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Abstiact—Modern signal processingand multimedia em-
bedded systemsincreasingly needto be able to support a
wide range of applicationsand standards. Thesesystemsre-
quir e programmable componentsfor their implementation,
whereasreconfigurable hardware componentscan also be
usedfor time-critical taskswithout compromisingflexibility .
The heterogeneityof suchembeddedsystemsand the differ -
ent demandsof their target applications greatly complicate
the systemdesign. Therearecurr ently no matur etools avail-
able addressingthesenew aspects.

In this paper, we provide an overview of the Artemis
project which aims at the developmentof methodsand tech-
nigues to support the design of highly programmable em-
beddedmediasystems.The resultof Artemis will be a simu-
lation ervironmentfor systemarchitecture designspaceex-
ploration aswell as an experimentation framework for re-
configurable architectures. The combination of thesetwo
frameworks provides a workbench for identifying compu-
tationally intensive tasksin applications which are suitable
for executionon reconfigurablehardware components.The
simulation workbench will provide support for evaluating
instantiations of embeddedsystemsarchitecturesat multiple
levels of abstraction. For this purpose,the level of detail of
architecturemodelswill be adjustablein a seamlessnanner,
while alsofacilitating mixed-level architecture simulations.

Keywords— Highly-pr ogrammable embedded systems,

media and signhal processingsystemarchitecture design,re-
configurable architectures, design spaceexploration, com-
puter architecture simulation

I. INTRODUCTION

Modern embeddedsystems like thosefor mediaand
signalprocessingincreasinglyneedto be multifunctional
andmustsupporimultiple standardsA high degreeof pro-
grammability which canbe provided by applyingmicro-
processotechnologyaswell asreconfigurablehardware,
is key to thedevelopmenbf suchadvancedembeddedys-
tems. Due to the combinationof programmablerecon-
figurableanddedicatechardwarecomponentswe referto
thesesystemsashetepgeneousembeddedystems With
theemepgenceof highly programmabléeterogeneousm-
beddedsystemswe have to reconsiderthe suitability of

the existing techniquesfor their hardware/softvare co-
design[1]. Particularly the traditionalapplication-drren
approachin which a certainapplicationis graduallysyn-
thesizednto the appropriatehardware andsoftware com-
ponentss not suitedfor the designof theseprogrammable
systems.Suchanapproachs idealfor the designof dedi-
catedsystemsbut it lacksthegeneralizabilityto copewith
programmablarchitecturesuitedfor the processingf a
broadrangeof applications.

Another trend which affects the designof embedded
systemsis the needfor reducingthe designtime to al-
low a shorttime-to-marlet. At the sametime, the com-
plexity of the designsis increasing. The reasonfor this
is twofold. Firstly, the systemshave to satisfy the per
formancerequirementf a rangeof applications. Sec-
ondly, technologyimprovementssimply allow for more
and more functionality to be integratedon a single chip.
Reducingthe designtime of theseincreasinglycomple
embeddedystemsmpliesthatthetraditionalapproactof
relyingondetailedsimulationmodels suchasprovidedby
cycle-truesimulatorsasthemostimportantvehiclefor the
designspaceexploration hasbecomeinfeasible. The ef-
fort requiredto build suchdetailedsimulatorss relatvely
high, makingit impracticalto usethemin the very early
designstages. Moreover, the low simulation speedsof
thesesimulatorssignificantlyhamperthe architecturakx-
ploration. To solwe this problem,a co-desigrervironment
shouldallow for simulationatarangeof abstractiorevels.
This way, the speed requiredmodelingeffort and attain-
ableaccurayg of thearchitecturesimulationscanbeexplic-
itly controlled. In sucha co-desigrernvironment,abstract
simulationmodelsare usedfor exploring the large design
spacean theearlydesignstageswhile in alaterstagemore
low-level hardware modelscan be appliedfor functional
verification or detailedperformancestudies. Hence,this
calls for conceptgto refine the simulationmodelsacross
differentabstractiorievelsin asmoothmannerandwhich
alsoallow for mixed-lesel architecturesimulations.

The Artemis (ARchitecturesand meThodsfor Embed-
ded Medla Systems)projectaims at reducingthe design



time of embeddednediasystemswith a high degree of
programmability To this end,a simulationworkbenchfor
architecturedesignspaceexplorationaswell asanexper
imentationframework for reconfigurablerchitecturesre
developed. In this paper we presentan overvien of the
Artemis projectandindicatethe researctchallengeghat
areaheadf us.

Theremaindeof thepapers organizedasfollows. The
next sectiongives a generaldescriptionof the Artemis
project. Sectionlll describeshow Artemis relatesto
otherefforts in the fields of simulationof embeddedys-
temsarchitecturegndreconfigurableeomputing.In Sec-
tion IV, we provide an overview of the architecturesimu-
lation workbenchandexplain how applicationmodelsare
mappedntoarchitecturanodels.SectionV describesur
researcleffort regardingreconfigurablearchitecturesFi-
nally, in SectionVIl we draw our conclusions.

