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Abstract. Modernsignalprocessingndmultimediaembeddedystemsncreas-
ingly have heterogeneousystemarchitecturesln thesesystemsprogrammable
processorprovide e xibility to supportmultiple applicationswhile dedicated
hardwareblocksprovide high performancéor time-criticalapplicationtasks The
heterogeneitpf theseembeddedystemsandthevaryingdemand®f theirgrow-
ing numberof targetapplicationgreatlycomplicatethe systemdesign.

As part of the Artemis project, we are developing a modelingand simulation
ervironmentwhich aimsat ef cient designspaceexplorationof heterogeneous
embeddedsystemsarchitecturesin this paper we presentan overvien of the
modelingandsimulationmethodologyusedin Artemis. Moreover, usinga case
studyin which we have appliedaninitial versionof our prototypemodelingand
simulation ervironmentto an M-JPEG encodingapplication,we illustrate the
easeawith whichalternatve candidaterchitecturesanbemodeledandevaluated.

1 Intr oduction

Modernembeddedsystems]ik e thosefor mediaand signal processingjncreasingly
needto be multifunctionalandmustsupportmultiple standardsA high degreeof pro-
grammability which canbe provided by applyingmicroprocessotechnologyaswell
asrecon gurablehardware,is key to thedevelopmenbf suchadvancedembeddedys-
tems.However, performanceequirementsindconstrainton costandpowerconsump-
tion still requiresubstantiapartsof thesesystemgo beimplementedn dedicatechard-
wareblocks.As aresult, modernembeddedystemftenhave a hetengeneousystem
architectur, i.e.,they consistof componentn therangefrom fully programmabl@ro-
cessorcoresto dedicatechardwarecomponentdor the time-critical applicationtasks.
Increasingly suchheterogeneousystemsareintegratedon a single chip. This yields
heterogeneousiulti-processosystems-on-a-chifSoGs) that exploit task-level paral-
lelismin applications.

For thesemodernembeddedystemsijt becomesnoreandmoreimportantto have
goodtools availablefor exploring differentdesignchoicesat an early stagein the de-
sign. This is becausdhe heterogeneityf the embeddedystemsandthe varying de-
mandsof their targetapplicationggreatlycomplicatethe systemdesign,which already
affectsthevery rst designdecisionsCommonsimulationpracticefor thedesignspace
explorationof heterogeneousmbeddedystemsarchitecturess unableto copewith



this increasein compleity andis especiallypbecomingunsuitedfor the early design
stagesDesignergdypically useonly relatively detailed oftencycle-accuratesimulators
for designspaceexplorationof embeddedystemsarchitecturestor comple« embed-
dedsystemsthe effort requiredto build suchdetailedsimulatorscanbe high, making
it impracticalto usethosesimulatorsin early designstagesMoreover, their low simu-
lation speedsigni cantly hamperthe architecturakxploration.

In the scopeof the Artemis (ARchitecturesand meThodsfor EmbeddedVedla
Systems)roject[17], we are developing an architectureworkbenchwhich provides
modelingandsimulationmethodsandtoolsfor theef cient designspacesxplorationof
heterogeneousmbeddednultimediasystemg¢16]. Thisarchitecturavorkbenchshould
allow for rapid evaluationof differentarchitecturedesignsapplicationto architecture
mappingsandhardware/softvarepartitioningsandit shoulddo soat multiple levelsof
abstractiorandfor awide rangeof multimediaapplicationsBy allowing simulationat
multiple abstractiorevels,thespeedrequiredmodelingeffort, andattainableaccurag
of the architecturesimulationscan be controlled. This enablesa stepwisere nement
approachn which abstracsimulationmodelsare usedto ef ciently explorethelarge
designspacein the earlydesignstageswhile in alaterstagemoredetailedmodelscan
be appliedfor focusedarchitecturakxploration.

Anotherimportantrequiremenfor our architecturedesignspaceexplorationervi-
ronmentis thatit shouldbe opento reuseof intellectualproperty therebyallowing for
reducingthe time-to-marlet of products.For example,simulationmodelsof architec-
turecomponentssuchasmicroprocessordussesandmemoriesmustbereusablevith
relative easeThis callsfor a high degreeof modularitywhenbuilding systemarchitec-
turemodelsand,aswe shaw lateron, a clearseparatiorbetweerspecifyingapplication
behavior andarchitecturaperformanceonstraints.

In this paperwe presentanoverview of the modelingandsimulationmethodology
usedin Artemisandtheopenresearciproblemst addressedJsingacasestudywith an
M-JPEGencodingapplicationwe illustratethe easewith which differentarchitectural
designchoicescan be evaluatedat a high level of abstraction.To this end, we have
usedan initial versionof our prototypemodelingand simulationervironment,called
Sesameto evaluatethreealternatve multi-processotargetarchitecturesvith different
memoryinterconnects.

