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Abstract. Modernsignalprocessingandmultimediaembeddedsystemsincreas-
ingly have heterogeneoussystemarchitectures.In thesesystems,programmable
processorsprovide �e xibility to supportmultiple applications,while dedicated
hardwareblocksprovidehighperformancefor time-criticalapplicationtasks.The
heterogeneityof theseembeddedsystemsandthevaryingdemandsof theirgrow-
ing numberof targetapplicationsgreatlycomplicatethesystemdesign.
As part of the Artemis project,we are developing a modelingand simulation
environmentwhich aimsat ef�cient designspaceexplorationof heterogeneous
embeddedsystemsarchitectures.In this paper, we presentan overview of the
modelingandsimulationmethodologyusedin Artemis.Moreover, usinga case
studyin which we have appliedaninitial versionof our prototypemodelingand
simulationenvironment to an M-JPEGencodingapplication,we illustrate the
easewith whichalternativecandidatearchitecturescanbemodeledandevaluated.

1 Intr oduction

Modernembeddedsystems,like thosefor mediaandsignalprocessing,increasingly
needto bemultifunctionalandmustsupportmultiple standards.A high degreeof pro-
grammability, which canbe providedby applyingmicroprocessortechnologyaswell
asrecon�gurablehardware,is key to thedevelopmentof suchadvancedembeddedsys-
tems.However, performancerequirementsandconstraintsoncostandpowerconsump-
tion still requiresubstantialpartsof thesesystemsto beimplementedin dedicatedhard-
wareblocks.As aresult,modernembeddedsystemsoftenhaveaheterogeneoussystem
architecture, i.e.,they consistof componentsin therangefrom fully programmablepro-
cessorcoresto dedicatedhardwarecomponentsfor the time-criticalapplicationtasks.
Increasingly, suchheterogeneoussystemsareintegratedon a singlechip. This yields
heterogeneousmulti-processorsystems-on-a-chip(SoCs) thatexploit task-level paral-
lelism in applications.

For thesemodernembeddedsystems,it becomesmoreandmoreimportantto have
goodtoolsavailablefor exploring differentdesignchoicesat anearlystagein thede-
sign.This is becausethe heterogeneityof the embeddedsystemsandthe varying de-
mandsof their targetapplicationsgreatlycomplicatethesystemdesign,which already
affectsthevery�rst designdecisions.Commonsimulationpracticefor thedesignspace
explorationof heterogeneousembeddedsystemsarchitecturesis unableto copewith



this increasein complexity and is especiallybecomingunsuitedfor the early design
stages.Designerstypically useonly relatively detailed,oftencycle-accurate,simulators
for designspaceexplorationof embeddedsystemsarchitectures.For complex embed-
dedsystems,theeffort requiredto build suchdetailedsimulatorscanbehigh, making
it impracticalto usethosesimulatorsin earlydesignstages.Moreover, their low simu-
lationspeedssigni�cantly hamperthearchitecturalexploration.

In the scopeof the Artemis (ARchitecturesand meThodsfor EmbeddedMedIa
Systems)project [17], we aredevelopingan architectureworkbenchwhich provides
modelingandsimulationmethodsandtoolsfor theef�cient designspaceexplorationof
heterogeneousembeddedmultimediasystems[16]. Thisarchitectureworkbenchshould
allow for rapidevaluationof differentarchitecturedesigns,applicationto architecture
mappings,andhardware/softwarepartitioningsandit shoulddosoatmultiple levelsof
abstractionandfor a wide rangeof multimediaapplications.By allowing simulationat
multipleabstractionlevels,thespeed,requiredmodelingeffort, andattainableaccuracy
of the architecturesimulationscanbe controlled.This enablesa stepwisere�nement
approachin which abstractsimulationmodelsareusedto ef�ciently explore the large
designspacein theearlydesignstages,while in a laterstagemoredetailedmodelscan
beappliedfor focusedarchitecturalexploration.

Anotherimportantrequirementfor our architecturedesignspaceexplorationenvi-
ronmentis that it shouldbeopento reuseof intellectualproperty, therebyallowing for
reducingthe time-to-market of products.For example,simulationmodelsof architec-
turecomponents,suchasmicroprocessors,bussesandmemories,mustbereusablewith
relativeease.Thiscallsfor ahighdegreeof modularitywhenbuilding systemarchitec-
turemodelsand,asweshow lateron,aclearseparationbetweenspecifyingapplication
behavior andarchitecturalperformanceconstraints.

In this paper, we presentanoverview of themodelingandsimulationmethodology
usedin Artemisandtheopenresearchproblemsit addresses.Usingacasestudywith an
M-JPEGencodingapplicationwe illustratetheeasewith which differentarchitectural
designchoicescan be evaluatedat a high level of abstraction.To this end,we have
usedan initial versionof our prototypemodelingandsimulationenvironment,called
Sesame,to evaluatethreealternativemulti-processortargetarchitectureswith different
memoryinterconnects.

Thenext sectiondescribeshow Artemisrelatesto otherefforts in the�eld of simu-
lation of embeddedsystemsarchitectures.In Section3, we describethemodelingand
simulationmethodologyappliedin Artemis. In Section4, the Sesamemodelingand
simulationenvironmentis described.Section5 presentsthecasestudywith anM-JPEG
applicationandSection6 concludesthepaper.