Il. THE ARTEMIS PROJECT

To help reducing the design time of highly pro-
grammableembeddedsystems,the Artemis project ad-
dresseswo researchchallenges. First, an architecture
simulationworkbenchis beingdevelopedwhich provides
methodstoolsandlibrariesfor theefficient explorationof
heterogeneousmbeddedystemsarchitecturesWith the
term efiicient we meanthatthe simulationworkbenchal-
lows for rapidly evaluatingdifferentarchitecturedesigns,
application-architeture mappingsand hardware/softvare
partitioningsatvariouslevelsof abstractiorandfor abroad
rangeof (media)applications As we will explain, thekey
to this high degree of evaluationflexibility is the recog-
nition of sepaate applicationand architectue modelsin
the systemsimulation. The applicationmodelpurely de-
scribesthefunctionalbehaior of anapplicationwhile the
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Fig. 1. TheArtemisarchitecturavorkbench.

architecturemodelmimics the timing behaior of the ar
chitectureontowhich theapplicationis mapped.

The secondresearchchallengeof Artemis consistsof
investigatingthe potentialsof reconfigurableembedded
computemarchitecturegasanev meango enhancehepro-
grammabilityof embeddedystemsReconfigurableom-
puting refersto animplementationstyle wherethe exact
functionalbehaior of a pieceof hardware canbe config-
uredin orderto efficiently processa particulartask, and
can be reconfiguredater for a differenttask. Reconfig-
urable hardware componentsimplementedusing for ex-
ample FPGAs, have the potentialto deliver a high per
formancefor specificapplicationswith a limited power
consumptionwhile retainingflexibility. The combination
and integration of reconfigurablecomponentswvith exist-
ing architecturalcomponentss a novel problem. In par
ticular, integratingareconfigurableomponentith apro-
grammablecore, like a VLIW processqris the subjectof
ourresearch.

Figurelillustrateshow bothresearctactvities areinte-
gratedinto the Artemisarchitectue workbent and how
this workbenchis usedfor the designand exploration
of architecturedor heterogeneousmbeddednediasys-
tems.Thetwo centralpartsin Artemisarethearchitecture
simulationworkbenchandthe reconfigurablerchitecture
framework. By applying the simulationworkbenchto a
set of tamget applications,potential architecturedesigns
can be swiftly evaluated. The architecturedesignspace
exploration performedat this stageresultsin recommen-
dationson candidateheterogeneouarchitectures.ln ad-
dition, analysisof application-architeture mappings(i.e.
which applicationtaskis mappedonto which architecture
component)is also usedto selecttime-critical candidate
tasksin applicationdor executionon reconfigurableeom-
ponents.Theseselectedcodefragmentsareusedasinput
to the tools from the reconfigurablearchitectureframe-
work to thoroughlystudy their mappingonto a reconfig-
urablecomponentSucha studywill, onits turn, produce
accurateperformancesstimatesof the reconfigurablesx-
ecutionwhich can again be usedfor the validation and
calibration of the modelsof the architecturesimulation
workbench.Evidently the combinationof thearchitecture
simulationworkbenchandthe reconfigurablerchitecture
frameawvork shouldin the endleadto a proposalfor a het-
erogeneousystemarchitecturewhich allows for efficient
processingf thetargetapplications.

[11. PUTTING ARTEMIS INTO PERSPECTIVE

Systemarchitecturesimulationin the context of hetero-
geneousembeddedsystemsis a relatively new research
field which hasreceved a lot of attentionin recentyears.



