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Abstract - In this paper we proposea systemlevel designand refinementmethod-
ology basedon the SystemCclass library . 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 refinementmethodologycoversarchitectureexploration and resultsin an
executableSystemAr chitecture Model, which is able to generatethe relevant profiling
data and to verify if the chosenarchitecturemeetsthe performancerequirements.

Wehaveapplied this methodologyto a 100million gatedesignof a 3D graphic proces-
sor. In this project wewereableto demonstratethe feasibility and definethe final system
architecture within 2 months. This 3D processorimplementsthe 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 successively definea feasiblesystemarchitecture coping with the processingand
memory bandwidth requirements.

INTRODUCTION
Oneof themostchallengingtasksin modernSystem-on-Chipdesignprojectsis to
mapa complex applicationonto a heterogeneousarchitecturein adherenceto the
specifiedperformanceandcostrequirements.Drivenby theever increasingnumber
of transistorsintegratedinto onepieceof silicon, thecompletesystemfunctionality
canbe integratedon a singlechip. Sincepower dissipationbecomesa major de-
signconstraintin nearlyall applicationdomains,thedesignerhasto tradecarefully
theflexibility of programmablearchitecturesagainstthecomputationalefficiency of
dedicatedhardware[14].

Under stringentpower constraints,the requiredflexibility and performanceis
bestdeliveredby a heterogeneoussystemarchitectureemploying standardaswell
asapplicationspecificprogrammablearchitecturesanddedicatedhardwareblocks.
As a result, the designerfacesa hugedesignspaceandhasto composea system
architecturefrom variouskindsof building blocksin orderto meettheconstraintsof
thespecificapplication.

Fromthedesignersperspective, theoverall performanceof a systemcanbesep-
aratedinto the performancedeliveredby the selectedalgorithmson the one side
and the performanceof the underlyingarchitectureon the other side. Hencethe
traditionaldesignflow is subdividedinto two decoupledphases.First thefunction-
ality of thesystemis definedduringthealgorithmexplorationphase,which is usu-
ally performedwith applicationspecifictool andlibrary support(e.g. SPW[5] and
COSSAP[12] for wirelesscommunicationsor OPNET[11] for networking). In the
secondphaseof thedesignflow, theresultingsystemspecificationis implemented.

This traditionalapproachis no longerfeasiblefor the designof large heteroge-
neoussystemsonasinglechip,becausequantitativearchitecturalconsiderationsare



not taken into accountprior to the implementationphase.Due to the high level of
detailof implementationmodels,they areonly optimizedlocally andsystemarchi-
tecturetradeoffs andoptimizationsarenot exploited. For that reasonwe propose
an intermediatephasein the designflow, wherethe functionality of the systemis
mappedto the architecturein an abstractmannerto enablearchitectureoptimiza-
tions acrossheterogeneouscomputationalcomponents.Bringing both parts- the
functionalspecificationandthearchitecturalspecification- togetheris themostchal-
lengingtaskin thedesignprocessfor on-the-edgesystems.

The paperis organizedasfollows: first we discussthe relatedwork beforewe
introduceour systemlevel designmethodology. Key aspectsof this methodology
areto capturethe systemsbehavior in an abstractandvery efficient way andthen
addarchitecturaldetailssuccessively to thatfunctionaldescription.Theapplicability
of our methodologyis demonstratedby anindustrialcasestudyin section. Finally
we briefly concludetheresultsof our work.

RELATED WORK
The issuesof SystemLevel Designhave attracteda growing attentionfrom both
university andindustryresearchteams. It is commonlyacceptedto copewith the
growingsystemcomplexity by raisingtheabstractionlevelof theinitial specification
to explorearchitecturetradeoffs andguideHW/SW partitioningdecisions.

The proposedspecificationlanguagesandco-designframeworks cover all con-
ceivableabstractionlevelsandapplicationdomains,but canbeassessedby thefol-
lowing classification.The morepowerful the co-designframework is in termsof
accurateperformanceandcostestimation,automatedHW/SWpartitioningandsyn-
thesis,thehigheris thespecificationeffort andthemorerestrictedis theframework
to a certainapplicationdomain.Our approachintendsto minimizetheformal spec-
ificationoverheadandis thereforeapplicablefor largescaledesignsandearlyfeasi-
bility considerations.In averyearlydesignstage,wherethefeasibilityof thedesign
is still unproven,theeffort to build asystemmodelcapablefor automatedco-design
is oftenunjustifiable.

