablearchitecturemapping.

Functional model As depictedn figure1, usuallythefirst stepin defininganew ap-
plicationis to selectthe algorithms.This algorithmicexplorationis performedwith
applicationspecifictool andlibrary supportwherethe systemdesigneicanconcen-
trateon the algorithmdevelopmeniandprofiling of thealgorithmicperformance.
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Figurel: SoCdesignflow

Our methodologycoversthe systemlevel designdomainin figure 1, i.e. after
the algorithmicexplorationis finishedandwhenthe optimal architectureexecuting
the functionality is to be defined. Generally the SoC architecturecan be seenas
a setof parallelcommunicatingolocks. To capturethe completefunctionality and
to enableabstractarchitecturemapping,the functionality is first to be partitioned
into SystemOmodules.Metricslik e minimizationof informationexchangebetween
modulesandalgorithmiclocality areusedto guidepartitioningdecisions.

Accordingto our methodologythe SystemCprocessnetwork is constructedo
fulfill thefollowing requirementsén systemlevel design:

simulation speedand modeling efficiency is mandatoryto handlethe high com-
plexity of SoCdesigns.

separationof interfacesand behavior as motivatedby Rowson[9] enablessuc-
cessve refinemenbf communicatiorandstructure.



separationof timing and behavior allows efficient profiling of functional blocks
mappedo alternatve architectures.

Thefirst goal, high simulationspeedandmodelingefficiency, is achievedby raising
the abstractiorlevel of the HW modelfrom the registertransferlevel (RTL) to an
abstracsystemarchitecturdevel.

In the abstracimodel,functionalityis partitionedinto coarsegrain SoChbuilding
blocksinsteadof scatteringthe functionality over numerougprocessess often re-
quiredfor a synthesizabld&RTL description.The bit-true datarepresentationf the
RTL modelis replacedby abstracdatatypes,suchthata whole setof functionally
associatedlatais representedsa singletoken.

The key conceptof raisingthe abstractionlevel is the introductionof a coarse
graintime scale. For systemperformanceprofiling a time baseis needed put the
high resolutionof hardware clock cyclesruins simulationspeed.Sincethe system
stateonly change®nthearrival of anew token,thetime baseof our systemmodelis
givenby alogical macrocycle. Themacrocycle periodcorrespond$o the minimal
lengthof time betweerthearrival of two consecutre tokens.

At the endof this stage the completesystembehavior is capturedby a network
of communicatingprocessegxchangingtokens. The simulationspeedaswell as
the modelingefficiency (measuredn lines of code)is at leasttwo ordersof mag-
nitude bettercomparedo the correspondindgRTL model, which modelsthe same
functionality on a much higherlevel of architecturaldetail. The systemmodelis
now preparedfor the annotationof timing information, which is describedn the
next section.

Virtual architecture mapping In the next designstep, the functional model is
mappedvirtually to theintendedtargetarchitecturén orderto createa performance
model of the resulting systemarchitecture. The mappingis performedvirtually
by annotatingthe timing characteristicef the target architectureto the functional
model,thusthemethodologyenables veryfastexplorationof differentdesignalter
natives. The processf timing annotatioris completelyorthogonato the function-
ality, hencethepreviously validatedfunctionalsystenmbehaior remainsunchanged.

The methodologyis basedn thefollowing obsenation: for performanceprofil-
ing purposesthe basictiming characteristicof the target architecturecanbe ex-
presseddy the temporalrelationshipof consuming,processingand producingto-
kens.

¢ Pipelinedarchitecturesreableto consumeand producea token every cycle
but introducea staticlateng, which is determinedby the numberof pipeline
stages.

e Datadependentoduleshav varyingdelaysuntil theprocessingf theactual
tokenis finished. In the caseof a cachemodulefor example,the processing
delayof acachereaddepend®nwhethertherequestediatasetis in thecache
or hasto befetchedfrom themainmemory

e Resourcesharedmodulesand programmablerchitecturesare blocked for a
varyingamountof cyclesuntil thetokenis processed.

Our goal is to model the architecturespecifictiming independentlyfrom the be-
havior, thusa functionally correctsystemmodel canbe easily mappedo different
architectures.Thereforewe have developeda setof channelmodelsfor the inter-
connectionn the SystemQprocessetwork. They areall basedon alosslessIFO
buffer accordingto the discreteevent multiple-write, single-readecommunication



model. The channelsprovide methodsto annotatethe temporalrelation between
processeaccordingo theabove listedobsenations.

A statisticalevaluationsystemis associatedvith the channelmodels which pro-
duceshistogramsamplingthe actualqueudengthof tokensonthe channel.n case
a FIFO queuebetweentwo processegrows very long, thereadingprocesshasnot
sufficientprocessingpowerto copewith thearriving tokens.In thisway architecture
bottleneckscanbe detectedandeliminatedvery early in the designflow beforethe
time consumingmplementatiorstarts.

