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Abstract— In the Artemis project an architecture workbench is being
developed. One of the inputs for defining this workbench is the SPADE
methodology. SPADE (Systemlevel PerformanceAnalysisand Designspace
Exploration) follows the Y-chart approach; application and architecture
are modeledseparately, and the mapping of the application onto the ar-
chitecture is an explicit designstep. As an advantagewe can easilymodify
the application, architecture, or mapping, resulting in a quick tur naround
time to explore alternative systemimplementations.

In this paper we intr oduceand evaluate SPADE thr ough an illustrati ve
casestudy. In this casestudy westart fr om a modified M-JPEG application
and map this application onto a shared memory multi-pr ocessorarchitec-
tur e. The examplesystemis also used in the Artemis project as a dri ver
and casestudy for the designand evaluation of the workbench. We define
the application asa Kahn ProcessNetwork. The architecture and mapping
are specifiedusingSpadearchitecture and mapping languages.Wepresent
resultsof simulations for alternative architecture instancesand mappings.

Keywords—systemlevel design,M-JPEG, designspaceexploration, sig-
nal processing,application modeling,architecture modeling

I . INTRODUCTION

Modernsignalprocessingsystemsareincreasinglybecoming
multi-functionalsystemsthatalsohaveto supportmultiplestan-
dards.For example,digital televisions,set-topboxes,andmo-
bile devicesneedto offeravarietyof functionsandmustsupport
differentstandardsfor transmissionandcodingof digital con-
tents. In orderto provide the requiredflexibility suchsystems
needto be implementedusingprogrammablecomponents.On
theotherhand,in orderto meetperformancerequirementsand
costconstraints,partsof thesesystemsarestill requiredto be
implementedin dedicatedhardwareblocks.

Designing such heterogeneous systems, composed pro-
grammableand dedicatedcomponentsand various kinds of
communicationstructures,is notaneasytask.Eachof thecom-
ponentsstill can be designedby using currentmethodologies
andtools, suchaswriting RT level HDL descriptionsor using
high level synthesistools. However, thesemethodologiesare
no longer sufficient at the systemlevel. The questionsa sys-
tem designerhasto deal with are, e.g, which partsof an ap-
plication are implementedin softwareandwhich in hardware,
whichhardwarecomponentsareselected,whatkind of commu-
nicationstructureis goingto beused,whatarethecritical parts
of the system. To find an answerto thesequestionsdesigners
needto be supportedby a differentkind of designtechnology
than which is usedto designthe components.Today, several
methodologiesandtoolsarebeingdevelopedto supportthede-
signerat thesystemlevel, e.g.,Polis[1], VCC [2], SystemC[3],
andeArchitect[4].

In this paperwe presentandevaluatea methodology, named
SPADE (Systemlevel PerformanceAnalysisandDesignspace
Exploration)[5], for architecture exploration of heterogeneous

signal processingsystems. This exploration startsfrom exe-
cutablespecificationsof a setof representative target applica-
tions. The result is the definition of a heterogeneoushardware
architecturecapableof executingtheseapplicationswithin pre-
definedconstraintswith respectto cost,real-timeresponse,etc.

We evaluateSPADE in the context of a casestudy in which
we aremappinga modifiedM-JPEGapplicationonto a shared
memorymulti-processorarchitecture. This casestudy is part
of the Artemisproject, and is called Startemis. The Artemis
project[6] (ARchitecturesandmeThodsfor EmbeddedMedIa
Systems)is a researchproject that aimsat reducingthe devel-
opmenttime of embeddedmediasystemswith a high degree
of programmability. Oneof the researchchallengesthat is ad-
dressedin Artemisis thedevelopmentanarchitecturesimulation
workbenchwhich providesmethods,tools,andlibrariesfor the
efficient explorationof heterogeneousembeddedsystemarchi-
tectures.SPADE will be oneof the methodologiesusedin this
workbench;the Sesame(Simulationof EmbeddedSystemAr-
chitecturefor Multilevel Exploration)framework [7] is another
methodologybeingused.Thecasestudywill beusedasadriver
for thedevelopmentof the Artemisworkbench.Therefore,the
applicationusedin thecasestudyshouldberealistic,yetnot too
complex, andit shouldbepossibleto refineit lateron. Also, it
shouldbe extensible,in orderto addcomplexity whenneeded.
As wearebuilding aworkbenchfor heterogeneoussystems,the
architectureontowhichtheapplicationis mappedshouldbehet-
erogeneousin the componentsandprotocolsused. The archi-
tectureshouldalsobesufficiently complex in orderto allow for
refinementof thecomponents.TheStartemiscasestudymeets
theserequirements.

In the next sectionfirst a descriptionof the SPADE method-
ology andtool is given. The Startemiscasestudyis described
in SectionIII, including the modelingof the casestudyusing
SPADE. Theexplorationwedid, andtheresultsandconclusions
obtainedfrom the explorationarepresentedin SectionIV. Fi-
nally, someoverall conclusionsaregiven.

I I . SPADE

SPADE is a methodology, implementedin a tool, thatenables
modelingand exploration of heterogeneoussignal processing
systems.In this sectionwe first describethebasicconceptson
which SPADE is based.Thenwe go into somedetailof theap-
plication modeling,architecturemodeling,and mapping. For
moredetailson SPADE we referthereaderto [5].
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A. Concepts

ThemainconceptonwhichSPADE is basedis theY-chart [8],
asdepictedin Figure1. TheY-chartrepresentsageneralscheme
for the design of heterogeneoussystems. In the Y-chart a
clear distinction is madebetweenapplicationsand architec-
tures, which arerelatedvia anexplicit mappingstep.This con-
ceptcanbeappliedat variouslevelsof abstraction;herewe fo-
cuson thesystemlevel, but theY-chartcanbeappliedat more
detailedlevels,suchasRT level, aswell. TheY-chartapproach
permitsmultiple targetapplicationsto bemappedoneafteran-
otherontocandidatearchitecturesin orderto evaluatetheir per-
formance.The resultingperformancenumbersmay inspirean

Applications

Performance
Numbers

Performance
Analysis

Mapping
Architecture

Fig. 1. TheY-chart

architecturedesignerto improve the architecture.He mayalso
decideto restructuretheapplication(s)or to modify themapping
of theapplication(s).Theseoptionsareindicatedin Figure1 by
light bulbs.