Startingfrom a formalizedsystemdescription,completeco-designframeworks
addressarchitectureexploration,HW/SW partitioningandsynthesis.Polis[4] from
UC Berkeley andArchiMate from Arexsys[3] fall in this category, sincethey are
focusedon automatingthecompletedesignflow for embeddedsystems.In contrast
to suchco-designframeworkswe donotaddressautomaticsynthesis,but modelthe
impactof thearchitectureon thehighestpossiblelevel of abstraction.For verifica-
tion purposesthe hand-craftedHW andSW implementationmodelsareintegrated
into ourabstractarchitecturemodelvia aco-simulationinterface[1], which is capa-
bleof adjustingdifferentlevelsof abstraction.

N2C [6] from CoWarerelieson the RPC
�

paradigm,which will be part of the
SystemC2.0 specification,to build anexecutablesystemspecification.Fromthere
N2Cenablesinterfacesynthesisfor rapidIP integrationin SWcentricdesigns,where
the target architectureis a programmablecorewith acceleratorsconnectedto the
systembus.

CommerciallyavailableHW/SW co-simulationtoolslike Seamless[10] areuse-
ful for the verificationof implementationmodels. On the otherhandthey arenot
usefulto guidearchitecturedecisionsin systemlevel designdueto thelow abstrac-
tion level andlow simulationspeed.

�
RemoteProcedureCall



C/C++basedsystemmodelinglanguageslikeSpecC[8] andSOCOS[7] arecon-
sideredasthemostpromisingvehiclesto copewith theever increasingcomplexity
of SoCdesigns.TheSystemCinitiative [13] will probablyestablishacommonplat-
form for thesekindsof systemlevel designmethodologies.

In thiscontext themajorcontributionof thispaperisasystemleveldesignmethod-
ology, whichisbasedonthestandardSystemClibrary. Thismethodologyhasproven
to handletheenormousfunctionalandarchitecturalcomplexity of SoCdesignsatthe
edgeof silicon feasibility.

SYSTEM LEVEL DESIGN METHODOLOGY
In this sectionwe introduceour systemlevel designmethodology. The procedure
of defining a systemarchitecturecan be subdivided into building an initial, pure
functionalexecutablespecificationandthenfindingasuitablearchitecturemapping.

Functional modelAs depictedin figure1,usuallythefirst stepin defininganew ap-
plicationis to selectthealgorithms.This algorithmicexplorationis performedwith
applicationspecifictool andlibrary support,wherethesystemdesignercanconcen-
trateon thealgorithmdevelopmentandprofiling of thealgorithmicperformance.
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Figure1: SoCdesignflow

Our methodologycoversthe systemlevel designdomainin figure 1, i.e. after
thealgorithmicexplorationis finishedandwhentheoptimalarchitectureexecuting
the functionality is to be defined. Generally, the SoCarchitecturecanbe seenas
a setof parallelcommunicatingblocks. To capturethe completefunctionality and
to enableabstractarchitecturemapping,the functionality is first to be partitioned
into SystemCmodules.Metricslikeminimizationof informationexchangebetween
modulesandalgorithmiclocality areusedto guidepartitioningdecisions.

According to our methodologythe SystemCprocessnetwork is constructedto
fulfill thefollowing requirementsin systemlevel design:

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

separationof interfacesand behavior as motivatedby Rowson [9] enablessuc-
cessive refinementof communicationandstructure.



separationof timing and behavior allows efficient profiling of functionalblocks
mappedto alternativearchitectures.

Thefirst goal,highsimulationspeedandmodelingefficiency, is achievedby raising
the abstractionlevel of the HW modelfrom the registertransferlevel (RTL) to an
abstractsystemarchitecturelevel.

In theabstractmodel,functionality is partitionedinto coarsegrainSoCbuilding
blocksinsteadof scatteringthe functionality over numerousprocessesasoften re-
quiredfor a synthesizableRTL description.The bit-truedatarepresentationof the
RTL modelis replacedby abstractdatatypes,suchthata wholesetof functionally
associateddatais representedasa singletoken.

The key conceptof raising the abstractionlevel is the introductionof a coarse
grain time scale. For systemperformanceprofiling a time baseis needed,but the
high resolutionof hardwareclock cyclesruinssimulationspeed.Sincethesystem
stateonly changesonthearrival of anew token,thetimebaseof oursystemmodelis
givenby a logical macrocycle. Themacrocycleperiodcorrespondsto theminimal
lengthof time betweenthearrival of two consecutivetokens.