2 The limitations of traditional co-simulation

Systemarchitecturemodelingandsimulationof heterogeneoussystemsis a relatively
new research�eld which hasreceiveda lot of attentionin recentyears.The key con-
cept in mostefforts in this �eld is co-simulation. Like its namealreadysuggests,co-
simulationimpliesthatthesoftwareparts(whichwill bemappedontoa programmable
processor)andthehardwarecomponentsandtheir interactionsaresimulatedtogether



in onesimulation[18]. Traditionalco-simulationframeworks(e.g.,SeamlessVCE [11],
Virtual CPU [2], andthework of [7, 4]) often combinetwo simulators,onefor simu-
lating the programmablecomponentsrunningthe softwareandonefor the dedicated
hardware.For software simulation,instruction-level processorsimulators,host code
executionor bus-functionalprocessormodels[18] aretypically used.To simulatethe
hardwarecomponents,HDLs suchasVHDL area popularchoice.

A major drawback of suchco-simulationis its in�e xibility: becausean explicit
distinction is madebetweensoftware and hardware simulation, it must alreadybe
known which applicationcomponentswill be performedin softwareandwhich ones
in hardwarebeforethe systemmodel is built. This signi�cantly complicatesthe per-
formanceevaluationof different hardware/softwarepartitioningssincea whole new
systemmodelmayberequiredfor theassessmentof eachpartitioning.For this reason,
theco-simulationstageis oftenprecededby a stagein which theapplicationis studied
in isolationby meansof afunctional(behavioral) softwaremodelwrittenin ahighlevel
language.This typically resultsin roughestimationsof theapplication's performance
requirements,whicharesubsequentlyusedasguidancefor thehardware/softwareparti-
tioning.In thatcase,theco-simulationstageis mainlyusedasveri�cation of thechosen
hardware/softwarepartitioningandnotasadesignspaceexplorationvehicle.

A numberof explorationenvironments,suchasVCC [1], Polis [3] andeArchitect
[2], facilitatemore�e xible system-level designspaceexplorationby providing support
for mappingabehavioralapplicationspeci�cationto anarchitecturespeci�cation.How-
ever, in contrastto theseefforts,Artemispushestheseparationof modelingapplication
behavior andmodelingarchitecturalconstraintsat thesystemlevel to its extremes.As
will beshown in thenext section,suchseparationleadsto ef�cient explorationof dif-
ferentdesignalternativeswhile alsoyieldingahigh degreeof reusability.

3 Modeling and simulation methodology

We strongly believe that for the designof programmableembeddedsystemsa clear
distinctionshouldbemadebetweenapplicationsandarchitectures, andthatanexplicit
mappingstepmustbesupported.Thispermitsmultipletargetapplicationsto bemapped
one after the other onto candidatearchitecturesfor evaluationof their performance.
This approachis referredto astheY-chart of systemdesign[10,3]. Typically, thede-
signerstudiesthetargetapplications,makessomeinitial calculations,andproposesan
architecture.The performanceof this architectureis thenquantitatively evaluatedand
comparedagainstalternative architectures.For suchperformanceanalysis,eachappli-
cationis mappedontothearchitectureunderinvestigationandtheperformanceof each
application-architecturecombinationis evaluated.Subsequently, the resultingperfor-
mancenumbersmay inspire the designerto improve the architecture,restructurethe
application(s)or modify themappingof theapplication(s).

TheArtemismodelingandsimulationenvironmentfacilitatestheperformanceanal-
ysis of embeddedsystemsarchitecturesin a way that directly re�ects the Y-chartde-
signapproach:Separateapplicationandarchitecturemodelsarerecognizedfor system
simulation.An applicationmodeldescribesthe functionalbehavior of an application,
includingbothcomputationandcommunicationbehavior. Thearchitecture modelde-



�nes architectureresourcesandcapturestheirperformanceconstraints.Essentialin this
modelingmethodologyis thatan applicationmodelis independentfrom architectural
speci�cs,assumptionsonhardware/softwarepartitioning,andtimingcharacteristics.As
a result,asingleapplicationmodelcanbeusedto exercisedifferenthardware/software
partitioningsandcanbe mappedonto a rangeof architecturemodels,possiblyrepre-
sentingdifferentsystemarchitecturesor simplymodelingthesamesystemarchitecture
at variouslevels of abstraction.This clearly demonstratesthe strengthof decoupling
applicationmodelsandarchitecturemodels:it enablesthereuseof bothtypesof mod-
els. After mapping,an applicationmodel is co-simulatedwith an architecturemodel
allowing for evaluationof thesystemperformanceof aparticularapplication,mapping,
andunderlyingarchitecture.