The magic word in most of the researchand commer
cial efforts in this field is co-simulation Like its name
alreadysuggestsgo-simulationimplies that the software
parts (which will be mappedonto a programmablepro-
cessorjandthe hardwarecomponent®f anembeddeép-
plication and their interactionsare simulatedtogetherin
one simulation[2]. Current co-simulationframewnorks
typically combinetwo (ratherlow-level) simulators,one
for simulatingthe programmableomponentsunningthe
software and one for the dedicatedhardware. For soft-
waresimulation,instruction-leel processosimulatorsare
oftenusedwhereaHDLs suchasVHDL andVerilog are
usuallyusedfor thehhardwaresimulation.Figure2(a)illus-
tratesthe generaideaof co-simulation.In this figure,the
white half circlesreferto the software componentsvhich
are executedon programmablearchitecturecomponents
(blackhalf circles)andthearrowns indicatetheinteractions
betweenthe softwareandhardwaresimulators.The hard-
wareandsoftwaresimulatorsareeitherrunningapartfrom
eachother (e.g.the co-simulatorsn Seamles<VE, Ea-
glel/EagleV Virtual CPU and CoSim[3], Coumeris [4]
andBauers [5] ervironmentsand Symphory [6]) or they
areintegratedto form one monolithic simulator(e.g.Po-
seidon[7], Polis[8], Pia[9] andthe work of Soininenet
al. [10]). A majordrawvbackof all of theseco-simulators
is their inflexibility. Becausethey all make an explicit
distinction betweensoftware and hardware simulation, it
mustalreadybeknown whichapplicationcomponentsvill
be performedin softwareandwhich onesin hardwarebe-
fore the systemmodelis built. This significantlycompli-
catesthe evaluationof differenthardware/softvare parti-
tioning schemesincea whole newv systemmodelmay be
requiredfor the assessmerntf eachpartitioning. For this
reasontheco-simulatiorstageis oftenprecededby astage
in whichtheapplicationis studiedn isolationby meansof
a functional software model written in a high level lan-
guage. This typically resultsin rough estimationsof the
applications performanceequirementswhich aresubse-
quently usedas guidancefor the hardware/softvare par
titioning. In that case,the co-simulationstageis mainly
usedasverificationof the choserhardware/softvare parti-
tioning andnot asa designspaceexplorationvehicle.

The Artemis simulationworkbenchappliesa different,
more flexible, approachwhich was initiated by Lieverse
etal. [11] and,in a differentcontet, Pimenteletal. [12].
Basically ourapproacttaptureghetwo designstageglis-
cussedabore (the early applicationevaluationstageand
the systemarchitectureevaluation stage)into one simu-
lation methodology This is illustrated in Figure 2(b).
An applicationmodeldescribeshefunctionalbehaior of
an applicationindependentlyffrom architecturalkpecifics,
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Fig. 2. (a) Typical hardware/softvareco-simulationversus(b)
the Artemisapproach.

assumption®n hardware/softvare partitioning or timing
characteristics Subsequentjythe applicationmodelgen-
eratescomputationaland communicationevents for the
architectue model This architecturemodel, which cap-
turesthetiming behaior of thearchitecturecansimulate
the performanceconsequencesf the applicationevents
for both software execution (by a programmablecom-
ponent)or reconfigurable/dedided hardware execution.
So, unlike traditionalco-simulationin which the software
andhardware simulationareregardedasthe co-operating
parts,we explicitly distinguishapplicationsimulationand
architectue simulationwherethe latter involves simula-
tion of programmablereconfigurableanddedicatechard-
warecomponentsAs a consequence singleapplication
modelcanbeusedto exercisedifferenthardware/softvare
partitioningsor evento evaluatealternatve underlyingar
chitectures A moredetaileddescriptionof our simulation
methodologyfollows in the next section.

Another issuethat most of todays co-simulationre-
searchefforts fail to addresds how architecturemodels
canberefinedin a seamlessnanneracrossnultiple levels
of abstractiorandhow mixed-lesel architecturanodels(in
which variousarchitecture&componentaremodeledatdif-
ferentlevels of abstractionare bestsupported.Theseare
regardedaskey issuesn Artemis, which arediscussedn
detailin [13].

Regardingour reconfigurablearchitectureresearchthe
majority of relatedwork focusesonthefollowing two sub-
jects: 1) the designprocessfrom applicationto actual
FPGAhardwareand?2) run-timereconfiguratior(RTR) of
FPGAs. Researclon thefirst subjectincludesshortening
the designtime and automatingthe designprocesq14].
While this subjectremaingo beanimportantone,mostof
thecurrentresearcleffort is putinto run-timereconfigura-
tion of FPGAs. The main motivation behindrun-timere-
configurations thathardwareresourcesrestill expensve
andthis cansomavhat be compensatedy re-usinghard-
ware. Theresearchn this areafocuseson decreasindghe
reconfiguratiortime [15] andarchitecturatlesignof inter
connectiometworks andFPGA modules[16], [17], [18].



Summarizingheseefforts, it canbeobseredthatthey use
fine-grainFPGAarrayswhichdo notfully tagetmultime-

dia applicationsand, morewer, target very specificalgo-

rithms. We intendto usecoarsetgrain FPGA structures
which arebettersuitedfor the multimediaapplicationdo-

main andthe multiplicity of algorithmicrequirementss-

sociatedwith it.

IV. THE SIMULATION WORKBENCH

Basedon previously gainedexperience,suchas from
theSpaddg11] andMermaid[12] projectswe stronglybe-
lieve that the recognitionof separateapplicationand ar
chitecturemodelsfor the simulationof embeddedystems
architecturegasisillustratedin Figure2b) playsakey role
in establishinga high degreeof modelingandexploration
flexibility. Essentialn thisapproachs thattheapplication
modelis architectue independentThis impliesthatasin-
gle applicationmodel canbe usedfor, or mappedontg, a
rangeof architecturenodels possiblyrepresentingliffer-
entsystemarchitecture®r simply modelinga single sys-
temarchitectureat variouslevels of abstraction.