At theendof this stage,thecompletesystembehavior is capturedby a network
of communicatingprocessesexchangingtokens. The simulationspeedaswell as
the modelingefficiency (measuredin lines of code)is at leasttwo ordersof mag-
nitudebettercomparedto the correspondingRTL model,which modelsthe same
functionality on a muchhigher level of architecturaldetail. The systemmodel is
now preparedfor the annotationof timing information,which is describedin the
next section.

Virtual architecture mapping In the next designstep, the functional model is
mappedvirtually to theintendedtargetarchitecturein orderto createaperformance
model of the resultingsystemarchitecture. The mappingis performedvirtually
by annotatingthe timing characteristicsof the target architectureto the functional
model,thusthemethodologyenablesaveryfastexplorationof differentdesignalter-
natives.Theprocessof timing annotationis completelyorthogonalto thefunction-
ality, hencethepreviouslyvalidatedfunctionalsystembehavior remainsunchanged.

Themethodologyis basedon thefollowing observation: for performanceprofil-
ing purposes,the basictiming characteristicsof the target architecturecanbe ex-
pressedby the temporalrelationshipof consuming,processingandproducingto-
kens.� Pipelinedarchitecturesareableto consumeandproducea tokenevery cycle

but introducea staticlatency, which is determinedby thenumberof pipeline
stages.� Datadependentmodulesshow varyingdelaysuntil theprocessingof theactual
token is finished. In thecaseof a cachemodulefor example,theprocessing
delayof acachereaddependsonwhethertherequesteddatasetis in thecache
or hasto befetchedfrom themainmemory.� Resourcesharedmodulesandprogrammablearchitecturesareblocked for a
varyingamountof cyclesuntil thetokenis processed.

Our goal is to model the architecturespecifictiming independentlyfrom the be-
havior, thusa functionallycorrectsystemmodelcanbe easilymappedto different
architectures.Thereforewe have developeda setof channelmodelsfor the inter-
connectionin theSystemCprocessnetwork. They areall basedon a losslessFIFO
buffer accordingto the discreteeventmultiple-write, single-readercommunication



model. The channelsprovide methodsto annotatethe temporalrelationbetween
processesaccordingto theabovelistedobservations.

A statisticalevaluationsystemis associatedwith thechannelmodels,which pro-
duceshistogramssamplingtheactualqueuelengthof tokensonthechannel.In case
a FIFO queuebetweentwo processesgrows very long, thereadingprocesshasnot
sufficientprocessingpowerto copewith thearriving tokens.In thiswayarchitecture
bottleneckscanbedetectedandeliminatedvery early in thedesignflow beforethe
timeconsumingimplementationstarts.

Thekey mechanismof virtual architecturemappingis separatingbehavior from
timing aspects.In our modelall timing relatedaspectsarecapturedby the com-
municationchannels.Thusweachieveathreefoldorthogonalizationof systemlevel
designconcernsin termsof function,interfaceandtiming. In thenext sectiontheap-
plicability of our systemlevel designmethodologyis demonstratedby a largescale
designexample.

THE AVALON CASE STUDY
In this sectionwe will introducethe AVALON project,wherethe proposedsystem
level designmethodologyhasbeenappliedto a largescaleindustrialdesignproject
of a 3D graphicchip. We will first introduceandcharacterizethe designandthen
show in detail thevirtual mappingandprofiling of oneexemplarycomponent.

Projectoverview and characterizationGoalof theprojectis to show thefeasibility
of a real-timeray tracing[2] chip andestimateits costin termsof power consump-
tion andarea.Ontheonesidetherequiredreal-timeframerateof at least25 frames
per secondmustbe fulfilled. On the other side the constraintsintroducedby the
architectureand by the surroundingenvironment,that include limited processing
power of thecomponents,limited memorybandwidth,andlimited buscapacityfor
dataI/O andmustbetakeninto account.

��
 ������� � � � ������� �
� � �!#" $�% &�' ( ) * + ,�-.0/
1�2 3�4
.