3.1 Trace-drivenco-simulation

To co-simulateapplicationmodelsandarchitecturemodels,an interfacebetweenthe
two mustbe provided, including a speci�cationof themapping.For this purpose,we
applytrace-drivensimulation.In ourapproach,theapplicationmodelis structuredasa
network of concurrentcommunicatingprocesses, therebyexpressingtheinherenttask-
level parallelismavailablein theapplicationandmakingcommunicationexplicit. Each
process,whenexecuted,producesa traceof eventswhich representsthe application
workloadimposedon thearchitectureby thatparticularprocess.Thus,thetraceevents
refer to the computationandcommunicationoperationsperformedby an application
process.Theseoperationsmay be coarsegrain, suchas “computea DiscreteCosine
Transform(DCT)”.

Sinceapplicationmodelsrepresentthefunctionalbehavior of applications,thetraces
correctlyre�ect datadependentbehavior. Consequently, thearchitecturemodels,which
aredriven by the applicationtraces,do not needto representfunctionalbehavior but
only needto accountfor theperformanceconsequencesof theapplicationevents.

3.2 Application modeling

For modelingof applications,weusetheKahnProcessNetwork (KPN) modelof com-
putation[9]. To obtaina Kahn applicationmodel,a sequentialapplication(written in
a high-level language)is restructuredinto a programconsistingof parallelprocesses
communicatingwith eachothervia unboundedFIFO channels.In theKahnparadigm,
readingfrom channelsis donein ablockingmanner, while writing is non-blocking.

Thecomputationalbehavior of anapplicationcanbecapturedby instrumentingthe
codeof eachKahnprocesswith annotationswhichdescribetheapplication'scomputa-
tionalactions.Thereadingfrom or writing to Kahnchannelsrepresentsthecommunica-
tion behavior of a processwithin theapplicationmodel.By executingtheKahnmodel,
eachprocessrecordsits actionsin orderto generateatraceof applicationevents,which
is necessaryfor driving anarchitecturemodel.

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



theapplicationbehavior is architectureindependent.This automaticallyguaranteesthe
validity of event traceswhenthe applicationandarchitecturesimulatorsareexecuted
independentlyof eachother [8]. However, becauseof the semanticsof KPNs which
disallow, for example,the modelingof interrupts,we arecurrentlynot ableto model
applicationswith time dependentbehavior.

A bene�cial sideeffect of usinga separateapplicationmodelis that it alsomakes
it possibleto analyzethecomputational/communicationneedsandthepotentialperfor-
manceconstraintsof an applicationin isolation from any architecture.This canbe a
bene�t asit allows for investigationof theupperboundsof theperformanceandmay
leadto earlyrecognitionof bottleneckswithin theapplicationitself.

3.3 Ar chitecturemodeling

A modelof anarchitectureis basedon componentsrepresenting(co)processors,mem-
ories,buffers,busses,andso on. A performanceevaluationof an architecturecanbe
achieved by simulatingthe performanceconsequencesof the incoming computation
andcommunicationeventsfrom an applicationmodel.This requiresan explicit map-
pingof theprocessesandchannelsof aKahnapplicationmodelontothecomponentsof
thearchitecturemodel.Thegeneratedtraceof applicationeventsfrom a speci�c Kahn
processis routedtowardsa speci�c componentinsidethearchitecturemodelby using
a trace-eventqueue.The Kahn processdispatchesits applicationeventsto this queue
while thedesignatedcomponentin thearchitecturemodelconsumesthem.This is illus-
tratedin Figure1. MappingtheFIFO channelsbetweenKahnprocesses(shown by the
dashedarrows) de�nes which communicationmediumat thearchitecturelevel is used
for thedataexchanges.In Figure1, oneapplicationchannelstaysunmappedsinceboth
its applicationtasksare mappedonto the sameprocessingcomponent.Mapping the
trace-eventqueuesfrom multiple Kahnprocessesontoa singlearchitecturecomponent
occurswhen,for example,severalapplicationtasksareexecutedon a microprocessor.
In this case,theeventsfrom thedifferentqueuesneedto bescheduled.

Wereiteratethattheunderlyingarchitecturemodelsolelyaccountsfor architectural
(performance)constraintsand thereforedoesnot needto model functionalbehavior.
This is possiblebecausethe functionalbehavior is alreadycapturedin theapplication
model,which subsequentlydrivesthe architecturesimulation.An architecturemodel
is constructedfrom genericbuilding blocks provided by a library. This library con-
tainsperformancemodelsfor processingcores,communicationmedia(likebusses)and
differenttypesof memory. Evidently, sucha library-basedmodelingapproachgreatly
simpli�es thereuseof architecturemodelcomponents.

At a high level of abstraction,themodelof a processingcoreis a black boxwhich
canmodeltiming behavior of a programmableprocessor, a recon�gurablecomponent
or adedicatedhardwareunit. Modelingsuchavarietyof architecturalimplementations
is accomplishedby the fact that thearchitecturesimulatorassignsparameterizablela-
tenciesto the incomingapplicationevents.For example,to modelsoftwareexecution
of anapplicationevent,a relatively highlatency canbeassignedto theevent.Likewise,
to modeltheapplicationeventbeingexecutedby dedicatedor recon�gurablehardware
oneonly needsto tag theeventwith a lower latency. So,by simply varying the laten-
ciesfor computationalapplicationevents,differenthardware/softwarepartitioningscan



FIFO buffer

model

model

Event

Proc.