Thenext sectiondescribediow Artemisrelategto othereffortsin the eld of simu-
lation of embeddedystemsarchitecturesln Section3, we describethe modelingand
simulationmethodologyappliedin Artemis. In Section4, the Sesameanodelingand
simulationervironmentis describedSections presentshe casestudywith anM-JPEG
applicationandSection6 concludeghe paper

2 Thelimitations of traditional co-simulation

Systemarchitecturemodelingandsimulationof heterogeneousystemss a relatively
new researcheld which hasreceveda lot of attentionin recentyears.The key con-
ceptin mosteffortsin this eld is co-simulation Lik e its namealreadysuggests¢o-
simulationimpliesthatthe softwareparts(which will be mappedontoa programmable
processorandthe hardware component@ndtheir interactionsare simulatedtogether



in onesimulation[18]. Traditionalco-simulatiorframenorks(e.g.,.Seamles¥CE [11],
Virtual CPU [2], andthe work of [7, 4]) often combinetwo simulators,onefor simu-
lating the programmablecomponentsunning the software and onefor the dedicated
hardware. For software simulation,instruction-level processoisimulators,host code
executionor bus-functionalprocessomodels[18] aretypically used.To simulatethe
hardwarecomponentsHDLs suchasVHDL areapopularchoice.

A major dravback of such co-simulationis its in e xibility: becausean explicit
distinction is made betweensoftware and hardware simulation, it must already be
known which applicationcomponentswill be performedin software andwhich ones
in hardware beforethe systemmodelis built. This signi cantly complicateshe per
formanceevaluationof different hardware/softvare partitioningssince a whole new
systemmodelmayberequiredfor theassessmertf eachpartitioning.For thisreason,
the co-simulationstageis oftenprecededy a stagein which the applicationis studied
in isolationby meanf afunctional(behavioral) softwaremodelwrittenin ahighlevel
languageThis typically resultsin roughestimationsof the applications performance
requirementsyhicharesubsequentlysedasguidancdor thehardware/softvareparti-
tioning. In thatcasetheco-simulatiorstageis mainly usedasveri cation of thechosen
hardware/softvarepartitioningandnot asa designspace=xplorationvehicle.

A numberof explorationervironmentssuchasVCC [1], Polis[3] andeArchitect
[2], facilitatemore e xible system-l@el designspace=xplorationby providing support
for mappingabehaioral applicationspeci cationto anarchitecturespeci cation.How-
ever, in contrasto theseefforts, Artemis pusheghe separatiorof modelingapplication
behaior andmodelingarchitecturaconstraintsat the systemlevel to its extremes As
will be shavn in the next section,suchseparatioreadsto ef cient explorationof dif-
ferentdesignalternatveswhile alsoyielding a high degreeof reusability

3 Modeling and simulation methodology

We strongly believe that for the designof programmableembeddedsystemsa clear
distinctionshouldbe madebetweerapplicationsandarchitectuies andthatanexplicit
mappingstepmustbesupportedThis permitsmultiple targetapplicationgo bemapped
one after the other onto candidatearchitecturedor evaluationof their performance.
This approachs referredto asthe Y-chart of systemdesign[10, 3]. Typically, the de-
signerstudiesthe targetapplicationsmakessomeinitial calculationsandproposesn
architectureThe performanceof this architecturds thenquantitatvely evaluatedand
comparecdhgainstalternatve architecturesfor suchperformancenalysis gachappli-
cationis mappecdntothe architecturainderinvestigatiorandthe performancef each
application-architectureombinationis evaluated.Subsequentlythe resulting perfor
mancenumbersmay inspire the designerto improve the architectureyestructurethe
application(s)r modify the mappingof theapplication(s).
TheArtemismodelingandsimulationervironmentfacilitatesthe performanceanal-
ysis of embeddedystemsarchitecturesn a way thatdirectly re ects the Y-chartde-
signapproachSeparatapplicationandarchitecturanodelsarerecognizedor system
simulation.An applicationmodeldescribeghe functionalbehaior of an application,
including both computatiorand communicatiorbehaior. The architectule modelde-



nes architectureesourcesindcapturegheir performanceonstraintsEssentialn this
modelingmethodologyis that an applicationmodelis independenfrom architectural
speci cs,assumptionsnhardware/softvarepartitioning,andtiming characteristicsAs
aresult,asingleapplicationmodelcanbe usedto exercisedifferenthardware/softvare
partitioningsand canbe mappedonto a rangeof architecturemodels,possiblyrepre-
sentingdifferentsystemarchitecturesr simply modelingthe samesystemarchitecture
at variouslevels of abstractionThis clearly demonstratethe strengthof decoupling
applicationmodelsandarchitecturenodels:it enableghe reuseof bothtypesof mod-
els. After mapping,an applicationmodelis co-simulatedwith an architecturemodel
allowing for evaluationof the systenperformancef aparticularapplicationmapping,
andunderlyingarchitecture.

3.1 Trace-drivenco-simulation

To co-simulateapplicationmodelsand architecturemodels,an interface betweenthe
two mustbe provided, including a speci cation of the mapping.For this purposewe
applytrace-drvensimulation.Iln our approachtheapplicationmodelis structuredasa
network of concurientcommunicatingrocessesherebyexpressingheinherenttask-
level parallelismavailablein the applicationandmakingcommunicatiorexplicit. Each
processwhen executed,producesa trace of eventswhich representshe application
workloadimposedon the architectureby that particularprocessThus,thetraceevents
refer to the computationand communicationoperationsperformedby an application
process.Theseoperationsmay be coarsegrain, suchas“computea Discrete Cosine
Transform(DCT)".