Thedistinctionbetweenapplicationsandarchitecturescanbe
rephrasedas the distinction betweenworkload and resources.
An applicationimposesa workload onto resourceswhich are
definedby an architecture.A workloadconsistsof both com-
putationworkloadandcommunicationworkload; resourcescan
be processingresources, communicationresources, and mem-
ory resources. Computationworkloadrequiresprocessingre-
sources;communicationworkload requiresa combinationof
communicationresourcesandmemoryresources.Thearchitec-
ture designprocessis concernedwith the specificationof re-
sourcesthat canbesthandlethe workloadsimposedby target
applications.

The explicit mappingdefineshow an applicationis mapped
ontoanarchitecture,in otherwords,how theworkloadof anap-
plicationis mappedontotheresourcesof anarchitecture.Within
SPADE, we areusingsimulationasthe meansfor performance
evaluation. So, we needa way to capturethis mappingsuch
that we cansimulatea system,consistingof both an applica-
tion andanarchitecture.For thispurposeweextendatechnique
called trace-drivensimulation. This is a simulationtechnique
thathasbeenappliedextensively for memorysystemsimulation
in thefield of general-purposeprocessordesign[9]. Thework-
loadof anapplicationis capturedin oneor moretraces. A trace
containssymbols,calledtraceentries, thatrepresentthecompu-
tationandcommunicationoperationsperformedby anapplica-
tion; datadependentbehavior in theapplicationis thuscaptured
by thesetraces. The resourcesin an architectureacceptthese

traceentriesasthe workloadto be executed.The tracesdrive
computationandcommunicationactivities in thearchitecture.

B. Applicationmodeling

Oneof theobjectivesof applicationmodelingin SPADE is to
exposetask level parallelismand to make communicationex-
plicit. We have chosentheKahnProcessNetworks [10] model
of computationfor applicationmodeling. In the Kahn model,
parallelprocessescommunicatevia unboundedFIFO channels.
Therearetwo mainreasonsfor choosingthisModelof Compu-
tation. First, themodelfits nicely with signalprocessingappli-
cationsasit canmodelstreamprocessingandasit guarantees
that no datais lost. Second,the executionof a Kahn Process
Network is deterministic,meaningthatfor a giveninput always
thesameoutputisproducedandthesameworkloadis generated,
irrespectiveof theexecutionschedule.

Eachprocessin the network producesa traceto capturethe
workloadof thatprocess.Thecommunicationworkloadis also
capturedin theseprocessrelatedtraces.

SpadeusestheYAPI ApplicationProgrammersInterface[11]
for applicationmodeling.Thefollowing threefunctionsarepro-
vided1.
� A read function. This function is usedto readdatafrom a

channelvia a processport. Furthermore,the functiongener-
atesa traceentry in the traceof the processby which it is
invoked,reportingon theexecutionof a readoperationat the
applicationlevel.

� A write function.This functionis usedto write datato achan-
nelvia aprocessport. It alsogeneratesatraceentry, reporting
on theexecutionof a write operation.

� An executefunction.This functionperformsno dataprocess-
ing, but only generatesa traceentry, reportingon processing
activities at theapplicationlevel. Theexecutefunction takes
a symbolicinstructionasanargumentin orderto distinguish
betweendifferentprocessingactivities. For example,suchan
instructionmaycorrespondto anIDCT operationon aneight
by eightmatrix.

Thetraceentriesgeneratedby thereadandwrite functionsrep-
resentthecommunicationworkloadof a process.Thetraceen-
tries generatedby the executefunction representthe computa-
tion workloadof a process.Thetraceentriescanbeusedeither
to drive thearchitecturesimulation,or, whenexecutingtheap-
plicationstand-alone, to analyzethe computationandcommu-
nicationworkloadof anapplication.

C. Architecturemodeling

In orderto efficiently exploredifferentarchitectures,it is re-
quired that architecturemodelscan be easily constructed. In
SPADE, functionalbehavior is describedat theapplicationlevel.
If thisbehavior is datadependent,thetraces,whichdrivetheop-
erationof thearchitecture,alsodependontheinputdata.There-
fore, we canusearchitecturemodelsthatdo not needto model
the functional behavior, while maintainingfunctional correct-
ness.Sucharchitecturemodelscanbeconstructedfrom generic
building blocks. As thebuilding blocksaregeneric,wecanpro-
vide a library of suchblocks.Thegenericbuilding blocksneed
�
NotethattheYAPI select functionis notsupportedby SPADE.
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to modelthedifferenttypesof resourcesin anarchitecture,such
as processingresources,communicationresources,andmem-
ory resources.Defininganarchitecturethenbecomesaseasyas
instantiatingbuilding blocksfrom a library andinterconnecting
them.

The processingresourcesin the architecturemodel take the
tracesgeneratedby the applicationasan input. We have taken
a modularapproachto allow theconstructionof a greatvariety
of processingresourcesfrom a small numberof basicbuilding
blocks. A processingresourceis built from the following two
typesof blocks.
� A tracedrivenexecutionunit (TDEU) which interpretstrace

entries.Theentriesareinterpretedin theorderin which they
areput in thetrace,therebyretainingtheorderof executionof
theapplicationprocess.A TDEU hasa configurablenumber
of I/O ports.Communicationvia theseI/O portsis basedona
genericprotocol.