ChannelKahn
process

core
Proc.
core

Bus

Application

Architecture

trace

Fig.1. Mappinga Kahnapplicationmodelontoanarchitecturemodel.

rapidly beevaluatedat a high level of abstraction.Thelatenciesthemselvescanbeob-
tainedeitherfrom alower level modelof anarchitecturecomponent,from performance
estimationtools,or they canbeestimatedby anexperienceddesigner.

In this approach,the communicationeventsfrom the applicationmodelareused
for modelingtheperformanceconsequencesof datatransfersandsynchronizationsat
the architecturelevel. Theseeventscausethe appropriatecommunicationcomponent
within thearchitecturemodel(ontowhichthecommunicatingKahnchannelis mapped)
to accountfor thelatenciesassociatedwith thedatatransfers.Unlike in theapplication
modelwhereall FIFOchannelsareunbounded,writesat thearchitecturelevel mayalso
beblockingdependenton theavailability of resources(e.g.,buffer space).

As designdecisions,suchashardware/softwarepartitioning,aremade,components
of thearchitecturemodelmaybere�ned. This impliesthatthearchitecturemodelstarts
to re�ect thecharacteristicsof a particularimplementation(e.g.,dedicatedversuspro-
grammablehardware).To facilitatethe processof model re�nement, the architecture
model library shouldinclude modelsof commonarchitecturecomponentsat several
levelsof abstraction.For example,theremaybemultiple instancesof amicroprocessor
modelsuchasa black box model,a modelwhich accountsfor the performancecon-
sequencesof theprocessor'smemoryhierarchy(e.g.,translationlookasidebuffersand
caches),anda modelwhich accountsfor theperformanceimpactof both its memory
hierarchyanddatapath(e.g.,pipeliningandinstruction-levelparallelism).Moreover, to
supportarchitecturemodelre�nement,eventsfrom theapplicationmodelshouldalso
bere�ned to matchthelevel of detailpresentin thearchitecturemodel.Providing �e x-
ible supportfor sucheventre�nementis still largelyanopenproblem[13,5].

Theprocessof modelre�nementmaycontinueto thelevel at whichdetailedsimu-
latorsfor certainarchitecturecomponents,e.g.,instruction-level simulatorsor Register
TransferLevel (RTL) simulators,are embeddedinto the overall systemarchitecture
simulation.For instance,considerthe example in which it is decidedthat a certain
applicationtaskwill be implementedin software.In thatcase,insteadof usinganab-



stractarchitecturemodelof a processorcoreontowhich theKahnprocessin question
is mapped,adetailedinstruction-level simulatorcanbeusedwhichemulatestheactual
codeof the applicationtask.The processof embeddingmoredetailedsimulatorscan
be continuedsuchthat moreandmorefunctionality is graduallyincorporatedinto an
architecturemodel.In the end,the architecturemodelcanthenbe usedasa starting
point for more traditionalhardware/softwareco-simulationcomposedof instruction-
level simulatorsandRTL simulators.

4 The Sesamemodelingand simulation envir onment

For thedevelopmentof theArtemisarchitecturemodelingandsimulationenvironment,
we currentlyaredevelopingandexperimentingwith two prototypesimulationframe-
works:Spade(System-level PerformanceAnalysisandDesignspaceExploration)[14]
and Sesame(Simulationof EmbeddedSystemArchitecturesfor Multi-level Explo-
ration) [20]. Both frameworks act as technologydrivers in the sensethat they allow
for testingandevaluatingnew simulationmodelsandsimulationmethodsto gain in-
sight into their suitability for theArtemismodelingandsimulationenvironment.Only
thosesimulationmodelsandsimulationmethodsthathave provento be effective will
beincorporatedin Artemis.In thispaper, we limit our discussionto Sesameonly.

The Sesameframework aimsat studyingthe potentialsof simulationat multiple
levelsof abstractionandtheconceptsneededto re�ne simulationmodelsacrossdiffer-
entabstractionlevels in a smoothmanner. For example,re�nementof onecomponent
in an architecturemodelshouldnot leadto a completelynew implementationof the
entiremodel.This meansthatthemodelingconceptsbeingstudiedshouldalsoinclude
supportfor re�ning only partsof anarchitecturemodel,thuscreatingamixed-levelsim-
ulationmodel. Theresultingmixed-levelsimulationsallow for moredetailedevaluation
of aspeci�c architecturecomponentwithin thecontext of thebehavior of thewholesys-
tem.They thereforeavoid theneedfor building a completedetailedarchitecturemodel
during the early designstages.Moreover, mixed-level simulationsdo not suffer from
deterioratedsystemevaluationef�ciency causedby unnecessarilyre�ned partsof the
architecturemodel.

Sesamecurrentlyonly providesa library of black box architecturemodels.In the
nearfuture, the library will be extendedwith modelsfor architecturecomponentsat
several levelsof abstractionin orderto facilitatetheperformanceevaluationof archi-
tecturesfrom the black box level towardsthe level of cycle-accuratemodels.This li-
brarywill eventuallybesupplementedwith techniquesandtoolsto assistthemodelerin
graduallyre�ning themodelsandperformingmixed-level simulations.Currently, these
issuesarestill largelyopenresearchproblems.