Sinceapplicatiormodelsepresenthefunctionalbehaior of applicationsthetraces
correctlyre ect datadependenbehaior. Consequentiythearchitecturanodelswhich
aredriven by the applicationtraces,do not needto represenfunctionalbehavior but
only needto accountfor the performanceonsequencesf the applicationevents.

3.2 Application modeling

For modelingof applicationswe usethe KahnProcesdNetwork (KPN) modelof com-
putation[9]. To obtaina Kahn applicationmodel,a sequentiabpplication(written in
a high-level language)s restructurednto a programconsistingof parallel processes
communicatingvith eachothervia unbounded=IFO channelsin the Kahn paradigm,
readingfrom channelds donein a blocking manneywhile writing is non-blocking.

Thecomputationabehaior of anapplicationcanbe capturedy instrumentinghe
codeof eachKahnprocessvith annotationsvhich describethe applications computa-
tionalactions.Thereadingfrom or writing to Kahnchannelsepresentthecommunica-
tion behavior of a proceswithin the applicationmodel.By executingthe Kahnmodel,
eachprocessecordsts actionsin orderto generate traceof applicationevents which
is necessaryor driving anarchitecturamodel.

In the eld of applicationmodeling,a lot of researchhasbeendoneon models
of computation(e.g.,[6]). We decidedto useKPNsfor applicationmodelingbecause
they t nicelywith the multimediaapplicationdomainandaredeterministic.Thelatter
meanghatthesameapplicationinputalwaysresultsin thesameapplicationoutput,i.e.,



theapplicationbehaior is architecturéndependentT his automaticallyguaranteethe
validity of eventtraceswhenthe applicationandarchitecturesimulatorsare executed
independentlyof eachother[8]. However, becauseof the semanticof KPNs which
disallow, for example,the modelingof interrupts,we are currently not ableto model
applicationswith time dependenbehaior.

A bene cial sideeffect of usinga separatepplicationmodelis thatit alsomakes
it possibleto analyzethe computational/communicatiareedsandthe potentialperfor
manceconstraintsof an applicationin isolationfrom ary architectureThis canbe a
bene t asit allows for investigationof the upperboundsof the performanceand may
leadto earlyrecognitionof bottleneckswithin the applicationitself.

3.3 Architecture modeling

A modelof anarchitecturds basedn componentsepresentingco)processorsnem-
ories, buffers, bussesandso on. A performancesvaluationof an architecturecanbe
achieved by simulatingthe performanceconsequencesf the incoming computation
and communicatioreventsfrom an applicationmodel. This requiresan explicit map-
ping of theprocesseandchannelof aKahnapplicationmodelontothecomponentsf
thearchitecturanodel. The generatedraceof applicationeventsfrom a speci ¢ Kahn
processds routedtowardsa speci ¢ componeninsidethe architecturenodelby using
atrace-@entqueue.The Kahn procesdispatchests applicationeventsto this queue
while thedesignate@omponenin thearchitecturanodelconsumeshem.Thisis illus-
tratedin Figurel. Mappingthe FIFO channeldetweerkKahnprocessegshovn by the
dashedarrows) de nes which communicatiormediumat the architecturdevel is used
for thedataexchangesln Figurel, oneapplicationchannektaysunmappedinceboth
its applicationtasksare mappedonto the sameprocessingcomponentMapping the
trace-@entqueuedrom multiple Kahnprocessesntoa singlearchitecturecomponent
occurswhen,for example,several applicationtasksare executedon a microprocessor
In this casethe eventsfrom thedifferentqueueseedto be scheduled.

Werreiteratethattheunderlyingarchitecturenodelsolelyaccountdor architectural
(performancexonstraintsand thereforedoesnot needto model functional behaior.
This is possiblebecausehe functionalbehaior is alreadycapturedn the application
model,which subsequentlyrivesthe architecturesimulation.An architecturemodel
is constructedrom genericbuilding blocks provided by a library. This library con-
tainsperformancenodelsfor processingores,communicatiomedia(lik e bussespnd
differenttypesof memory Evidently, sucha library-basednodelingapproachgreatly
simpli es thereuseof architecturenodelcomponents.

At a high level of abstractionthe modelof a processingoreis a black boxwhich
canmodeltiming behavior of a programmablgrocessara recon gurablecomponent
or adedicatechardwareunit. Modelingsucha variety of architecturaimplementations
is accomplishedy the factthatthe architecturesimulatorassigngarameterizablé-
tenciesto theincomingapplicationevents.For example,to modelsoftware execution
of anapplicationevent,arelatively highlateng canbeassignedo theevent.Lik ewise,
to modeltheapplicationeventbeingexecutedby dedicatedr recon gurablehardware
oneonly needsto tag the eventwith a lower lateng. So, by simply varyingthe laten-
ciesfor computationaépplicationevents differenthardware/softvarepartitioningscan
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Fig. 1. Mappinga Kahnapplicationmodelontoanarchitecturenodel.

rapidly be evaluatedat a high level of abstractionThe latenciegshemselescanbe ob-
tainedeitherfrom alowerlevel modelof anarchitecturecomponentfrom performance
estimatiortools,or they canbeestimatedy anexperiencedlesigner

In this approachthe communicationeventsfrom the applicationmodelare used
for modelingthe performanceconsequencesf datatransfersand synchronizationst
the architecturdevel. Theseeventscausethe appropriatecommunicationcomponent
within thearchitecturenodel(ontowhichthecommunicatindKahnchannels mapped)
to accountfor the latenciesassociatedvith the datatransfersUnlike in the application
modelwhereall FIFO channelareunboundedwritesatthearchitecturdevel mayalso
be blockingdependentn the availability of resourcege.g.,buffer space).