� A numberof interfaceswhich connectthe I/O ports of a
TDEU to a specificcommunicationresource. An interface
translatesthegenericprotocolinto acommunicationresource
specificprotocol,andmay alsoincludebuffers to model in-
put/outputbuffering of processingresources.Currently, we
have interfacesfor point-to-pointcommunicationvia a bus,
and for communicationvia a bus and sharedmemory, both
bufferedandunbuffered. No interfacesareneededfor com-
municationvia a FIFO or an unbuffered direct link; these
communicationblocks can be directly connectedto the I/O
portsof a TDEU.

Thecurrentlibrary containstheTDEU andinterfaceblocksde-
scribedabove,a genericbusblock, includinga first-come-first-
served arbiter, a FIFO block, an unbuffereddirect link block,
anda genericmemoryblock. All blocksareparameterized.For
eachinstantiatedTDEU a list of symbolicinstructionsandtheir
latencieshasto begiven. This list specifieswhich instructions
from thetracescanbeexecutedby theprocessingresourceand
how many cycleseachinstructiontakeswhenexecutedon this
processingresource.Theselatenciescanbeobtainedeitherfrom
a lower level modelof a processingresource,from estimation
tools,or they canbeestimatedby anexperienceddesigner. For
instancesof the FIFO andinterfaceblocks,buffer sizescanbe
given. For a businstance,thebuswidth, setupdelay, andtrans-
fer delaycanbespecified.

An architectureis specifiedby meansof a textual description
usingsomededicatedarchitecturedescriptionlanguage.In this
descriptionfirst the processors,buses,andFIFOsaredefined.
Heretheuserdoesnot needto definetheexact interfaces;these
areinsertedautomaticallywhenthe architecturemodel is con-
structed.Only the parameters,suchas, latencies,buffer sizes,
andbuswidthneedto bespecified.After thecomponentsarede-
fined, thestructureof thearchitectureis defined,by describing
for eachFIFOandeachbuswhichprocessorportsareconnected
to them. An exampleof suchtextual architecturedescriptionis
givenin Figure4.

D. Mapping

Onceboth an applicationmodel and an architecturemodel
have beendefined,mappingcanbeperformed.This meansthat
theworkloadof theapplicationhasto beassignedto resources

in thearchitectureasfollows.
� Eachprocessis mappedontoa TDEU. This mappingcanbe

many-to-one,in which casethetraceentriesof theprocesses
needto bescheduledby theTDEU.

� Eachprocessportis mappedone-to-oneontoanI/O port. This
mappingalso implicitly mapsthe channelsonto a combina-
tion of communicationresourcesandmemoryresources.

If it appearsthat the functionality of a singleprocessneedsto
bedistributedover morethanoneprocessingresource,thenthe
designerfirst hasto rewrite theapplicationsuchthatthisprocess
is partitionedinto two or moreprocesses.Thentheseprocesses
canbemappedontoseparateTDEUs.

Themappingis alsospecifiedby meansof a textual descrip-
tion usinga dedicatedmappingdescriptionlanguage.First, for
eachprocessin theapplicationit is specifiedontowhichproces-
sor in thearchitectureit is mapped.At thesametime, themap-
ping of processports onto processorports is specified. Then
somecharacteristicsof the channelsarespecified,suchas the
physical size of tokens that are communicated,and whether
communicationis donevia sharedmemory. Finally, for each
processora schedulercanbe defined,including someparame-
ters. An exampleof suchtextual mappingdescriptionis given
in Figure6.

E. Simulation

Performanceanalysisin SPADE is doneusingsimulation.We
usetracedrivensimulationto co-simulateanapplicationmodel
with an architecturemodel. The simulationof the application
modelis basedonthePamela[12] multi-threadingenvironment,
whereeachKahnprocessis executedin a separatethread.The
simulationof thearchitecturemodelis currentlybasedon TSS
(Tool for SystemSimulation),which is aPhilipsin-housearchi-
tecturemodelingandsimulationframework [13].

F. PerformanceMetrics

In orderto evaluatea system,theSPADE library blocksfrom
which an architectureis built collect several numbersduring
simulation. From thesenumbersperformancemetricscan be
calculated.Thesemetricsgiveanindicationof theperformance
of the system,suchas,throughput,framerate,overall latency,
andbusutilization. For example,for a videoprocessingsystem
we cancollect the timesat which a new frameis output; from
thosetimeswecancalculatetheframerateof thesystem.

Thenumbersthatarecurrentlycollectedin thelibrary blocks
arethefollowing. For eachTDEU we keeptrackof thenumber
of cyclesit wasbusy with computations,the numberof cycles
it wasdoing I/O, split out into readsandwrites, the numberof
cyclesit waswaitingeitherfor dataor for room,andthenumber
of cyclesit hadnothingto doatall, i.e.,wasidle. In addition,for
eachinput andoutputport we getthenumberof readsor writes
thatwereperformed,plusthenumberof cyclesnoroomor data
wasavailable.For eachbuswe getthenumberof cyclesit was
in useandtheamountof datatransportedvia this bus.Also, for
eachinterfaceconnectedto the bus, we get a histogramof the
delaysbetweenissuinga bus requestandbeinggrantedaccess
to thebus.
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I I I . STARTEMIS CASE STUDY

A. StartemisApplication

Theapplicationwe have chosenfor theStartemiscasestudy
is an M-JPEGencoder. A traditional M-JPEGencodertypi-
cally compressesa sequenceof videoframes,applyinga JPEG
basedcompressiontechnique[14][15] to eachframein thevideo
sequence.M-JPEGis usedfor motion picturescompression
like MPEG[16] but without interframepredictivecoding. This
meansthat M-JPEGdoesnot perform motion estimationand
compensation. Wehavemodifieda traditionalM-JPEGencoder
in orderto adddatadependentbehavior to it. Themodifieden-
coder, namedM-JPEG*,hasthreemaindifferencesfrom tradi-
tionalM-JPEG:
� M-JPEG* supportsonly lossy encoding,whereasM-JPEG

typically supportsbothlossyencodingandlosslessencoding.
� M-JPEG* canoperateon video datain both4:2:2 YUV and

RGB formatson a per-frame basis,whereastraditional M-
JPEGusesonly YUV format.