The architecturemodelsin Sesameare implementedusing a small but powerful
discrete-event simulationlanguage,calledPearl,which provideseasyconstructionof
themodelsandfastsimulation[15]. Evidently, thesecharacteristicsgreatlyimprovethe
scopeof the designspacethat canbe explored in a reasonableamountof time. The
architecturelibrary componentsin Sesamearenot meantto be �x ed building blocks
with pre-de�nedinterfacesbut merelytemplatemodelswhich canbe freely extended
andadapted.With this approach,a high degreeof �e xibility is achieved (which can
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events.TheSesamesolution,usingvirtual processors,is illustratedin Figure(b).

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

As we have described,multiple Kahn processesof the applicationmodelcan be
mappedontoa singleprocessingcomponentin thearchitecturemodel.In this case,the
incomingevent tracesneedto be scheduled.Schedulingof communicationeventsis,
however, not straightforwardasit maycausedeadlocks.Sucha situationis illustrated
in Figure2(a).In this example,KahnprocessA readsdatafrom KahnprocessC, Kahn
processB writes datafor processC andKahn processC �rst readsthe datafrom B
afterwhich it writesthedatafor A. SinceKahnprocessesA andB aremappedontoa
singleprocessor, their readandwrite eventsneedto bescheduled.Assumethattheread
event from KahnprocessA is dispatched�rst to processor1. Processor2 receivesthe
readeventfrom KahnprocessC. In this case,a deadlockoccurssincebothdispatched
readeventscannotbecarriedoutastherearenomatchingwrite events.As a result,the
processorsblock.

In Figure2(b),Sesame'ssolutionto theaboveproblemis depicted.Betweentheap-
plicationandarchitecturelayers,we distinguishanextra mappinglayer. This mapping
layer, which is implementedin thePearllanguageandwhichcanbeautomaticallygen-
eratedfrom anapplicationmodel,consistsof virtual processorcomponentsandFIFO
buffers for communicationbetweenthe virtual processors.A virtual processorreads
in an applicationtracefrom a Kahn processanddispatchesthe eventsto a process-
ing componentin the architecturemodel.The mappingof a virtual processoronto a
processingcomponentin the architecturemodel is parameterizedandthusfreely ad-
justable.TheFIFObuffersin themappinglayerhaveaone-to-onerelationshipwith the
FIFO channelsin theKahnapplicationmodelbut they arelimited in size.Their sizeis
parameterizedanddependenton themodeledarchitecture.

As canbe seenfrom Figure2(b), multiple virtual processorscanbe mappedonto
a singlemodelof anactualprocessor. In this scheme,computationeventsaredirectly



forwardedby avirtual processorto theprocessormodel.Thelattersubsequentlysched-
ulestheeventsin a FCFSfashionandmodelstheir timing consequences.However, for
communicationevents,theappropriatebuffer at themappinglayer is �rst consultedto
checkwhetheror not a communicationis safeto take place.Only if it is found to be
safe(e.g.,datais availablewhenperforminga readevent),thencommunicationevents
maybeforwardedto theactualprocessormodel.

5 The M-JPEG � casestudy

To demonstratethe�e xibility of modelingin Sesamewehaveappliedits currentversion
to a modi�ed M-JPEGencodingapplication,referredto asM-JPEG

�

. This application
hasalreadybeenstudiedin thescopeof theSpadeenvironment[12,19], whichdemon-
stratedthat the modelingandsimulationmethodologyof Artemis facilitatesef�cient
evaluationof differentapplicationto architecturemappingsandhardware/softwarepar-
titionings. In this section,we usethe Sesameenvironmentto show the capability to
quickly evaluatedifferentarchitecturedesigns.

TheM-JPEG
�

applicationslightly differs from traditionalM-JPEGasit canoper-
ateon videodatain bothYUV andRGB formatson a per-framebasis.In addition,it
includesdynamicqualitycontrolby meansof on-the-�y generationof quantizationand
Huffmantables.Theapplicationmodelof M-JPEG

�

is shown in Figure3.
Thedatareceivedin theVideo-in Kahnprocess,which is eitherin RGBor YUV

format, is sentto the DMUXin blocksof
�����

pixels.The DMUX�rst determinesthe
format andthenforwardsdatafrom RGB framesto theRGB2YUVconverterprocess,
while YUV datais sentdirectly to theDCTKahnprocess.Oncethedatahasbeentrans-
formedby theDCTprocesstheblocksarequantizedby theQKahnprocess.Thenext
step,performedby the VLE process,is the variablelengthencodingof the quantized
DCT coef�cients followed by entropy encoding,suchasHuffman encoding.Finally,
theresultingbitstreamis sentto theVideo-out process.

In M-JPEG
�

, the tablesfor Huffman encoding1 and thoserequiredfor quantiza-
tion aregeneratedfor eachframein thevideostream.Thequality controlprocess(Q-
Control ) computesthe tablesfrom informationgatheredaboutthe previous video
frame.For this purpose,imagestatisticsandobtainedcompressionbitrateare trans-
mitted by the VLE to the Q-Control Kahn process.When the calculationsby the
Q-Control processare�nished, updatedtablesaresentto boththeQandVLE Kahn
processes.