As designdecisionssuchashardware/softvarepartitioning,aremade components
of thearchitecturenodelmaybere ned. Thisimpliesthatthearchitecturanodelstarts
to re ect the characteristicef a particularimplementatior(e.g.,dedicatedrersuspro-
grammablehardware). To facilitatethe processof modelre nement, the architecture
model library shouldinclude modelsof commonarchitecturecomponentsat several
levelsof abstractionFor example theremaybe multiple instance®f amicroprocessor
modelsuchasa black box model,a modelwhich accountsor the performancecon-
sequencesf the processos memoryhierarchy(e.g.,translationlookasidebuffersand
caches)anda modelwhich accountdor the performanceémpactof bothits memory
hierarchyanddatapath(e.g.,pipeliningandinstruction-lerel parallelism) Moreover, to
supportarchitecturenodelre nement, eventsfrom the applicationmodelshouldalso
bere ned to matchthelevel of detailpresenin thearchitecturenodel.Providing e x-
ible supportfor sucheventre nementis still largely anopenproblem[13,5].

Theprocesf modelre nementmay continueto the level at which detailedsimu-
latorsfor certainarchitecturecomponentse.g.,instruction-level simulatorsor Register
TransferLevel (RTL) simulators,are embeddednto the overall systemarchitecture
simulation. For instance,considerthe examplein which it is decidedthat a certain
applicationtaskwill be implementedn software.In thatcase jnsteadof usingan ab-



stractarchitecturanodelof a processocoreontowhich the Kahnprocessn question
is mappeda detailedinstruction-level simulatorcanbe usedwhich emulategheactual
codeof the applicationtask. The processof embeddingnore detailedsimulatorscan
be continuedsuchthat more and more functionality is graduallyincorporatednto an
architecturemodel. In the end,the architecturemodel canthenbe usedas a starting
point for more traditional hardware/softvare co-simulationcomposedf instruction-
level simulatorsandRTL simulators.

4 The Sesamanodeling and simulation environment

For thedevelopmenbf the Artemisarchitecturenodelingandsimulationenvironment,
we currentlyare developingand experimentingwith two prototypesimulationframe-
works: SpadgSystem-lgel Performancé\nalysisandDesignspaceExploration)[14]
and SesamdSimulation of EmbeddedSystemArchitecturesfor Multi-level Explo-
ration) [20]. Both frameworks act astechnologydriversin the sensethat they allow
for testingand evaluatingnew simulationmodelsand simulationmethodsto gainin-
sightinto their suitability for the Artemis modelingandsimulationernvironment.Only
thosesimulationmodelsand simulationmethodghat have provento be effective will
beincorporatedn Artemis.In this paperwe limit our discussiorto Sesamenly.

The Sesamdrameawork aims at studyingthe potentialsof simulationat multiple
levelsof abstractiorandthe conceptsieededo re ne simulationmodelsacrosdiffer-
entabstractiorlevelsin a smoothmanner For example,re nementof onecomponent
in an architecturemodel shouldnot leadto a completelynen implementationof the
entiremodel. This meanghatthe modelingconceptdeingstudiedshouldalsoinclude
supportfor re ning only partsof anarchitecturanodel,thuscreatinga mixed-level sim-
ulation model Theresultingmixed-level simulationsallow for moredetailedevaluation
of aspeci c architectur&eomponentvithin thecontext of thebehavior of thewholesys-
tem. They thereforeavoid the needfor building a completedetailedarchitecturenodel
during the early designstagesMoreover, mixed-level simulationsdo not suffer from
deterioratedsystemevaluationef ciency causedby unnecessarilye ned partsof the
architecturemodel.

Sesameurrentlyonly providesa library of black box architecturemodels.In the
nearfuture, the library will be extendedwith modelsfor architecturecomponentsat
severallevels of abstractiorin orderto facilitatethe performancevaluationof archi-
tecturesfrom the black box level towardsthe level of cycle-accuratenodels.This li-
brarywill eventuallybesupplementedith techniqguesndtoolsto assisthemodelefin
graduallyre ning themodelsandperformingmixed-level simulations Currently these
issuesarestill largely openresearctproblems.

The architecturemodelsin Sesameare implementedusing a small but powerful
discrete-gent simulationlanguagecalled Pearl,which provides easyconstructionof
themodelsandfastsimulation[15]. Evidently, thesecharacteristicgreatlyimprovethe
scopeof the designspacethat can be exploredin a reasonablemountof time. The
architecturdibrary componentsn Sesameare not meantto be x ed building blocks
with pre-de nedinterfacesbut merelytemplatemodelswhich canbe freely extended
and adaptedWith this approacha high degreeof e xibility is achiered (which can
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Fig. 2. Figure (a) shavs a potential deadlocksituation due to schedulingof communication
events.The Sesamesolution,usingvirtual processorss illustratedin Figure(b).

be helpful whenre ning models)at the costof a slightly increaseceffort requiredto
build architecturemodels.This effort will however still be relatively small dueto the
modelingeaseprovidedby Pearl.