� M-JPEG*canprocesstheincomingvideoframeswith differ-
ent quantizationandHuffman tables. Thesetablescandif-
fer pervideoframe,dependingon theoutputbit-rateandthe
accumulatedstatisticsfrom previousvideo frames.Suchdy-
namicchangeof the tablesis not performedby a traditional
M-JPEGencoder.

The possibility of M-JPEG* to handletwo video dataformats
anddifferenttableson a per-framebasismeansthat M-JPEG*
is datadependent.

B. M-JPEG*ApplicationModel

We startedtheapplicationmodelingfrom aC-codespecifica-
tion of a JPEGcodecthatis publicly availablefrom UC Berke-
ley. First, we studiedthis C-codeof the JPEGcodecin order
to fully understandit, andthenwe modifiedthe codein order
to implementour M-JPEG* application. For example,the de-
coderpartwasremovedandsomecodewasaddedto implement
theHuffmanandquantizationtableadaptationandtheRGB to
YUV conversion.

Having the M-JPEG* encoderC-codespecificationwe used
the SPADE applicationmodelingtechnique,describedin Sec-
tion II-B, to transformthissequentialC-codeinto asetof paral-
lel communicatingprocesses.Someglobaldatastructureswere
removedin orderto beableto parallelizetheC-code.Theob-
tainedKahnProcessNetwork which modelsthe M-JPEG* ap-
plicationis shown in Figure2.

The Video in processfetchesvideo data(frames)and infor-
mationaboutthedimensionsandtheformat,i.e.,RGBor YUV,
of eachincomingframe.Also, Video in sendsall of this datato
theDMUX processwhichdistributesit to thedifferentprocesses
within M-JPEG*. TheDMUX processchecksthe formatof the
incomingvideoframesandforwardstheframesto theDCT pro-
cess(YUV frames)or to theRGB2YUV process(RGB frames)
in a block-wisefashion. The RGB2YUV processconverts the
RGB blocks into YUV blocks. This conversionincludesalso
sub-samplingof the color pixel data in order to obtain 4:2:2
YUV format.

TheDCT processreceivesYUV blocksvia two datachannels.
Via anotherchannelthe DCT processreceives control tokens
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Fig. 2. TheM-JPEG*KahnProcessNetwork.

specifyingwhichdatachannelis activeatthemoment.TheDCT
processtransformsYUV blocksinto blocksof DCT coefficients
usingForwardDiscreteCosineTransformandsendsthe trans-
formedblocksto theQuantizer process.After quantization,the
Quantizer processforwardsthemto the VLE (VariableLength
Encoder)process.TheVLE processreceivesquantizedDCT co-
efficients,appliesrunlengthencodingandHuffmanencodingto
thedataandtransmitstheresultingdatain 16-bitspacketsto the
Video out process.A specialtoken indicateswhetheror not a
packet is the lastonefor thecurrentcompressedframe. At the
endof the M-JPEG* dataflow, the Video out processmakesa
standardJPEGheaderof thecompressedimage.TheVideo out
processprependstheheaderto thecompressedimagebit stream.

The Quantizer and VLE processesuse tablesproducedby
an output bit-rate control process,namedOB Control. The
OB Control processis responsiblefor generatinganddistribut-
ing thesetablesto thequantizerandthevariablelengthencoder.
Thesynchronizationof thetabletransmissionis performedby a
specialtokenwhich canassumethreevalues:NewTable(NT),
OldTable (OT) and EndOfFrame(EOF). At the end of each
framethe control processmakesa decisionwhetheror not the
tablesfor thenext videoframehaveto bechanged.To makethis
decisionit usestheoutputbit-rateof thecurrentvideoframe.If
thetableshave to bechangedthecontrolprocessfirst computes
the new tablesusing imagestatisticsof the currentframeand
thensendsthesetablesto theQuantizer andVLE processes.The
OB Control processreceivesimagestatisticsandoutputbit-rate
from theVLE process.For eachframe,theOB Control process
sendstheHuffmanandquantizationtableswhichareusedin the
processof compressionto theVideo out process.

C. StartemisArchitecture

The initial Startemisarchitectureshown in Figure3 consists
of fiveprocessingcomponentsconnectedto abusandcommuni-
catingwith eachothervia sharedmemory. Wehavechosensuch
sharedmemorymulti-processorarchitecturebecauseit is suffi-
ciently complex in orderto allow refinementof its components.
Also, by changingthe implementationof the components,we
caneasilyobtaindifferentheterogeneousarchitectures,i.e., ar-
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chitecturesconsistingof programmable,reconfigurableand/or
dedicatedcomponents.

HEADER
BUFFER

DCT -> QTABLES
BUFFER

Q -> VLE PACKET
BUFFERS BUFFER

line 1

line 8

line 1

line 8
:: ...

IMAGE BUFF NIMAGE BUFF 1

MEMORY
STATISTICS

BUFFERS BUFFERS

FIFO FIFO FIFO

VIP mP
     DCT
RGB2YUV VLEP VOP

Fig. 3. Abstractview of theStartemisarchitecture.