After mapping, an application model can be co-
simulatedwith an architecturemodel by meansof trace-
drivensimulation.To this end,the applicationmodelgen-
eratedracesof computationahndcommunicatiorevents,
describingapplicationbehaior, which are consumedy
the trace-drven architecturesimulator The resultingco-
simulationsubsequentlyllows for evaluatingthe system
performancefor a particular application, input data-set,
mappingand underlying architecture. In the remainder
of this section,we will first describehow applicationsare
modeledn Artemisafterwhich the mappingandarchitec-
turemodelingareexplained.

A. Applicationmodeling

For the modelingof applicationswe useKahnProcess
Networks[19]. To obtaina Kahnapplicationmodel,a se-
guentialapplication(writtenin C/C++)is restructurednto
a programconsistingof parallel processesommunicat-
ing with eachothervia unbounded-IFO channels.In the
Kahnparadigmyeadingfrom channelss donein a block-
ing manney while writing is non-blocking. To generate
theapplicationeventswhich drive the architecturesimula-
tor, the codeof the Kahnapplicationis instrumentedvith
annotations. Theseannotationsgeneratecomputational
events, which may be as abstractas ‘computea DCT,
andcommunicatioreventsspecifyingfrom/towhich (soft-
ware)channelglatais reador written.

The choicefor Kahn ProcessNetworks as application
modelis motivatedby thefactthatKahnmodelsnicely fit
with thedataflav applicationdomain(to which mostof our

tamgetapplicationdbelong)andthatthey aredeterministic.
Thelattermeanghatthe sameapplicationinputalwaysre-
sultsin the sameapplicationoutput. So, the functionality
of aKahnapplicationis notaffectedby architecturalaten-
cies,i.e. the applicationbehaior is architecturandepen-
dent.Thisis essentiato guarante¢hevalidity of theevent
tracesvhentheapplicationandarchitecturesimulatorsare
executedndependentlyf eachother[20].

As astartingpoint, we usethe Yapi[21] framewvork for
theimplementatiorof the Kahn applicationmodels. Yapi
providesthe annotationfunctionswhich handlethe Kahn
interprocesscommunicationand the generationof trace
events. It alsocontainsan applicationsimulationengine
which allows to concurrentlyexecutethe Kahn processes
usingthreads. Currently the abstractionlevel of annota-
tionsin Yapidirectlyrelatego thelevel of generate@ppli-
cationevents.Sincetheabstractiorlevel of theapplication
eventsshouldmatchwith theamountof detailin thearchi-
tecturemodel,arefinemenof thearchitecturenodeloften
implies thatthe annotationsn the applicationmodelalso
needto be refined. Evidently suchcorrelationbetween
the applicationandarchitecturemodelsis undesirabldor
the Artemis simulationworkbenchjn which we strive for
applicationmodelsthat transparentlysupportarchitecture
simulationatall of therequiredlevelsof abstraction.

We aim atimproving theapplicationmodelingsuchthat
it is possibleto generateapplicationevents at multiple
levels of abstractionwithout the needto changethe an-
notationsin the applicationmodel. A possiblesolution
which we areinvestigatingis to introducea separatdier-
archical annotationdescriptionwhich describesiow finer
grainedapplicationeventsaregeneratedrom a particular
coarsegrainedannotation. In this approachthe applica-
tion modelis instrumentedvith high-level annotationge-
ferringto coarsegrainedcomputationsLikein Yapi,these
annotationscan directly generatethe applicationevents
for abstractarchitecturemodels. But, usingthe hierarchi-
cal annotationdescription,coarsegrainedeventssuchas
‘computea DCT’ canalsobe translatednto several sub-
taskevents(e.g.onefor eachloop in the DCT computa-
tion) or evento instruction-leel eventswhich mayinclude
detailedinformationsuchasaddresgeferences.The lat-
ter type of applicationeventscan, for instance,be used
for the evaluationof cacheand TLB performanceof mi-
croprocessocomponentsn a heterogeneouarchitecture.
Two importantcharacteristic®f this hierarchicalannota-
tion schemearethe preseration of architecturandepen-
denceof theannotatedpplicationmodel(i.e. it will notbe
pollutedby low-level, architecturalependentnnotations)
andextendibility. Thelatterimpliesthatthe modeleronly
needsto describethe annotation-hierarghup to the level
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of interest.So, if oneis notinterestedn instruction-leel
events,thenthey cansimply beleft outin the annotation
description.