As we have describedmultiple Kahn processe®f the applicationmodel can be
mappedontoa singleprocessingomponentn thearchitecturanodel.In this casethe
incoming eventtracesneedto be scheduledSchedulingof communicatioreventsis,
however, not straightforvard asit may causedeadlocksSucha situationis illustrated
in Figure2(a).In this example KahnprocessA readsdatafrom KahnprocessC, Kahn
processB writes datafor processC and Kahn processC rst readsthe datafrom B
afterwhich it writesthe datafor A. SinceKahnprocesse#é andB aremappedontoa
singleprocessartheirreadandwrite eventsneedto bescheduledAssumehattheread
eventfrom KahnprocessA is dispatchedrst to processofl. ProcessoP recevesthe
readeventfrom Kahnproces<C. In this casea deadlockoccurssincebothdispatched
readeventscannotbe carriedout asthereareno matchingwrite events.As aresult,the
processorslock.

In Figure2(b), Sesames solutionto theabove problemis depicted Betweertheap-
plicationandarchitecturdayers,we distinguishan extra mappinglayer. This mapping
layer, whichis implementedn the Pearllanguageandwhich canbe automaticallygen-
eratedfrom an applicationmodel,consistsof virtual processocomponentand FIFO
buffers for communicationbetweenthe virtual processorsA virtual processoreads
in an applicationtracefrom a Kahn processand dispatcheghe eventsto a process-
ing componentn the architecturemodel. The mappingof a virtual processowonto a
processingcomponenin the architecturemodelis parameterize@ndthusfreely ad-
justable TheFIFO buffersin the mappinglayerhave a one-to-oneelationshipwith the
FIFO channelsn the Kahnapplicationmodelbut they arelimited in size.Their sizeis
parameterizednddependenbnthe modeledarchitecture.

As canbe seenfrom Figure 2(b), multiple virtual processorganbe mappedonto
a singlemodelof anactualprocessarin this schemegcomputationeventsare directly



forwardedby avirtual processoto the processomodel.Thelattersubsequentlgched-
ulesthe eventsin a FCFSfashionandmodelstheir timing consequencesiowever, for
communicatiorevents,the appropriatebuffer at the mappinglayeris rst consultedo
checkwhetheror not a communicationis safeto take place.Only if it is foundto be
safe(e.g.,datais availablewhenperforminga readevent),thencommunicatiorevents
may beforwardedto theactualprocessomodel.

5 The M-JPEG casestudy

To demonstratéhe e xibility of modelingin Sesameve have appliedits currentversion
to amodi ed M-JPEGencodingapplication referredto asM-JPEG . This application
hasalreadybeenstudiedin the scopeof the Spadeervironment[12,19], whichdemon-
stratedthat the modelingand simulationmethodologyof Artemis facilitatesef cient
evaluationof differentapplicationto architecturenappingsandhardware/softvarepar
titionings. In this section,we usethe Sesameervironmentto shav the capability to
quickly evaluatedifferentarchitecturedesigns.

The M-JPEG applicationslightly differs from traditionalM-JPEGasit canoper
ateon video datain both YUV andRGB formatson a perframebasis.In addition, it
includesdynamicquality controlby meanf on-the- y generatiorof quantizatiorand
Huffmantables.Theapplicationmodelof M-JPEG is shavnin Figure3.

Thedatarecevedin theVideo-in ~ Kahnprocesswhichis eitherin RGB or YUV
format, is sentto the DMUXn blocks of pixels. The DMUXrst determineghe
formatandthenforwardsdatafrom RGB framesto the RGB2YU\torverterprocess,
while YUV datais sentdirectly to the DCTKahnprocessOncethedatahasbeentrans-
formedby the DCTprocesghe blocksare quantizedby the Q KahnprocessThe next
step,performedby the VLE processjs the variablelengthencodingof the quantized
DCT coefcients followed by entropy encoding,suchas Huffman encoding.Finally,
theresultingbitstreamis sentto the Video-out  process.

In M-JPEG, the tablesfor Huffman encoding andthoserequiredfor quantiza-
tion aregeneratedor eachframein thevideo stream.The quality control procesqQ-
Control ) computeshe tablesfrom information gatheredaboutthe previous video
frame. For this purpose,jmage statisticsand obtainedcompressiorbitrate are trans-
mitted by the VLE to the Q-Control  Kahn processWhenthe calculationsby the
Q-Control  processare nished, updatedablesaresentto boththe QandVLE Kahn
processes.

5.1 The basearchitecture and mapping

The baseM-JPEG targetarchitectureéhas ve processingcomponentsonnectedria
a commonbus to a sharedmemory In Figure 3, this architectureis shovn together
with the mappingof the M-JPEG applicationontoit. Of the ve processingcompo-
nentsin the architecture pneis a generalpurposemicroprocessofassumedo be a
MIPS R4000),two are DSPs(assumingAnalog Devices' ADSP-21160spndtwo are

1 In M-JPEG , we assumehatHuffmanencodings the default entrofy encodingscheme.
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non-programmableomponentsThenon-programmableomponentareusedfor input
andoutputprocessing@ndarereferredto asrespectiely the VIP (Videoln Processor)
andVOP (VideoOut Processor)Thetwo DSPsareusedfor computationallyintensve
tasks.Oneof themis usedfor RGB to YUV corversionandthe DCT transform.We
referto this componenasthe RGB2YUV & DCT componentThe otherDSPis used
for variablelength encodingandis referredto asthe VLEP. For the memorywe as-
sumeDRAM, while the busis assumedo be 64 bits wide. Communicatiorbetween
componentss performedthroughbuffersin sharednemory A detaileddescriptionof
theM-JPEG application|ts applicationmodel,andthe basearchitecturanodelcanbe
foundin [19].