Below we give a brief descriptionof the componentsin the
Startemisarchitecture,depictedin Figure3. Note that this fig-
ure is an abstractview of the architecture;somedetails,such
asthesynchronizationchannelsbetweentheprocessors,arenot
shown.
VIP (VideoIn Processor)TheVIP scansvideoframesin a line-

wisefashionandwritesthevideolinesinto an imagebuffer in
sharedmemory. Thereareat leasttwo imagebuffers,which
areusedin a round-robinfashion. This allows the VIP pro-
cessorto fill a buffer while theotherbuffer(s)areconsumed.
Eachimagebuffer consistsof 8 video lines. Thesizeof one
line is 1024pixels. Eachpixel in a line is representedby a
32-bit value,containingeither the R, G, andB components
of the pixel, or the Y, U, andV components.The VIP also
writesspecificinformationsuchasthesizeof theframe,and
theframeformat,RGB or YUV, for eachframeinto a header
buffer.

RGB2YUV/DCT This processorreadsthe image buffers in a
block-wisefashionandperformsa DCT transformonto the
fetchedblocks.Also, it readstheformatof thecurrentframe
from theheaderbuffer. If theformatis RGBanRGBto YUV
conversionincluding4:2:2sub-samplingis performedbefore
the DCT transform. The RGB2YUV/DCT processorwrites
thetransformedblocksinto sharedmemoryin a FIFO buffer
calledDCT �	� Q. This buffer is usedfor intercommunication
betweenthe RGB2YUV/DCT processorandthemicroproces-
sor.

mP (microProcessor)Themicroprocessorhasthreemainfunc-
tions. First, it readsDCT blocksfrom theDCT �	� Q buffer,
makes a quantization,and writes the quantizedblocks into
theQ �	� VLE FIFO buffer. Second,it handlesthe synchro-
nizationof thedataexchangesbetweenthecomponentsin the
architecture.Third, the microprocessorhandlesthe adapta-
tion of thequantizationandHuffmantables.It usestheinfor-
mationstoredin thestatisticsbuffer to decidehow to change
thetables.It updatesthe tablesbuffer if thetableshave been
changed.This buffer containstheHuffmanandquantization
tablesfor thecurrentvideoframe.

VLEP (VariableLengthandhuffmanEncodingProcessor) The
VLEP fetchesthe quantizeddatablocks from the Q �	� VLE
buffer, appliesrun length encodingand Huffman encoding
to them,andwrites the resultingbit-streampacketsinto the
packetFIFObuffer. Also, theVLEP derivesstatisticsfrom the
currentblockandstoresit in thestatisticsbuffer.

VOP (VideoOutProcessor)The VOP uses the information

storedin theheaderbuffer andtablesbuffer in orderto make
theheaderof thecompressedimage.It appendsto thisheader
thebit-streamstoredin thepacketFIFO buffer.

D. StartemisArchitectureModel

Thearchitecturemodelwasmadein accordancewith thepro-
posedStartemisarchitectureshown in Figure3. Weconstructed
themodelusingSPADE’s library of genericbuilding blocks,de-
scribedin SectionII-C. Theseblocksareparameterizedwhich
meansthat an importantpart of the modelingprocessis to as-
signrealisticnumbersto theparametersin orderto obtainsome
realisticresultsfrom simulationandexploration.

For eachprocessora setof symbolicinstructionsandasso-
ciatedlatencyvalueshadto be defined. In order to determine
realisticlatenciesweassumedthatfor theinitial Startemisarchi-
tecturemodeltheVIP andVOP areimplementedusingASICs,
the microprocessoris a MIPS, and the RGB2YUV/DCT pro-
cessorand VLEP are DSPs. For the high-level symbolic in-
structionsassociatedwith the microprocessor, the VLEP, and
the RGB2YUV/DCT processor, low-level instruction models
were constructed. Thesemodelsare simple assemblerpro-
grams. Then we used the data books of the MIPS micro-
processor[17][18] and the Analog Devices DSP – ADSP-
21160[19][20] to determinethe latenciesof the assemblerin-
structionsusedin the low-level models. From theselatencies
andthelow-level instructionmodelswe calculatedthelatencies
of the symbolic instructions.For the symbolic instructionsas-
sociatedwith theVIP andtheVOP, wedefinedrangesof latency
valueswhichhave to beexplored.

The SPADE architecturedescriptionlanguagewas usedto
specifythearchitecture.A fragmentof thearchitecturedescrip-
tion is shown in Figure4. In thearchitecturemodelwe defined
1 simulationcycleto be10ns.Werelateall timesto thisuniform
time unit, eventhoughdifferentcomponentsmayrun at differ-
entclock speeds.All sizesin thearchitectureandthemapping
descriptionareexpressedin unitsof 8 bits, i.e., 1 byte. For ex-
ample,abuffer sizeof 64meansasizeof 512bits, i.e.,64bytes.
Thearchitecturedescriptionconsistsof threemainparts.In the
first part the processorresourcesare described.For example,
theVIP hastwo outputportso1 ando2 , noinputports,andone
symbolicinstructionop ElaborateFrame with a latency of
20 simulationcycles. In thesecondpart thecommunicationre-
sourcesarespecified.Figure4 shows thattwo typesof commu-
nicationresourcesareused:abusandFIFObuffers.For eachof
thebuffersa numberof buffer placesandthesizeof eachplace
is specified,e.g., FIFO F6 has4 placesand the size of each
placeis 64 bytes.BusB1 is specifiedby threeparameters:the
width of thebus,thesetuptime for a transaction,andthe trans-
fer time per transfereditem with thesizeof thebuswidth. The
lastpartof thedescriptionspecifiesthestructureof thearchitec-
ture. In thisparttheconnectionsamongtheprocessorresources
andcommunicationresourcesaredescribed.For example,the
descriptionin Figure4 specifiesthatoutputport o6 of the mP
is connectedto input port i1 of the RGB2YUV/DCT processor
via FIFOF3. Outputporto1 of theVIP is connectedto busB1
via a buffer with a total sizeof 7 bytes.Thearchitecturemodel
describedin Figure4 is depictedin thelowerpartof Figure5.
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Architecture MJPEG_Arch;
// 1 unit of size = 1 byte = 8 bits
// 1 cycle = 10 ns