B. Mappingandarchitectue modeling

BoththeKahnprocesseandchannel®of theapplication
model are explicitly mappedonto the hardware compo-
nentsfrom the architecturenodel. With thetermmapped
we meanthatthe generatedraceof eventsfrom a specific
Kahn processs routedtowardsa specificcomponentin-
sidethe architecturemodel by usinga trace-@ent queue.
The Kahn procesglispatchests applicationeventsto this
tracequeuewhile the designateccomponenin the archi-
tecturemodel consumeshem. This is illustratedin Fig-
ure 3. Mapping the FIFO channelsbetweenKahn pro-
cessegshavn by the dashedarrons in Figure 3) defines
which communicationmedium at the architecturelevel
is usedfor the dataexchanges. In our example of Fig-
ure 3, one Kahn applicationchannelis mappedonto a
hardware FIFO buffer betweenthe two processingcom-
ponentswhile anotheroneis mappedntothe busconnec-
tion. Oneapplicationchannelstaysunmappedsinceboth
its applicationtasksare mappedonto the sameprocessing
component.

As shavn abore, it is possibleto mapthe eventtraces
of two or more Kahn processe®nto a single architec-
ture component(e.g. when several applicationtasksare
mappedonto a microprocessor)ln that case,the incom-
ing eventtracesneedto be scheduledaccordingto a user
suppliedpolicy. Reversibly Kahn processeshouldalso
be able to dispatchapplicationeventsto multiple event
gqueuessuchthata singleapplicationtask canbe mapped
ontomultiple architectureceomponentge.g.whenrefining
an architecturemodel suchthat a componentis decom-
posednto anumberof moredetailedcomponents).

The underlying architecturemodel is solely a perfor

mancemodelandis thereforenon-functional.This is pos-
sible becausehe functionalbehaior is alreadycaptured
in the applicationmodel, which subsequentlydrives the
architecturesimulation.If theapplicationbehaior is data
dependentthenthe tracesof applicationeventsalso de-
pendon the input data. The architecturemodelis con-
structedfrom genericbuilding blocks provided by a li-
brary This library containsperformancemodelsfor pro-
cessingcores,communicatiormedia(lik e bussesanddif-
ferenttypesof memory At a high level of abstractionthe
modelof aprocessingoreis abladk boxwhichcanmodel
aprogrammabl@rocessqrareconfigurableomponenbr
a dedicatedhardware unit. This is accomplishedy the
factthatthe architecturesimulatorassignghelatenciego
the incomingcomputationabpplicationevents. To model
software processingof an applicationevent, a relatively
high lateny canbe assignedo the event,ascomparedo
whenthe applicationevent would have beenhandledby
dedicatedr reconfigurabldardware. So, by simply vary-
ing thelatenciedor computationahpplicationevents,dif-
ferenthardware/softvare partitioningscanbe evaluated.

In this approachthe communicatiorapplicationevents
(readsand writes to Kahn FIFO channels)are usedfor
modeling the performanceconsequencesf data trans-
fers and synchronizationdy writing to andreadingfrom
theappropriateeommunicatiormediumatthearchitecture
level. Unlike in the applicationmodel where all FIFO
channelsare unboundedwrites at the architecturelevel
may alsobe blocking dependenbn the availability of re-
sourcege.g.buffer space).

As designdecisiongregardinghardware/softvare parti-
tionings are made,the applicationeventsmay be refined
andmaybecomencreasinglygearedowardsa certainar
chitecturamplementationlik einstruction-leel eventsare
orientedtowardsa microprocessommplementation Lik e-
wise, the componentf the architecturemodel may be
refined such that they start reflecting the characteristics
of a particularimplementatione.g.dedicatedversuspro-
grammabléhardvare).

B.1 SpadeandSesame

For the actualimplementatiorof the architecturanod-
els, the Artemis simulationworkbenchprovidestwo sim-
ulation trajectoriesby meansof the Spade(System-lgel
Performancé\nalysisandDesignspaceExploration)[11]
and SesamdSimulationof EmbeddedSystemArchitec-
turesfor Multi-level Exploration)[22] frameworks. As we
will explain,thetwo framevorksaresupplementaryather
thancompetitve and have their own meritswhich justify
their presencén the Artemisworkbench.