57698:<;>= ? ? @�A B7C�DFE G H�IKJLG M�N9OPRQ S S T�ULV Q�W X7Y9Z Y [\#]F^�_F`�a

b#c�dFe�f#gFh e�i j�kml<n oqpLr s tFu v wx�y#z {�|}�~��L� � � �
���
������F����� � ���

�����������

�����>�������  ¡F �¢�£�¤>£�¡F¥¦�§#¨ ©
ªR«�¬�­F® ¯7°�±�²F³ ´7µ ¶�·K¸

Figure2: avalonsystemarchitecture

The first stepis to specify the algorithmsand definea coarsestructureof the
systemasdepictedin thesystemoverview in figure2. The3D scenerepresentedby
a list of trianglesis loadedinto theconstructmodule.Heretheworld is subdivided
into a threedimensionalgrid datastructureandall trianglesare insertedinto that
grid. After this preparation,the ray emitter is readyto sendraysinto the scenein
orderto find the first trianglein the view of the spectator. The job of finding this



triangleis performedjointly by theveryfasttrianglesearch (VFTS)andthetriangle
intersection(TI) units. The VFTS traversesthe grid datastructurealong the ray
directionin searchfor trianglesandpassesthelocatedtrianglelist togetherwith the
rayto theTI. Heretherayis intersectedwith thetrianglesin thelist andpassedto the
raygenerator in caseof a valid intersectionresultor otherwisebackto theVFTSto
searchfor furthertriangles.Theraygeneratorthenchecksfor thegenerationof new
raysdependingon thesurfacepropertiesof therespective trianglelike transparency
or reflectionandadditionallysendsraysto all light sourcesin thescene.Finally the
color of the ray is determinedby the color shaderandall raysarecollectedin the
raycollector.

For thisdesignaveryhighprocessingpower is neededto copewith thereal-time
requirements.Furthermorewe have tremendousbandwidthrequirementstowards
the main memoryholding the sceneinformation,which makes the useof caches
mandatory. Thuseachcomponentin thefeedbackloopshasadatadependenttiming
behavior, becausenot all datasetsrequiredto processthe actualray areavailable
in the local caches.This resultsin a frameratestronglydependingon the actual
scenario.A bottleneckin onepartof thesystemwithin any loopresultsin anoverall
performancelossin termsof adroppingframerate.

Functionalityandarchitecturearetightly linked in this applicationdomainand
thesimulationspeedto validatetheperformanceof thesystemmustbeveryhigh. In
thefollowing wewill describethemodelingstepswehaveintroducedin sectionex-
emplarilyfor thetriangleintersectionunit. We presentthesuccessive refinementof
themodelsfrom apurefunctionaldescriptionof thesystemtowardsanarchitecture.
In thefinal stagethelatency andthroughputof eachcomponentcanbeobservedand
theperformanceof thedistributedmemorystructurecanbemeasuredin thesystem
context.

Ar chitecturerefinementand exploration In this sectionwe describe,how theini-
tial functionalSystemCmodelis successively mappedto anarchitectureby refining
thestructureandannotatingtiming information.

The methodologyof virtual architecturemappingis demonstratedexemplarily
for the triangle intersectionunit. At a first glancethis componenthasthe trivial
functionalityof calculatingtheintersectionpointbetweenarayandalist of triangles,
which is nearestto theorigin of theray.

The componentis much more interestingfrom the architecturalpoint of view
becauseof its veryhighprocessingandmemoryrequirements.Thecomponentmust
accomplishup to ¹»º½¼7¾À¿ intersectionspersecondto achievethespecifiedframerate
andpictureresolution.Every intersectiontesthasthecomplexity of 27multiply and
14 addoperationsresultingin ¼RÁ�¹ÂºÃ¼7¾À¿ FLOPSfor this component.Additionally
a datastructureof 32 byte size representingthe geometricalinformation for one
trianglemustbeloadedfor every intersectiontest,which correspondsto a memory
bandwidthof 128GB/s. Thusit is quite a challengeto find a feasiblearchitecture
for thiscomponent.

The successive stepsof mappingthe functionalSystemCmodel to a virtual ar-
chitecturemodelaredepictedin figure3. Thestartingpoint is theinitial functional
model in 3 a), wherethe functionality of the componentis modeledwith roughly
100linesof C++ codewhich werewritten andvalidatedwithin 2 days.Thewhole
SystemCmodelonthepurefunctionallevel takesabout12minutesto renderacom-
pleteframewith a pixel resolutionof 800x 600anda scenecomplexity of 140.000
triangles.