5.1 The basearchitectureand mapping

The baseM-JPEG
�

targetarchitecturehas� ve processingcomponentsconnectedvia
a commonbus to a sharedmemory. In Figure 3, this architectureis shown together
with themappingof theM-JPEG

�

applicationonto it. Of the � ve processingcompo-
nentsin the architecture,one is a generalpurposemicroprocessor(assumedto be a
MIPS R4000),two areDSPs(assumingAnalogDevices' ADSP-21160s)andtwo are

1 In M-JPEG� , we assumethatHuffmanencodingis thedefault entropy encodingscheme.
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non-programmablecomponents.Thenon-programmablecomponentsareusedfor input
andoutputprocessingandarereferredto asrespectively theVIP (VideoIn Processor)
andVOP(VideoOutProcessor).Thetwo DSPsareusedfor computationallyintensive
tasks.Oneof themis usedfor RGB to YUV conversionandthe DCT transform.We
refer to this componentastheRGB2YUV & DCT component.TheotherDSPis used
for variablelengthencodingandis referredto as the VLEP. For the memorywe as-
sumeDRAM, while the bus is assumedto be 64 bits wide. Communicationbetween
componentsis performedthroughbuffersin sharedmemory. A detaileddescriptionof
theM-JPEG

�

application,its applicationmodel,andthebasearchitecturemodelcanbe
foundin [19].

To demonstratetheeaseof modelingin Pearl(Sesame'ssimulationlanguage),Fig-
ure4 shows thePearlcodeof thebusmodelfor theM-JPEG

�

targetarchitecture.This
busmodelsimulatestransactionsat thegranularityof messagetransfersof abstractdata
types.Extendingthis modelto accountfor 64-bit transactionsis trivial. As Pearlis an
object-basedlanguageandarchitecturecomponentsaremodeledby objects,the code
shown in Figure4 embodiestheclassof busobjects.

A busobjecthastwo objectvariables,memandsetup . Thesevariablesareinitial-
izedat thebeginningof thesimulation,andmorespeci�cally, at the instantiationof a
busobject.Thememvariablereferencesthememoryobjectthatis connectedto thebus,
while thesetuptimeof aconnectiononthebusis speci�edby setup . A busobjecthas
two methods:load andstore . Thestore methodis notshown heresinceit is iden-
tical to theload 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();

}

// [ store method is omitted ]

{
while(true) {

block(load, store);
};

}

Fig.4. Pearlcodefor thecommonbusobject.

thatholdsthecurrentsimulationtime. Whenanobjectwantsto wait for aninterval in
simulatedtime it usestheblockt() function.In ourexample,thebusobjectusesthe
blockt() functionto wait for setup time units in orderto accountfor theconnec-
tion setuplatency. The statement“mem ! load(nbytes, address) ” calls the
load methodof thememoryobjectmemby sendingit asynchronousmessage.Sinceit
is synchronousthebushasto wait until thememoryhasexplicitly returnedareplymes-
sage.The latter is doneby the reply() primitive. In our example,thesynchronous
messagepassingalsocausesthevirtual clock to advancein time,becausethememory
objectaccountsfor thetime it takesto retrievetherequesteddatabeforereplyingto the
bus. After having received a reply from the memoryobject,the bus itself executesa
reply() to returncontrolto oneof theprocessorobjects(whichareconnectedto the
busobject)thathascalledtheload method.At thebottomof Figure4 is themainloop
of theobjectwhichdoesnothinguntil eithertheload or store methodis called(by
oneof theprocessorobjects).

In the busmodelof theM-JPEG
�

casestudy, we have not explicitly modeledbus
arbitration.Instead,weusePearl'sinternalscheduling,whichappliesaFCFSstrategy to
incomingmethodcallsfor thebusobject.We note,however, thatanarbitercomponent
which implementsotherstrategiesthanFCFScanbeaddedto themodelwith relative
ease.

In thePearllanguage,the instantiationof objectsandthespeci�cationof thecon-
nectionsbetweenobjectsaredoneusingaso-calledtopology�le . In Sesame,this �le is
alsousedfor specifyingthemappingof theincomingapplicationtracesfrom theKahn
model to the componentsin the architecturemodel.Figure5 shows the topology�le
for theM-JPEG

�

basearchitectureandmappingasshown in Figure3. For thepurpose
of brevity, we left out a numberbuffer speci�cations.The�rst columnof thetopology
�le containsthenamesof theobjectsthatneedto beinstantiated,while afterthecolon
theobjectclassis speci�ed.Togetherwith thisclass-name,anumberof parametersare
speci�ed.Thedifferentclassesandtheir parametersareexplainedbelow.



commonbus() {
vidin : virt_proc(6,2,[header,buf1],vip)
rgbyuv : virt_proc(4,2,[buf2,buf3],rgbdct)
dct : virt_proc(1,4,[buf3,xx,type,buf4],rgbdct)
dmux : virt_proc(2,7,[header,buf1,fsize,buf2,xx,type,numof ],mp)
quant : virt_proc(3,4,[buf4,qtable,qcmd,buf5],mp)
control : virt_proc(0,7,[numof,stats,qtable,qcmd,hcmd,htable, info],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)
qtable : buffer(1, 128, 2)
qcmd : 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:thisshows how Pearlobjectsareinstan-
tiatedandconnected.