// Processor resources
Processor VIP {

InPorts { }
OutPorts {o1; o2;}
Instructions {op_ElaborateFrame = 20;}

}

Processor RGB2YUVDCT {
InPorts {i1; i2; i3; i4;}
OutPorts {o1;o2;}
Instructions {op_DCT = 1024; op_RGB2YUV = 192;}

}
:
:

// Communication resources
Fifo F3 {number = 4; size = 1;}
Fifo F6 {number = 4; size = 64;}
Fifo F8 {number = 1; size = 64;}
Fifo F9 {number = 1; size = 64;}

:
:

Bus B1 {width = 8; setup = 1; transfer = 2;}

// Connections
Structure
{

Fifo F3 {mP.o6 -> RGB2YUVDCT.i1;}
Fifo F6 {RGB2YUVDCT.o2 -> RGB2YUVDCT.i4;}
Fifo F8 {mP.out3 -> RGB2YUVDCT.in2;}
Fifo F9 {mP.out4 -> RGB2YUVDCT.in3;}

:
:

Bus B1 {
VIP.o1 {number = 1; size = 7;};
VIP.o2 {number = 1; size = 64;};
RGB2YUVDCT.o1 {number = 1; size = 128;};

:
:

}
}

Fig. 4. Fragmentof thedescriptionof thearchitecturemodel.

E. StartemisMapping

The final step of the modeling processis the mappingof
theM-JPEG*applicationmodelontotheStartemisarchitecture
model. Figure5 shows this mappingin detail. Both theappli-
cationandthe architecturearedepictedin termsof the SPADE

specific modeling technique. For the mappingwe used the
SPADE mappingmechanism,describedin SectionII-D. Within
Startemis,the Video in and Video out processesare mapped
onto the VIP and the VOP, respectively. The VLE processis
mappedontotheVLEP. Thetwo processesRGB2YUV andDCT
aremappedontotheRGB2YUV/DCT processor. Theremaining
processesare mappedonto the microprocessor. The mapping
of theM-JPEG*channelsontothecommunicationstructuresof
thearchitecturewasdeterminedbymappingtheprocesses’ports
ontotheprocessors’ports.

For thepurposeof mapping,SPADE offersamappingdescrip-
tion language.A fragmentof themappingdescriptionis shown
in Figure6.

Thefirst partof themappingdescriptionin Figure6 specifies
the mappingof the processesand their ports onto the proces-
sor componentsandtheir ports. For instance,processVideo in
is mappedonto the VIP. The ports out HeaderInfo and
out BlockData of theVideo in processaremappedontothe
portso1 ando2 of theVIP, respectively. Next, for eachappli-
cationchannela tokensizeis specified.If thechannelis mapped
ontoa busandthecommunicationshouldtake placevia shared
memory, thenthe numberof placesandthe sizeof eachplace
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Fig. 5. Theapplicationmodel,thearchitecturemodel,andthemapping.

Mapping MJPEG_Map (MJPEG_Appl, MJPEG_Arch);

pr_Video_in : VIP {
out_HeaderInfo : o1;
out_BlockData : o2;

}

pr_DCT : RGB2YUVDCT {
in_BlockData1 : i4;
in_BlockData2 : i3;
in_BlockType : i1;
out_BlockData : o1;

}

pr_RGB2YUV : RGB2YUVDCT {
in_BlockData : i2;
out_BlockData : o2;

}
:
:

Channels {
f_Video_DMUX_Header {

tokensize = 7;
numbermembufs = 1; membufsize = 7;

};
f_RGB2YUV_DCT_BlockData {tokensize = 64;};
f_DCT_Q_BlockData {

tokensize = 128;
numbermembufs = 4;membufsize = 128;

};
:
:

}

Schedulers {
mP : default { };
RGB2YUVDCT : default { };

}

Fig. 6. Fragmentof thedescriptionof themappingshown in Figure5

of thebuffersin sharedmemoryarespecified.For example,the
tokenswhicharetransferedvia channelf DCT Q BlockData
have a sizeof 128bytes;4 buffersof 128bytesareallocatedin
sharedmemoryfor this channel.The last part of the mapping
descriptionshown in Figure6 specifiesthe type of the sched-
ulers.For themicroprocessorandtheRGB2YUV/DCT processor
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thedefault scheduleris selected.

IV. EXPERIMENTS AND RESULTS

In this sectionwe presentsomeof the experimentswe have
doneusingtheSPADE simulationframework in ordertoquantify
theproposedStartemisarchitecture.Also, we presentandana-
lyzetheresultswehaveobtainedfrom thesimulations.Weeval-
uatedwhethertheperformancemetricsprovidedby the SPADE

tool canbeusedeffectively for exploration.We wereinterested
in findingwhatkind of usefulinformationaboutthearchitecture
performancewe could obtain from the performancenumbers,
having in mind that theexplorationwasmadeat a high level of
abstraction.