To demonstrat¢he easeof modelingin Pearl(Sesames simulationlanguage)Fig-
ure4 shows the Pearlcodeof the bus modelfor the M-JPEG targetarchitectureThis
busmodelsimulategransactionatthe granularityof messagéransferof abstractiata
types.Extendingthis modelto accountfor 64-bit transactionss trivial. As Pearlis an
object-basedanguageandarchitecturecomponentare modeledby objects,the code
shavn in Figure4 embodieghe classof busobjects.

A busobjecthastwo objectvariablesmemandsetup . Thesevariablesareinitial-
ized at the beginning of the simulation,and morespeci cally, at the instantiationof a
busobject. Thememvariablereferenceshe memoryobjectthatis connectedo the bus,
while thesetuptime of aconnectioronthebusis speci edby setup . A busobjecthas
two methodsload andstore .Thestore methodis notshonnheresinceit isiden-
ticaltotheload method.To explainhow theload methodworkswe rst needto give
somebackgroundon the blockt()  function. Pearlis equippedwith a virtual clock



class bus

mem . memory
setup : integer
load : (nbytes:integer, address:integer)->void
blockt(  setup );
mem! load(nbytes, address);
reply();

}

/I [ store method is omitted ]

while(true) {
block(load, store);

h

}

Fig. 4. Pearlcodefor thecommonbusobject.

thatholdsthe currentsimulationtime. Whenan objectwantsto wait for aninterval in
simulatediime it usegheblockt()  function.In ourexample thebusobjectuseshe
blockt()  functionto wait for setup time unitsin orderto accountfor the connec-
tion setuplateng. The statementmem! load(nbytes, address) " callsthe
load methodof thememoryobjectmenby sendingt asynchronousnessageSinceit
is synchronoushebushasto wait until thememoryhasexplicitly returnedareply mes-
sage.Thelatteris doneby thereply()  primitive. In our example,the synchronous
messag@assingalsocauseghe virtual clock to advancein time, becaus¢he memory
objectaccountdor thetime it takesto retrieve therequestediatabeforereplyingto the
bus. After having received a reply from the memoryobject, the bus itself executesa
reply()  toreturncontrolto oneof theprocessoobjects(which areconnectedo the
busobject)thathascalledtheload method At thebottomof Figure4 is themainloop
of the objectwhich doesnothinguntil eithertheload or store methodis called(by
oneof the processobbjects).

In the bus modelof the M-JPEG casestudy we have not explicitly modeledbus
arbitration.Insteadwe usePearlsinternalschedulingwhichappliesa FCFSstratayy to
incomingmethodcallsfor the bus object.We note,however, thatanarbitercomponent
which implementsotherstratgiesthan FCFScanbe addedto the modelwith relative
ease.

In the Pearllanguagetheinstantiationof objectsandthe speci cation of the con-
nectionshetweerpbjectsaredoneusinga so-calledtopolagy le . In Sesamethis le is
alsousedfor specifyingthe mappingof theincomingapplicationtracesfrom the Kahn
modelto the componentsn the architecturemodel. Figure 5 shows the topology le
for theM-JPEG basearchitectureandmappingasshovn in Figure3. For the purpose
of brevity, we left out a numberbuffer speci cations.The rst columnof thetopology
le containsthe namesof the objectsthatneedto beinstantiatedwhile afterthecolon
theobjectclassis speci ed. Togethewith this class-namea numberof parameterare
speci ed. Thedifferentclassesndtheir parametersreexplainedbelow.



commonbus() {

vidin : virt_proc(6,2,[header,bufl],vip)

rgbyuv @ virt_proc(4,2,[buf2,buf3],rgbdct)

dct : virt_proc(1,4,[buf3,xx,type,bufd],rgbdct)

dmux : virt_proc(2,7,[header,bufl,fsize,buf2,xx,type,numof 1,mp)
quant : virt_proc(3,4,[buf4,qtable,gcmd,buf5],mp)

control : virt_proc(0,7,[numof,stats,qtable,qcmd,hcmd, htable, info]l,mp )
vle : virt_proc(5,6,[buf5,hcmd,htable,stats,flag,stream], vlep)
vidout : virt_proc(7,4,[fsize,flag,info,stream],vop)

vip . processor(bus,10,[0,0,20,0,0,0,0,0,0,0])

rgbdct : processor(bus,10,[0,200,0,0,0,0,0,192,0,0])

mp . processor(bus,10,[180,0,0,0,154,1,23,0,2,154])

vlep . processor(bus,10,[0,0,0,0,154,0,0,0,0,154])

vop . processor(bus,10,[0,0,0,20,0,0,0,0,0,0])

header . buffer(1, 7, 1)

info . buffer(1, 672, 2)

gtable . buffer(1, 128, 2)

gcmd : buffer(0, 1, 150)

hcmd : buffer(0, 1, 150)

htable . buffer(1, 1536, 2)

stats . buffer(1, 514, 1)

[ ..

bus : bus(mem, 1)

mem : memory(10,8)
}

Fig. 5. Topologyde nition for theM-JPEG simulation:this shavs how Pearlobjectsareinstan-
tiatedandconnected.