Thekey mechanisnof virtual architecturamappingis separatindehaior from
timing aspects.In our modelall timing relatedaspectsare capturedby the com-
municationchannelsThuswe achieve athreefoldorthogonalizatiorof systemevel
designconcernsn termsof function,interfaceandtiming. In thenext sectiontheap-
plicability of our systemlevel designmethodologyis demonstratethy a large scale
designexample.

THE AVALON CASE STUDY

In this sectionwe will introducethe AVALON project,wherethe proposedsystem
level designmethodologyhasbeenappliedto a large scaleindustrialdesignproject
of a 3D graphicchip. We will first introduceand characterizehe designandthen
shaw in detailthevirtual mappingandprofiling of oneexemplarycomponent.

Project overview and characterization Goalof theprojectis to show thefeasibility
of areal-timeray tracing[2] chip andestimateits costin termsof power consump-
tion andarea.Ontheonesidetherequiredreal-timeframerateof atleast25frames
per secondmustbe fulfilled. On the other side the constraintsintroducedby the
architectureand by the surroundingervironment, that include limited processing
power of the componentslimited memorybandwidth,andlimited bus capacityfor
datal/O andmustbetakeninto account.
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Figure?2: avalonsystemarchitecture

The first stepis to specify the algorithmsand definea coarsestructureof the
systemasdepictedn the systemoverview in figure 2. The3D scenaepresentetly
alist of trianglesis loadedinto the constructmodule.Herethe world is subdvided
into a threedimensionalgrid datastructureandall trianglesare insertedinto that
grid. After this preparationthe ray emitteris readyto sendraysinto the scenen
orderto find thefirst trianglein the view of the spectatar The job of finding this



triangleis performedointly by theveryfasttriangle seach (VFTS)andthetriangle
intersection(TI) units. The VFTS traversesthe grid datastructurealong the ray
directionin searchor trianglesandpasseshe locatedtrianglelist togethemwith the
raytotheTI. Heretherayis intersectedvith thetrianglesin thelist andpassedo the
ray genemtor in caseof avalid intersectiorresultor otherwisebackto the VFTS to
searchfor furthertriangles.Theray generatothenchecksfor thegeneratiorof new
raysdependingon the surfacepropertieof therespectie trianglelik e transpareng
or reflectionandadditionallysendsaysto all light sourcesn the scene Finally the
color of theray is determinecby the color shaderandall raysare collectedin the
ray collector.

For this designa very high processingoower is neededo copewith thereal-time
requirements.Furthermorewe have tremendoudandwidthrequirementsowards
the main memoryholding the sceneinformation, which makesthe useof caches
mandatory Thuseachcomponentn thefeedbackoopshasadatadependentiming
behaior, becausenot all datasetsrequiredto processhe actualray are available
in the local caches. This resultsin a framerate strongly dependingon the actual
scenario A bottleneckin onepartof the systemwithin any loop resultsin anoverall
performancéossin termsof adroppingframerate.

Functionalityand architecturearetightly linked in this applicationdomainand
thesimulationspeedo validatethe performancef the systemmustbeveryhigh. In
thefollowing we will describehemodelingstepswve haveintroducedn sectionex-
emplarilyfor thetriangleintersectiorunit. We presenthe successie refinemenbf
themodelsfrom a purefunctionaldescriptionof the systemtowardsanarchitecture.
In thefinal stagethelateny andthroughpuof eachcomponentanbe obsenedand
the performancef the distributedmemaorystructurecanbe measuredn the system
context.

Ar chitecturerefinementand exploration In this sectionwe describe how theini-
tial functionalSystemQmodelis successiely mappedo anarchitectureby refining
the structureandannotatingiming information.

The methodologyof virtual architecturemappingis demonstrateagxemplarily
for the triangle intersectionunit. At a first glancethis componenthasthe trivial
functionalityof calculatingtheintersectiorpointbetweerarayandalist of triangles,
whichis nearesto theorigin of theray.

The componentis much more interestingfrom the architecturalpoint of view
becaus®f its very high processingndmemoryrequirementsThecomponenmust
accomplistupto 4 - 10° intersectionpersecondo achiese the specifiedramerate
andpictureresolution.Everyintersectiortesthasthe complexity of 27 multiply and
14 add operationgresultingin 164 - 10° FLOPSfor this component.Additionally
a datastructureof 32 byte size representinghe geometricalinformation for one
trianglemustbe loadedfor every intersectiortest,which correspond$o a memory
bandwidthof 128 GB/s. Thusit is quite a challengeto find a feasiblearchitecture
for thiscomponent.