– Thevirt proc classimplementsthevirtual processorcomponentsasdescribed
in Section4. This classhasfour parametersof which the �rst oneis an identi�er
usedfor identifying theevent tracequeueto readfrom. Thesecondonegivesthe
numberof FIFObuffersconnectedto avirt proc object,afterwhichtheseFIFO
buffersarespeci�edin anarray. Thelastparameterde�nesto whichactualproces-
sora virtual processoris linked:this is theapplicationto architecturemapping.

– Theprocessor classhasthreeparameters.The�rst onedescribestowhichmem-
ory interconnectit is connected.Thesecondparametergivesthesizeof theinstruc-
tion set,beingthedifferentapplicationeventsfor which thetiming behavior needs
to be modeled.This is followedby the latenciesof eachof theseinstructions.By
adaptingtheselatencies,onecaneasilychangethespeedof a processor.

– Thebuffer classhasthreeparameters.The�rst onespeci�eswhethercommuni-
cationis performedover theinterconnector internally. Whenabuffer connectstwo
virtual processorswhich aremappedonto thesame(actual)processor, communi-
cationis assumedto beperformedinternally. Whenthetwo virtual processorsare
mappedondifferentprocessors,communicationis performedthroughsharedmem-
ory, resultingin bus traf�c. The secondparameterof the buffer classspeci�es
thesizeof thetokensin thebuffer while thethird parameterspeci�esthemaximum
numberof thesetokensthatcanbein thebuffer at onetime.

– The bus classhastwo parameters.The �rst onespeci�es the memoryit is con-
nectedto andthesecondonede�nesthetime for settingupaconnection.

– Thememory classtakestwo parameters.The �rst speci�esthedelayfor reading
or writing oneword and the secondspeci�es the width in bytesof the memory
interconnectit is attachedto.



Obviously, the topology �le allows for easycon�guration of a Pearl simulation. It
is simply a matterof changinga few numbersto changethe applicationarchitecture
mappingor to changethecharacteristicsof a processor. For example,replacinga DSP
for a dedicatedhardwarecomponentin our M-JPEG

�

basearchitecturemodelcanbe
achievedby reducingtheinstructionlatenciesof theprocessorobjectin question.

5.2 Designspaceexploration

To illustratethatSesameandits Pearlsimulationlanguagefacilitateef�cient evaluation
of differentcandidatearchitectures,we have performedan experiment[20] in which
we modeled,simulatedandbrie�y studiedtwo alternative communicationstructures
for theM-JPEG

�

architecture:a crossbarandanOmeganetwork. To avoid confusion,
theoriginalM-JPEG

�

architecturewill bereferredto asthecommonbusarchitecture.
In our experiments,theinput videostreamconsistsof imagescapturedin a resolu-

tion of ���

� �

���

�

pixelswith RGB color encoding.For the architecture,we have as-
sumedconservative timings:Thebus-arbitrationoverheadwhena request(at the level
of abstractdatatypes)is grantedaccessto thebusequalsto 10ns,while it takes100ns
to read/writea 64-bitword from/toDRAM. Theinstructionlatenciesfor themicropro-
cessorandDSPcomponentswereestimatedusingtechnicaldocumentation.Figure6(a)
showsthesimulationresultsin termsof themeasurednumberof framespersecondfor
all threecandidatearchitectures(usinga commonbus, crossbaror Omega network).
Below, theresultsfor eachof thecommunicationstructuresareexplainedin morede-
tail.

In Figure 6(b), a descriptionis given of the activities of the variousarchitecture
componentsduringsimulationof thecommonbusarchitecture.For eachcomponent,a
bar shows the breakdown of the time eachcomponentspendson I/O, beingbusy and
being idle. As Figure 6(b) shows, the commonbus architecturehasa high memory

Commonbus Crossbar Omega

0

10

20

30

40

50

60

70

80

90

100

110

120

FPS

F
ra

m
es

 p
er

 S
ec

on
d

vop

vlep

vip

rgbdct

mp

mem

bus

0.00% 20.00% 40.00% 60.00% 80.00% 100.00%

Commonbus

Idle

Io

Busy

(a) (b)

Fig.6. Fig. (a)shows themeasuredframespersecondfor all threeinterconnects.Fig. (b) depicts
a breakdown for thecommonbusshowing busy/io/idlestatisticsfor all architecturecomponents.
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Fig.7. Thecrossbar(a)andOmega(b) memoryinterconnectsusedin ourexperiments.

utilization while the variousprocessorshave low utilization andspenda lot of time
doing I/O. Figure 6(a) shows that the commonbus architectureobtainsa framerate
of 82 framespersecond.While this is morethanenoughfor real time operation,this
is for a low resolution.Suchperformanceis roughly equivalentto only 3 framesper
secondin full resolutionPAL television ( � ���

���

��� ). Thecommonbusinterfaceto the
memoryis clearlyabottleneckandthereforeacandidatefor furtherexploration.Similar
conclusionsaboutthe M-JPEG

�

architectureweredrawn from experimentsusingthe
Spadeenvironment[12].