— Thevirt _proc classimplementghevirtual processocomponentasdescribed
in Section4. This classhasfour parameter®f which the rst oneis anidenti er
usedfor identifying the eventtracequeueto readfrom. The secondonegivesthe
numberof FIFO buffersconnectedo avirt _proc object,afterwhichtheseFIFO
buffersarespeci edin anarray Thelastparametede nesto which actualproces-
soravirtual processois linked:this is theapplicationto architecturenapping.

— Theprocessor classhasthreeparameterslhe rst onedescribeso whichmem-
ory interconnecitt is connectedThesecondarametegivesthesizeof theinstruc-
tion set,beingthe differentapplicationeventsfor which thetiming behaior needs
to be modeled.This is followed by the latenciesof eachof theseinstructions By
adaptingthesdatenciespnecaneasilychangehe speef a processar

— Thebuffer classhasthreeparametersThe rst onespeci eswhethercommuni-
cationis performedovertheinterconnecbr internally. Whenabuffer connectdwo
virtual processorsvhich are mappedonto the same(actual)processqrcommuni-
cationis assumedo be performedinternally. Whenthetwo virtual processorsire
mappedndifferentprocessorssommunications performedhroughsharednem-
ory, resultingin bustrafc. The secondparameteof the buffer classspeci es
thesizeof thetokensin thebuffer while thethird parametespeci esthemaximum
numberof thesetokensthatcanbein the buffer atonetime.

— Thebus classhastwo parametersThe rst onespeci esthe memoryit is con-
nectedio andthe secondnede nesthetime for settingup a connection.

— Thememory classtakestwo parametersThe rst speci esthe delayfor reading
or writing oneword andthe secondspeci es the width in bytesof the memory
interconnectt is attachedo.



Obviously, the topology le allows for easycon guration of a Pearlsimulation. It
is simply a matterof changinga few numbersto changethe applicationarchitecture
mappingor to changethe characteristicef a processarfFor example,replacinga DSP
for a dedicatechardware componentn our M-JPEG basearchitecturenodelcanbe
achievedby reducingtheinstructionlatenciesof the processobbjectin question.

5.2 Designspaceexploration

ToillustratethatSesamendits Pearlsimulationlanguagdacilitateef cient evaluation
of differentcandidatearchitecturesye have performedan experiment[20] in which
we modeled,simulatedand brie y studiedtwo alternatve communicationstructures
for the M-JPEG architecturea crossbamandan Omeganetwork. To avoid confusion,
theoriginal M-JPEG architecturewill bereferredio asthecommonbusarchitecture.

In our experimentsthe input video streamconsistof imagescapturedn aresolu-
tion of pixels with RGB color encoding.For the architecturewe have as-
sumedconserative timings: The bus-arbitratioroverheadvhenarequesiat thelevel
of abstractatatypes)is grantedaccesdo the bus equalsto 10ns,while it takes100ns
to read/writea 64-bit word from/to DRAM. Theinstructionlatenciedor the micropro-
cessoandDSPcomponentsvereestimatedisingtechnicaldocumentatiorkigure6(a)
shavs the simulationresultsin termsof the measurechumberof framespersecondor
all three candidatearchitecturegusinga commonbus, crossbaror Omega network).
Below, the resultsfor eachof the communicatiorstructuresare explainedin morede-
tail.

In Figure 6(b), a descriptionis given of the actiities of the variousarchitecture
componentsgluring simulationof thecommonbus architectureFor eachcomponenta
bar shows the breakdevn of the time eachcomponenspendson I/O, beingbusy and
beingidle. As Figure 6(b) shavs, the commonbus architecturehasa high memory
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Fig. 6. Fig. (a) shavs themeasuredramespersecondor all threeinterconnectskig. (b) depicts
abreakdan for the commonbus shaving busyl/io/idlestatisticsfor all architecturecomponents.
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Fig. 7. Thecrossbafa) andOmega(b) memoryinterconnectsisedin our experiments.

utilization while the variousprocessordave low utilization and spenda lot of time
doing I/O. Figure 6(a) shavs that the commonbus architectureobtainsa framerate
of 82 framesper second While this is more thanenoughfor realtime operation this
is for a low resolution.Suchperformances roughly equivalentto only 3 framesper
secondn full resolutionPAL television ( ). Thecommonbusinterfaceto the
memoryis clearlyabottleneckandthereforea candidatdor furtherexploration.Similar
conclusionsaboutthe M-JPEG architecturewere dravn from experimentsusingthe
Spadeervironment[12].

To reducethecommunicatiorbottleneckof our M-JPEG architectureywe haveim-
plementeda Pearlsimulationmodelof a crossbaswitch, shovn in Figure7(a),
andreplacedhe commonbus modelin M-JPEG with this crossbamodel. Themem-
ory in this architectures distributedover ve banks.Thereforea mappingof buffers
to memoriesis de ned in the topology le. This mappingis, like the applicationto
architecturemapping,easyto con gure. In our crossbamodel,the delayto setup a
connections identicalto the bus-arbitratiordelayin the commonbus model(10ns).