The successie stepsof mappingthe functional SystemCmodelto a virtual ar
chitecturemodelaredepictedin figure 3. The startingpointis theinitial functional
modelin 3 a), wherethe functionality of the componenis modeledwith roughly
100lines of C++ codewhich werewritten andvalidatedwithin 2 days. Thewhole
SystemGnodelonthepurefunctionallevel takesabout12 minutesto renderacom-
pleteframewith a pixel resolutionof 800x 600 anda scenecomplexity of 140.000
triangles.

In a secondstepthe functionalmodelis refinedto the intendedarchitectureas
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Figure3: successie architecturaefinement

depictedn figure3 b). Therequiredprocessingpowercanonly bedeliveredby aset
of parallelanddeeplypipelinedprocessingunits. Now the functional TI modelis
instantiatecseveraltimeswithin a structuralSystemQmodule. Furthercomponents
areaddedik e ademultiplex componentistributing arriving datatokensto the pro-
cessingunitsandmultiplexer memging the intersectiorresultsinto the singleoutput.
The pipelinedcharactenf the processinginitsis modeledwith the channelmodels
introducedin the methodologysection,which are instantiatecoetweenthe Tl and
the multiplexer module. The tokensrepresentinghe intersectionresultarewritten
to thechannelwith a staticdelaycorrespondingo the numberof pipelinestages.

Therefinedstructuralmodelof the Tl is parametricalvith respecto thenumber
of pipelinestagegandthenumberof parallelfunctionalunits. It hasbeenwrittenand
verifiedwithin only 2 days,sincethe verifiedfunctionalmodelandthe surrounding
componentsemainuntouchedTheresultingsimulationperformancelecreasedue
to the higherdegreeof detailandscaledinearly with thenumberof parallelunits.

On this level of detail we areableto profile the static peakperformanceof the
triangularintersectionunit andits influenceon the resultingsystemperformance,
but thelimited memorybandwidthandtheinfluenceof cacheeffectsis notyettaken
into account.For this purposethe architecturemodelis further refinedasdepicted
in figure 3 ¢). In orderto make cacheeffects visible we employ a cachemodel,
whichis generidn termsof cachesize,block size ,buswidth, associatie degreeand
replacemenstrateyy. Now thearchitecturanodelconsiderghefact,thatthetriangle
list containingonly pointersto trianglesis fetchedfrom a cacheand aftewvardsthe
triangledatastructurds fetchedfrom anothercache Furthermoren thisapplication
the datasequencédasto be presered, sothatthe cacheunits arestalledin caseof
a cachemiss. This is modeledby suspendinghe cacheprocessuntil the datais
fetched. Now the performancenfluenceof the dynamicdelayintroducedby data
dependentachehits and missesis modeledandallows preciseinformation about
theresultingsystemperformance.

The cacheaware systemsimulationsnow shavs thata 2ndlevel cacheis neces-
saryto meetthe performanceand externalmemorybandwidthrequirements.Fur-



thermorewe foundoutthatin consideratiorof the cacheeffectstheschedulingalgo-
rithm hasto beadaptedor optimalsystemperformanceFor the staticperformance
model,a load balancingschedulingalgorithm shaws the bestprofiling results. In-
steadfor the dynamiccachemodela schedulingalgorithm exploiting geometrical
locality betweerraysandthusoptimizing cachecoherencebtainssuperiorperfor
manceresults.

The final systemarchitecturemodel comprisingabout4000lines of C++ code
hasbeenbuilt within 6 weeksby ateamof 4 engineerswho areexperiencedn the
methodologyandthe applicationdomain. At the highestlevel of detail, the simu-
lation instantiatesabout200 SystemCprocesseandtakesabout6 hoursto render
a completeframe. Equippedwith this genericSystemOmodel,it took us another2
weeksto adjustthegenericparametersf thearchitecturenodelandfinally definea
systemarchitecturewhich deliversthe requiredprocessingpower andis feasiblein
termsof hardwarecostandmemorybandwidth.

CONCLUSION

In this papemwe proposedh systenlevel designmethodologybasednthe SystemC
library. Ourapproachs capabldo captureghecompletesystenfunctionalityaswell
asimportantarchitecturgeatureson the highestpossiblelevel of abstraction.The
resultingmodelingefficiency measuredn lines of codeandthe simulationspeeds
atleasttwo ordersof magnitudebettercomparedo anRTL architecturenodel. We
have employedthe outlinedmethodologyduringthedesignof a 100million gate3D
graphicprocessarwherebywe were ableto definea feasiblesystemarchitecture.
This work was accomplishedvithin 2 monthsby a teamof 4 engineerdamiliar
with the applicationandthe methodology Thefinal systemarchitecturanodelalso
senesasanexecutablespecificatiorandasafastco-simulationervironmentfor the
HW andSW implementation.
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