In ourexperimentswewereinterestedin themaximumframe
rateat theoutput, measuredin framesper second, to which we
referasRATE. TheRATE dependson theparametersof thear-
chitecturetemplate,the size of the incoming frames,and the
format,YUV or RGB,of theframes.For thepurposeof theex-
periments,thearchitectureparametersthatwe lookedinto have
been:thenumberof processorcomponents,thelatenciesof pro-
cessorcomponents,thespeedof thebus,andthespeedandsize
of sharedmemory. In orderto simplify the simulationprocess
andanalysiswe initially kept the framesizeandthe framefor-
mat constant.For our experimentsthe framesizeis 128
 128
pixels(8 bitsperpixel) andtheframeformatis RGB.For larger
framestheRATEwill decrease;if weincreasethehorizontaland
verticalsizesof theframesby a factor � anda factor � , respec-
tively, thenthe RATE of the architecturewill decreaseroughly
by afactorof �
�� . For YUV frames,theRATEwill beasgood
as,or betterthan,the RATE for RGB frames,becausethe only
differenceis that theRGB to YUV conversiondoesnot needto
beperformed.

The initial speedand width of the bus have been set to
100MHz and64 bits, respectively. Thesevaluesareassumed
to be at the upperlimit of the rangein which they could have
beenchosen.A similar decisionwasmadefor thesharedmem-
ory for whichweselectedanSRAM-typememoryof size64KB
with write andreadcyclesof 10nseach.

We startedour experimentswith a simulationof the given
M-JPEG* application-architecturepair usingthe SPADE simu-
lation environment. The application,the architectureandtheir
specifications(modeling) are describedin Section III-B and
SectionIII-D, respectively. FromtheSPADE simulationwe ob-
tainednumbers,relevantto theevaluationof theperformanceof
theimplementation.Someof themaregivenin TableI. Weused
theSPADE performancenumbersrelatedto thetimesatwhicha
new frameappearsat theoutputin orderto calculatetheRATE
of theinitial architecturewhich turnedout to be167framesper
second.

After this first step,we canhave threepossiblescenariosto
proceed:
� Scenario 1: The RATE of the architecturesatisfiesthe re-

quirementsandwe stoptheexplorationprocess.
� Scenario 2: The RATE of the architecturesatisfiesthe re-

quirementsand we start exploring (part of) the parameter
spaceof the architecturefor modificationsthat can improve
the current performance–costratio. This processincludes
finding andremoving someresourceredundancy andexcess

TABLE I

PERFORMANCE NUMBERS OF THE INITIAL STARTEMIS ARCHITECTURE.

Processor executing busywith I/O waiting
RGB2YUV/DCT 95% 1% 4%

mP 35% 20% 45%
VLEP 26% 5% 69%
VIP 1% 3% 96%
VOP 1% 1% 98%

Busutilization 40%

speedwithout a significantchangeof theRATE andtheflex-
ibility of the architecture. We usethe SPADE performance
numbersasa guidancein this process.As the performance
indicatedby the RATE shouldnot be changed,we canonly
improve the performance–costratio by a reductionin terms
of cost,e.g.,siliconareaor powerconsumption.

� Scenario3: TheRATEof thearchitecturedoesnotsatisfythe
requirementsandwe start exploring (part of) the parameter
spaceof the architecturefor modificationsthat can improve
the performance(RATE). Again, we usethe SPADE perfor-
mancenumbersasaguidancein theprocess.

We looked into Scenario2 andScenario3 independently. The
resultsof theseexperimentsarepresentedin SectionIV-A and
SectionIV-B, respectively.

A. Scenario2

Theperformancenumbersin TableI suggestthatthegivenar-
chitecturehasapoorloadbalancebecausethemP andtheVLEP
arenot utilizedverywell. Also, theDSPwhich wehavechosen
for theVLEP is too powerful for thekind of operationsneeded
by the VLE process.That is why the VLEP is waiting mostof
thetime(69%).Ontheotherhand,themP is executingandbusy
with I/O only 55%of the time. Taking theseobservationsinto
accountwe concludethatwe might not needa separateproces-
sorcomponentfor therun lengthencodingandHuffmanencod-
ing. We decidedto remove theVLEP andto maptheVLE pro-
cessonto the mP, expectingthat the RATE would not decrease
significantly. We simulatedthis modifiedarchitecturein order
to seehow theperformancewaschanged.TableII presentsthe
new valuesof theperformancenumbersgivenbeforein TableI.

TABLE II

PERFORMANCE NUMBERS AFTER REMOVING THE VLEP.

Processor executing busywith I/O waiting
RGB2YUV/DCT 95% 1% 4%

mP 63% 9% 28%
VIP 1% 2% 97%
VOP 1% 1% 98%

Busutilization 12%

Again we usedtheSPADE performancenumbersto calculate
theRATE andwe saw that it wasunchangedat 167 framesper
second.This factshows thatwehaveremoveda redundantpro-
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cessorcomponent.Thisresultsin areductionof thecostin terms
of silicon area.Currently, costmeasuresareindirectly derived
quantities. SPADE doesnot yet provide metricsrelatedto the
siliconareaandpowerdissipation.

Next, weanalyzedthenew simulationresultsandwesaw that
the bus is utilized only 12% of the time which meansthat the
speedof thearchitecturewill not beverysensitiveto adecrease
of thespeedof thebusandthesharedmemory. We observedby
SPADE simulationthat if we decreasethe speedof the busand
thememoryfive times,thentheRATEof thearchitectureis 162
framespersecond. Thedecreaseof theRATE is only 3%,which
meansthat we do not have a significantchangeof the RATE.
This factshows thatwe haveremovedsomeexcessspeedin the
architecture.Moreover, thefact thatwe decreasedthespeedof
the memoryfive timesmeansthat we canuseDRAM instead
of SRAM which leadsagainto a reductionof the silicon area,
becausethe silicon areaof the DRAM is significantlysmaller
thanthesiliconareaof theSRAM.