In a secondstepthe functionalmodel is refinedto the intendedarchitectureas
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Figure3: successivearchitecturerefinement

depictedin figure3 b). Therequiredprocessingpowercanonly bedeliveredby aset
of parallelanddeeplypipelinedprocessingunits. Now the functionalTI model is
instantiatedseveraltimeswithin a structuralSystemCmodule.Furthercomponents
areaddedlike ademultiplex componentdistributingarriving datatokensto thepro-
cessingunitsandmultiplexermerging theintersectionresultsinto thesingleoutput.
Thepipelinedcharacterof theprocessingunitsis modeledwith thechannelmodels
introducedin the methodologysection,which are instantiatedbetweenthe TI and
themultiplexer module. The tokensrepresentingthe intersectionresultarewritten
to thechannelwith astaticdelaycorrespondingto thenumberof pipelinestages.

Therefinedstructuralmodelof theTI is parametricalwith respectto thenumber
of pipelinestagesandthenumberof parallelfunctionalunits.It hasbeenwrittenand
verifiedwithin only 2 days,sincetheverifiedfunctionalmodelandthesurrounding
componentsremainuntouched.Theresultingsimulationperformancedecreasesdue
to thehigherdegreeof detailandscaleslinearlywith thenumberof parallelunits.

On this level of detail we areableto profile the staticpeakperformanceof the
triangularintersectionunit and its influenceon the resultingsystemperformance,
but thelimited memorybandwidthandtheinfluenceof cacheeffectsis notyet taken
into account.For this purposethearchitecturemodelis further refinedasdepicted
in figure 3 c). In order to make cacheeffects visible we employ a cachemodel,
whichis genericin termsof cachesize,blocksize,buswidth, associativedegreeand
replacementstrategy. Now thearchitecturemodelconsidersthefact,thatthetriangle
list containingonly pointersto trianglesis fetchedfrom a cacheandaftewardsthe
triangledatastructureis fetchedfrom anothercache.Furthermorein thisapplication
thedatasequencehasto bepreserved,so that thecacheunitsarestalledin caseof
a cachemiss. This is modeledby suspendingthe cacheprocessuntil the datais
fetched. Now the performanceinfluenceof the dynamicdelayintroducedby data
dependentcachehits andmissesis modeledandallows preciseinformationabout
theresultingsystemperformance.

Thecacheawaresystemsimulationsnow shows thata 2ndlevel cacheis neces-
saryto meetthe performanceandexternalmemorybandwidthrequirements.Fur-



thermorewefoundout thatin considerationof thecacheeffectstheschedulingalgo-
rithm hasto beadaptedfor optimalsystemperformance.For thestaticperformance
model,a load balancingschedulingalgorithmshows the bestprofiling results. In-
steadfor the dynamiccachemodela schedulingalgorithmexploiting geometrical
locality betweenraysandthusoptimizingcachecoherenceobtainssuperiorperfor-
manceresults.

The final systemarchitecturemodelcomprisingabout4000 lines of C++ code
hasbeenbuilt within 6 weeksby a teamof 4 engineers,who areexperiencedin the
methodologyandthe applicationdomain. At the highestlevel of detail, the simu-
lation instantiatesabout200 SystemCprocessesandtakesabout6 hoursto render
a completeframe.Equippedwith this genericSystemCmodel,it took usanother2
weeksto adjustthegenericparametersof thearchitecturemodelandfinally definea
systemarchitecture,which deliverstherequiredprocessingpowerandis feasiblein
termsof hardwarecostandmemorybandwidth.

CONCLUSION
In thispaperweproposedasystemlevel designmethodologybasedontheSystemC
library. Ourapproachis capableto capturethecompletesystemfunctionalityaswell
asimportantarchitecturefeatureson thehighestpossiblelevel of abstraction.The
resultingmodelingefficiency measuredin linesof codeandthesimulationspeedis
at leasttwo ordersof magnitudebettercomparedto anRTL architecturemodel.We
haveemployedtheoutlinedmethodologyduringthedesignof a100million gate3D
graphicprocessor, wherebywe wereableto definea feasiblesystemarchitecture.
This work was accomplishedwithin 2 monthsby a teamof 4 engineersfamiliar
with theapplicationandthemethodology. Thefinal systemarchitecturemodelalso
servesasanexecutablespecificationandasafastco-simulationenvironmentfor the
HW andSWimplementation.
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