Spadeis the productof aresearcltooperatiorbetween



the Delft University of Technology University of Leiden
and Philips Research.It provides a small library which

containsa blackbox modelof a processingore,ageneric
bus model, a genericmemory model and sereral inter

facedor connectinghesemodelbuilding blockswith each
other All componentsareimplementedusingthe cycle-

basedT SSsimulationsystem[23], which is a Philipsin-

houseproduct.Theuseof TSSexploitsthefactthatPhilips
hasa large usercommunityapplying TSSfor the imple-

mentationof cycle-truearchitecturesimulators.Evidently

sharinga commonsimulationbackbonesignificantlysim-

plifies the transitionfrom high-level Spademodelsto de-
tailed TSS architecturemodels. For this reason,Spade
ervisions a trajectory which is shavn at the left-hand
side of Figure4. The applicationmodelis mappedonto

a high-level architecturemodel, which operateson rela-

tively coarsegrainedapplicationevents(suchas‘compute
DCT’). Thistypeof modelsallows for flexible exploration
andanalysisof issuessuchashardware/softvare partition-

ings, communicatiorbottlenecksand differentcommuni-
cation structures. In the next step, when several design
decisionshave beenmadeand a more accuratesimula-
tion of certainsystemcomponentss required,a detailed
simulatorfor thesecomponentss embeddedhto the over

all architecturesimulator This is shavn in the second
stageof the Spadetrajectoryin Figure 4, where process
A will beimplementedn software on a microprocessor
Insteadof mappingthis processonto an abstractSpade
model of a processingcore, the latter is substitutedfor a

detailedinstruction-leel simulatorwhich emulatesheac-

tual codefor processA. The processof embeddingmore
detailedsimulatorsis continuedsuchthatmoreandmore
functionalityis graduallyincorporatednto thearchitecture
model. At a later stage,this architecturesimulator may

thenbe usedasa startingpoint for traditional (low-level)

co-simulationasshavn in Figure2(a).

Spades major strengthsare its simplicity and flexibil-
ity (usingonly a few modelbuilding blocks, a large va-
riety of system-lgel performancestudiescan rapidly be
conductedindits easyinterfacingto more detailedTSS
models. Its currentweaknessesyhich are addressedby
the Sesamerajectory aretwofold. First, the stepfrom an
abstracSpadearchitecturenodelto adetailed(e.g.cycle-
true) simulator of a components ratherlarge. Clearly,
this step may require a substantialsoftware engineering
effort whensucha detailedsimulatoris not yet available.
Second,TSS’scycle-basedhatureunquestionablys effec-
tive for cycle-true simulations,but it may not always be
the bestsimulationmethodfor the black box architecture
modelswhich areusedfor theearlydesignstagesin these
abstractarchitectureanodels,the eventswhich areimpor-
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tantto the performanceredictionusuallyoccurwith non-
uniformtime stepsandmaythereforebeseparatedyy large
time frames. For example, a coarsegrainedapplication
eventsuchas‘computeDCT’ typically requiresthe sim-

ulation of a multi-cycle latengy at the architecturelevel.

Consequentlycycle-based SSwill induceextraoverhead
for simulatingevery singlecycle of suchmulti-cycle laten-
cies.

The secondsimulationtrajectoryin Artemis, provided
by the Sesamdramawork, is a researcheffort from the
University of Amsterdamin close collaborationwith the
Spaddeam.Insteadof usingTSS,the Sesamarchitecture
modelsare implementedn the discrete-gent simulation
languagePearl[24]. Thisis a relatvely smallbut power
ful object-basedanguagenhich hasspecificallybeende-
signedwith thepurposeof (abstracttomputerarchitecture
modelingin mind. As a consequencdlearlhasshavn to
be extremelysuitablefor easilyandquickly building new
or extendingexisting architecturenodels[25], while also
yielding simulationspeed®f up to anorderof magnitude
fasterthanthoseobtainedby more general-purpossim-
ulation languages.At the downside,Pearllacksthe easy
interfacingto moredetailedsimulatordik e Spadewith its
TSSmodelsprovides.

Discrete-gent simulation,as performedby Pearl,is in
contrastto cycle-basedimulationwell suitedfor abstract
architecturemodels. It thereforeovercomeshe potential
performancedravback of TSS and improves the scope
of the designspacethat can be exploredin a reasonable



amountof time. The Sesamérajectory which is depicted
at the right-handside of Figure4, exploits the high sim-
ulation speedof Pearlaswell asthe easeand swiftness
with which it canconstructand extend architecturenod-
els. Startingfrom the sameblack box architecturenodels
asin Spade,Sesameallows for graduallyrefining these
models. To this end, it providesan architecturenodelli-
brary which is more extensve thanthatof Spadeasit in-
cludesmodelsfor architecturecomponentst several lev-
els of abstraction. This meansthat therewill be, for ex-
ample multiple instance®f amicroprocessomodelsuch
asablackbox model,amodelwhich accountdor the per
formanceconsequencesf the processos memoryhier
archy(e.g.TLB andcachespnda modelwhich accounts
for the performancampactof bothits memoryhierarchy
anddatapatt(e.g.pipeliningandILP). Naturally themore
detailedmodelsrequirethe applicationmodelto be able
to generatanoredetailedapplicationevents. The Sesame
architecturanodelsarelessgenericthanthosefrom Spade
asthey arenot fixed building blockswith pre-definedn-
terfacesbut merelyaretemplatemodelswhich canbe ex-
tendedandadaptedo the users likings. This slightly in-
creasetheeffort neededor building thearchitecturenod-
els, but it allows for more modelingflexibility which can
be helpful whenrefiningthemodels.