As theresultsin Figure6(a) shaw, thereis a substantiaainin framespersecond
comparedvith thecommonbus.Whenwe look atthe architectur&componenstatistics
in Figure 8(a) we seethat all the componentspendmore time doing work andless
time waiting for I/O. Sincethe memoryloadis now divided over ve memoriesthe
memory utilization is at about20% for most memories.Note that memory5 is still
busy for almost80% of the time. The reasonfor this is that one buffer takes 53% of
memorybandwidth.This buffer containsthe statisticsneededor the (re)calculatiorof
the Huffman and quantizationtables.For every block of imagedatain the M-JPEG
application thesestatisticsaresentfrom the VLE procesgo the Q-control ~ process.

As analternatveto thecrossbawe have alsomodeledheOmeganetwork asshovn
in Figure7(b). Themaindifferenceds thatthecrossbars asingle-stag@etwork whereas
the Omeganetwork is a multi-stagenetwork. This meanghatthe Omeganetwork does
not provide adirectconnectiorbetweera processoandthe memory andthusrequires
routing. The Omeganetwork is generallycheapeto implementhana crossbabecause
it haslessswitches but the setupof a connectioncostsmore (we accountfor a setup



Crossbar Omega

1 | 1 1 1 L L L L L 1 | | | | | | | | |
mem_1 I mem_1 [
4 [ T T T T T T T 7 - [ T T T T T T T
mem_2 [ mem_2 [
4 [ T T T T T T 7T 7 - [ T T T T T T
mem_3 [ mem_3 [
4 [ I T T T T T T 1T - [ T T T T T T
mem_4 [ mem_4 [
4 [ [ T [T T [ T T T Oidie - [ [ [ [T [ [T T T 7 Cidie
mem_5 [ Ho mem_5 [ Ho
mp D usy mp [ Busy
SN e o s o o | O o o s o o |
vip [ vip [l
viep :‘—'_## viep :‘—'_##
vop vop
T T T T T T T T T T T T T T T T T T
e B e M A L B s B B B S B
0.00% 20.00% 40.00% 60.00% 80.00% 100.00% 0.00% 20.00% 40.00% 60.00% 80.00% 100.00%
(a) (b)

Fig. 8. Resultsfor the crossharfa) andOmeganetwork (b) shaving busy/io/idlestatisticsfor all
architecturecomponents.

lateng of 10nsperhop)andconnectiongnay be blocking. The latter meanghatit is
not alwayspossibleto connectanidle inputto anidle output.

The resultsin Figure 6(a) shav thatthe Omega network is about5% slower than
a crossbarDetailedstatisticsshawv thatthe processingcoresspenda little moretime
waiting for I/O comparedo the crossbarleadingto a slightly lower utilization. Thisis,
however, hardly noticeablen Figure8(b). So,whenconsideringooth costandperfor
mance the Omega network might be the betterchoicefor replacingthe commonbus.
Neverthelessthesimulationresultsindicatethat, with theapplied(multi-processorar
chitectureand mapping,the performancas highly communicatiorbound.Therefore,
mappingmore applicationtasksto a single processingcomponen{therebyreducing
communication)r reducingthe memorylateny will certainlyleadto improvements,
which hasalreadybeendemonstrate¢h [12,19].

5.3 A noteon modeling and simulation ef ciency

Due to the simplicity and expressve power of Sesames Pearlsimulationlanguage,
modeling and simulating the three candidatearchitectureswvas performedin only a
matterof days.Thisincludesthe constructiorof the crossbaandOmeganetwork mod-
els,which hadto beimplementedrom scratchaswell astherealizationof a run-time
visualizationof the architecturesimulations.Pearlis an object-basedanguagewhich
meansthat we could exploit featuressuchas “class sub-typing”to easily exchange
themodelsfor the differentcommunication/memorgrchitecturecomponentsMaking
thesemodelsa sub-typeof a genericinterconnectype,themodelscouldbereplacedn
aplug-and-playmanner

Modelsarenot only constructedjuickly in Pearl,but the actualsimulationis also
fast.For example,the simulationof M-JPEG mappedonto the crossbatbasedarchi-



tecturetakesjustunder7 secondsThiswasdoneona270MhzSunUltra 5 Sparcstation
with avideoinput streamof 16 framesof pixelswith RGB encoding.

6 Conclusions

In this paperwe have describedamodelingandsimulationmethodologythatallows for
the ef cient architecturakxplorationof heterogeneousmbeddednediasystemsThe
presentednethodsandtechniquesrecurrentlybeingrealizedin the Sesamenodeling
andsimulationervironment.Usinganinitial versionof SesamendanM-JPEGencod-
ing applicationwe have illustratedthe easeandswiftnesswith which the performance
of differentcandidatearchitecturesan be evaluated.More speci cally, we have ex-
ploredthreeshared-memorynulti-processotargetarchitectureseachwith a different
memoryinterconnec{commonbus,crosshaandOmeganetwork).

Researcton Sesamevill be continuedalongthe linesdescribedn this paperwith
anemphasisn techniquegor modelre nement.In particulay the supportfor mixed-
level simulationintroducesmary new researclproblemsthatneedto be addressedn
addition,we intendto performmorecasestudieswith industriallyrelevantapplications
to furtherdemonstrat¢he effectivenesof the methodsandtools we aredeveloping.
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