To reducethecommunicationbottleneckof ourM-JPEG
�

architecture,wehaveim-
plementeda Pearlsimulationmodelof a

� ���

crossbarswitch,shown in Figure7(a),
andreplacedthecommonbusmodelin M-JPEG

�

with this crossbarmodel.Themem-
ory in this architectureis distributedover � ve banks.Therefore,a mappingof buffers
to memoriesis de�ned in the topology �le. This mappingis, like the applicationto
architecturemapping,easyto con�gure. In our crossbarmodel,the delayto setup a
connectionis identicalto thebus-arbitrationdelayin thecommonbusmodel(10ns).

As theresultsin Figure6(a)show, thereis a substantialgain in framespersecond
comparedwith thecommonbus.Whenwelook at thearchitecturecomponentstatistics
in Figure8(a) we seethat all the componentsspendmore time doing work and less
time waiting for I/O. Sincethe memoryload is now divided over � ve memories,the
memoryutilization is at about20% for most memories.Note that memory5 is still
busy for almost80% of the time. The reasonfor this is that onebuffer takes53% of
memorybandwidth.This buffer containsthestatisticsneededfor the(re)calculationof
the Huffmanandquantizationtables.For every block of imagedatain the M-JPEG

�

application,thesestatisticsaresentfrom theVLE processto theQ-control process.

Asanalternativeto thecrossbarwehavealsomodeledtheOmeganetworkasshown
in Figure7(b).Themaindifferenceis thatthecrossbaris asingle-stagenetworkwhereas
theOmeganetwork is amulti-stagenetwork. ThismeansthattheOmeganetwork does
notprovideadirectconnectionbetweena processorandthememory, andthusrequires
routing.TheOmeganetwork is generallycheaperto implementthanacrossbarbecause
it haslessswitches,but thesetupof a connectioncostsmore(we accountfor a setup
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Fig.8. Resultsfor thecrossbar(a) andOmeganetwork (b) showing busy/io/idlestatisticsfor all
architecturecomponents.

latency of 10nsperhop)andconnectionsmaybeblocking.The lattermeansthat it is
notalwayspossibleto connectanidle input to anidle output.

The resultsin Figure6(a) show that the Omega network is about5% slower than
a crossbar. Detailedstatisticsshow that the processingcoresspenda little moretime
waiting for I/O comparedto thecrossbar, leadingto aslightly lowerutilization.This is,
however, hardlynoticeablein Figure8(b). So,whenconsideringbothcostandperfor-
mance,theOmeganetwork might be thebetterchoicefor replacingthecommonbus.
Nevertheless,thesimulationresultsindicatethat,with theapplied(multi-processor)ar-
chitectureandmapping,the performanceis highly communicationbound.Therefore,
mappingmoreapplicationtasksto a singleprocessingcomponent(therebyreducing
communication)or reducingthememorylatency will certainlyleadto improvements,
whichhasalreadybeendemonstratedin [12,19].

5.3 A noteon modelingand simulation ef�ciency

Due to the simplicity and expressive power of Sesame's Pearlsimulationlanguage,
modelingand simulating the threecandidatearchitectureswas performedin only a
matterof days.This includestheconstructionof thecrossbarandOmeganetwork mod-
els,which hadto beimplementedfrom scratch,aswell astherealizationof a run-time
visualizationof thearchitecturesimulations.Pearlis anobject-basedlanguage,which
meansthat we could exploit featuressuchas “class sub-typing” to easily exchange
themodelsfor thedifferentcommunication/memoryarchitecturecomponents.Making
thesemodelsasub-typeof agenericinterconnecttype,themodelscouldbereplacedin
a plug-and-playmanner.

Modelsarenot only constructedquickly in Pearl,but theactualsimulationis also
fast.For example,thesimulationof M-JPEG

�

mappedonto thecrossbar-basedarchi-



tecturetakesjustunder7 seconds.Thiswasdoneona270MhzSunUltra 5 Sparcstation
with a videoinput streamof 16 framesof ���

� �

���

�

pixelswith RGBencoding.

6 Conclusions

In thispaper, wehavedescribedamodelingandsimulationmethodologythatallowsfor
theef�cient architecturalexplorationof heterogeneousembeddedmediasystems.The
presentedmethodsandtechniquesarecurrentlybeingrealizedin theSesamemodeling
andsimulationenvironment.Usinganinitial versionof SesameandanM-JPEGencod-
ing application,we have illustratedtheeaseandswiftnesswith which theperformance
of differentcandidatearchitecturescanbe evaluated.More speci�cally, we have ex-
ploredthreeshared-memorymulti-processortargetarchitectures,eachwith a different
memoryinterconnect(commonbus,crossbarandOmeganetwork).

Researchon Sesamewill becontinuedalongthelinesdescribedin this paper, with
anemphasison techniquesfor modelre�nement.In particular, thesupportfor mixed-
level simulationintroducesmany new researchproblemsthatneedto beaddressed.In
addition,we intendto performmorecasestudieswith industriallyrelevantapplications
to furtherdemonstratetheeffectivenessof themethodsandtoolswearedeveloping.
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