The abore preconditionsresultin two researchchal-
lengeswhich areaddresseith SesameFirst, it shouldbe
possibleto adjustthe level of abstractiorof the architec-
ture modelsin a seamlessand gracefulmanner Refine-
mentof onecomponenin the architecturemodel should
not lead to a totally reneved implementationof the en-
tire model. Ideally, only the modelsof thosearchitec-
ture componentsvhich needto berefinedarereplacedn
a ‘plug-and-play’fashionby more detailedmodels. This
embeddingof refined,and possiblydecomposed;ompo-
nentmodelsin anotherwiseunchangea@rchitecturenodel
seriouslyaffects the interconnectiorwith the restof the
architecturenodel. The secondesearcithallengewhich
canberegardedasadirectconsequencef thefirstone,in-
volvesthesupportfor mixed-level simulation.This means
thattheabstractiorievel atwhichthedifferentarchitecture
componentsre modeleddoesnot necessarilyneedto be
the same.In [13], we shaw thattransactiondetweenar
chitecturecomponent$orm the main obstaclefor mixed-
level simulation.

As was shavn, both Spadeand Sesamecontrilute to
the Artemis simulation workbenchin their own way:
Sesameurely focuseson quantitatve performanceeval-
uationwhereasSpadeis more opento the later stagesof
thedesigntrajectoryby applyingthe TSSsimulationback-
bone. For Sesamewe are also consideringsomebasic

support(e.g. model wrappers)for interfacing it to more
traditionalcycle-trueandRTL simulatorssuchthatthelat-

ter canimport Pearlmodels.Also, it is imperatve to have

an interface betweenthe Spadeand Sesamedrajectories
which is well definedand for which supportis provided

to effectively utilize it. Figure4 illustratesa possiblein-

terfacingscenarian which the Sesamérajectorycanpro-

vide two typesof feedbackio the Spadetrajectory First,

refined Sesamenodelsmay give timing feedbackto the

high-level Spademodelsin orderto fine-tunethelatencies
they accountfor the differentapplicationevents. Second,
the designspace=xplorationperformedby Sesamallows

for qualitatve feedbackon architecturalspecifics. This

feedbackmayrangefrom informationthatguidesthecon-

structionandparameterizatioof low-level TSSmodelsto

(semi-)automatigenerationof TSS-basedquivalentsof

the Pearimodels.The latter could berealizedusinganar

chitecturemodeldescriptionlanguagehatis ableto gen-
eratebothTSSandPearlarchitecturanodels.

To drive therealizationandfine-tuningof the previously
discussea@pplicationandarchitecturenodelingmethods,
weinitiatedthe Startemisasestudy In Startemisamodi-
fied M-JPEGencodeapplicationwhichincludesdynamic
quality control and can operateon both RGB and YUV
formatson a perframebasis,is modeledandstudiedfor a
numberof tamgetarchitecturesin [26], someinitial results
from the Startemiscasestudyarepresented.

V. THE RECONFIGURABLE ARCHITECTURE
FRAMEWORK

Thehardware/softvare co-desigmparadigmis still often
simplifiedto astrictbinarydecisionfor eitheradedicated
function-specificco-processor’'pr agenerapurposesoft-
ware programmableCPU. As alsohintedin Figure 2, the
Artemis projectaimsat supportinga sliding scaleof op-
tionsalongthehardware/softvareaxis. Sonext to pureand
frozen function-specificdedicatedhardware units, such
units canbe moreflexible in their functionality by mak-
ing theseslightly programmableOn the otherend,agen-
eral purposgprogrammablé€PU canbetailoredtowardsa
specificapplicationdomainby addingdomain-specifign-
structionsand/orreconfigurabldunctionalunits. In terms
of requiredelectricalenegy to executea certainfunction
(the power efficiency), bothendsof the hardware/softvare
scalecandiffer by two ordersof magnitude. This is de-
notedin Figure5. Having a choicefor intermediatgoints
in thehardware/softvaredesigntrade-of, canhelpconsid-
erablyfor reachingan efficient architectureduring design
spaceexploration,andcaninfluencethe applicationparti-
tioning decisions.

To obtain a higher efficiengy for CPUsin the domain
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of mediaprocessinga conventional approachis to add
specific‘media instructions’to the instructionsetof the
CPU.They provideincreasegerformancelueto thecom-
binationof 1) implementingsmall kernelfunctionswhich
would otherwiserequire a couple of atomic operations,
and2) implementingavectorstyle (singleinstructionmul-
tiple data)parallelismby executingthisfunctionin parallel
on byteor half-word sectiongnsideafull word. However,
the size of the instructionset of a CPU (the numberof
differentopcodes)s boundedby restrictionson fixed in-
structionformatsandcompleity of its decoderTherefore
the designof a mediainstructionsetis atrade-of between
generalityandperformanceyainof specificinstructionsn
the selectechpplicationdomain.

A novel approachs to addreconfigurabldardwareasa
functionalunit to the CPU(e.g.[27]). Thisallows to adapt
the instruction set on the fly, individually optimizedfor
eachapplication. Potentially this improves performance
due to the virtually infinite choice of instructions. As
others,we usethe term FPGAswhenreferringto recon-
figurablecomponents.However, otherinnovative circuit
techniquesupportingeconfiguratiormayalsobeconsid-
eredin Artemis. Suchcircuit techniqguesvould affectim-
portantparameterdike configurationelementgrain size,
kernelfunctioncompleity, reprogrammingpeedachies-
ableclock frequeng andpower efficiengy.

Integrating a reconfigurablecomponentwith a pro-
grammablecore,likeaVLIW processqiis themaintarget
of our research.In particularthe combinationof recon-
figurablecomponentsvith a media-optimized/LIW core
is challenging. For this purpose,the quantitatve evalu-
ation of the performanceof a reconfigurablecomponent
needgo be addressedIn addition, the existing program-
ming modelneedsto be extendedin orderto supportthe
reconfiguration. The researcheffort will thereforeresult
in proposalsfor new micro-architectureshat include re-
configurablecomponentsogethemwith theassociategro-
grammingmodel. For this work, the proposedarchitec-
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ture simulationworkbenchwill be usedfor architectural
performancesvaluationat the systemlevel. For morede-
tailed performancestudiesof theextendedCPU,thework-
benchcanbe supplementedvith a cycle-true TSS model
of the new TriMedia VLIW core from Philips Research
[28]. Theresultingefficiengy of the CPU combinedwith
reconfigurablecomponentscould influencethe mapping
of theapplicationtasksontoarchitectureeomponents.

More specifically we will proceedasdescribedn Fig-
ure 6 and we will investigatethe following: First, we
will identify and examine embeddednediaapplications
to determineif there are functionsthat occurin certain
sequenceshat will provide someadwantageswhen im-
plementedn FPGAs. Examplesfor suchfunctionsare:
IDCT, FFT, filters, huffman (de-)coders,etc. Conse-
quently we will determinethe functionalbehaior of the
FPGA structureneededo implementsuchfunctionsand
the primitive instructionsrequiredto be implementedin
an FPGA logic designstyle togetherwith the primitive
programthat is implementedn the FPGA. In combina-
tion with theavailableVLIW coreandtheFPGAprogram-
ming of thefunctions,ahardwaremodelfor theprocessing
unitwill bedeterminedConsequentltheeffectivenesof
the reconfigurabldardware processingunit in the overall
systemarchitecturewill be evaluatedusingthe architec-
turesimulationworkbench.In casesatishctoryresultsare
obtained new architectureextensionswill be proposedo
the designteams. In casethe resultsare not satishctory
or therearemorecandidateso considey additionaleffort
will be dedicatedto determinecandidatefunctionsor to
updatetheconfigurablecomponentircuit style. Someini-
tial resultsof our reconfigurablearchitectureresearchare
presentedhn [29].



V1. CONCLUSIONS

Becauseof the growing needfor supportingmultiple
applicationsandstandardsmodernembeddedystemsar-
chitecturesncreasinglybecomeheterogeneousn which
dedicatechardwarecomponentprovide highperformance
for time critical tasksandprogrammableomponentgro-
vide flexibility. In this paper we presentedhe Artemis
projectin which methodsand techniquesare developed
to supportthe designof highly programmableheteroge-
neousembeddedystemgargeting the multimediaappli-
cationdomain. As a result,an architecturenvorkbenchis
developedconsistingof botha simulationervironmentfor
flexible architecturaldesignspaceexplorationandan ex-
perimentatiorframework for reconfigurablerchitectures.

The simulationervironmentallows for swift evaluation
of different architecturedesigns,application-architeare
mappingsand hardvare/softvare partitioningsat various
levels of abstractiorandfor a broadrangeof applications.
This evaluationflexibility is obtainedby recognizingsepa-
rateapplicationandarchitecturenodelsin thesystemsim-
ulation. Thereconfigurablarchitecturdramework inves-
tigatesthe potentialsof reconfigurablearchitecturesas a
new meango enhancehe programmabilityof embedded
systemswithout compromisingperformanceBy combin-
ing the two frameworks, computationallyintensve tasks
canbeidentifiedin applicationswvhich aresuitablefor ex-
ecutionon areconfigurabléardwarecomponent.
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