This experimentdemonstratesthat the SPADE performance
metricsprovide usefulmeasuresto detectresourceredundancy
andexcessspeedin thearchitecture.Weshowedabovethatfind-
ing andremoving this redundancy canleadto a reductionof the
siliconareacostof thearchitecture.

B. Scenario3

We now follow a differentscenarioin which we assumethat
theinitial RATE doesnot satisfytherequirements.As we men-
tionedbefore,after thefirst stepof our explorationprocess,we
found that the RATE of the architectureis 167 framesper sec-
ond for video framesof size 128
 128 pixels. If we assume
that for real-timeapplicationswe needat least25 framesper
second,then the architecturecanprocesstheseframesin real
time. But the RATE of the proposedarchitecturedependson
the framesize. For example,the RATE of the architecturefor
video frameswith size 512
 512 pixels is 10 framesper sec-
ond. This meansthat if we want to achieve a real-timespeed
for large video frameswe have to make somechangesin the
architectureparameters.The main parameterswe canchange
in orderto increasethe RATE arethe latenciesof the architec-
turecomponents.Thepossiblevaluesof thelatency parameters
shouldhoweverstaywithin reasonablebounds.

FromtheSPADE simulationnumberspresentedin TableI we
seethattheRGB2YUV/DCT processorexecutes95%of thetime
while theothercomponentsexecutelessthan36%of the time.
This result suggeststhat the RATE of the architectureis very
sensitiveto the latency of the RGB2YUV/DCT processor. We
decreasedthe latency of this componentfive times. TheRATE
of the architecturebecame256 framesper secondfor images
of size128
 128pixels. Usingthis RATE number, we caneas-
ily estimatethat the RATE for imagesof size512
 512 pixels
is about16 framesper secondwhich is still not high enough.
Simulationresultsareshown in TableIII.

Theresultsshown in TableIII show that theRGB2YUV/DCT
processoris no longerthebottleneckfor theperformance.If we
go on decreasingthe latency of the RGB2YUV/DCT processor
wewill unbalancethearchitectureandwewill notachieveasig-
nificantincreaseof theRATE. Theresultsin TableIII show that
we canexpecta significantincreaseof theRATE if wedecrease

TABLE III

PERFORMANCE NUMBERS AFTER DECREASING THE LATENCY OF THE

RGB2YUV/DCT PROCESSOR.

Processor executing busywith I/O waiting
RGB2YUV/DCT 36% 1% 63%

mP 55% 39% 6%
VLEP 42% 23% 35%
VIP 1% 8% 91%
VOP 1% 4% 95%

Busutilization 62%

the latency of themicroprocessor. We decreasedthe latency of
the mP two times. In this case,the SPADE simulationresults
show that the RATE of the architectureis 354 framesper sec-
ond. EstimatedRATE for video framesof size512
 512 is 22
framesper second. The SPADE performancenumbersfor each
of thecomponentsaregivenin TableIV.

TABLE IV

PERFORMANCE NUMBERS AFTER DECREASING THE LATENCY OF THE

MICROPROCESSOR.

Processor executing busywith I/O waiting
RGB2YUV/DCT 46% 1% 53%

mP 40% 59% 1%
VLEP 54% 33% 13%
VIP 1% 18% 81%
VOP 1% 5% 94%

Busutilization 81%

Analyzing the resultspresentedabove we saw that the de-
creaseof thelatency of theprocessorcomponentsincreasesthe
RATEof thearchitecture.But still theRATEdoesnotsatisfythe
real-timerequirementfor large images. If we continueto de-
creasethe latenciesof the processorcomponents,they will get
outsidethe feasiblerangeof theselatencies.Also, we will not
achieve a significantspeedupof the architecture,becauseTa-
ble III andTableIV show a significantincreaseof the time the
processorcomponentsspendonperformingI/O operations.The
latter meansthat the communicationstructureof the architec-
turebecomesa bottleneck.If we increasethe speedof thebus
we will not changethe RATE of the architecture,becausethe
speedof thesharedmemoryis unchanged.We cannotincrease
the speedof the memorybecauseit will lead to unrealizable
memory.

According to the results of the experiment we presented
above we canconcludethat althoughour architectureconsists
of five fastprocessorcomponentsworking in parallel,we can-
not achieve real-timespeedfor large video frames. The main
reasonis that thearchitecturecannotexploit themaximumpar-
allelismof theapplication,becausethecommunicationstructure
– acommonbusandsharedmemory– obstructstheparallelism.

Starting from a given applicationand a given architecture
template,we have demonstratedhow we can use the SPADE

environmentandtools to obtainperformancenumbersthat can
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help evaluatingthe performance–costratio at an abstractlevel
early in a designprocess.In the experimentspresentedin this
paper, we have lookedat the impactof someof theparameters
of the architecturetemplate.The threeexperimentsconducted
canbe seenaspart of an explorationtrajectoryaroundthe ini-
tial Startemisarchitecture.The resultsof this sessionsuggest
that the next stepmight be to changethe overall architecture
templateandto go into anotherexplorationstepusingthis new
template.

V. CONCLUSIONS

Wehavepresentedacasestudyof anM-JPEGencoderappli-
cationmappedontoa sharedmemorymulti-processorarchitec-
ture,which is usedin theArtemisprojectasa driver for thede-
velopmentof theArtemisworkbench.Wedidsomeexplorations
of theinitial applicationandarchitectureat anabstractlevel us-
ing SPADE. By doingtheseexperimentsweevaluatedtheuseof
SPADE early in thedesignprocessof heterogeneoussignalpro-
cessingarchitectures.It appearsthatSPADE cangiveadesigner
usefulfeedbackontheperformanceof asystem,whichmayhelp
a designerin improving thesystem.This wasillustratedby the
scenariosin SectionIV. Thesimulationsdonein thesescenar-
ios typically tookafew minutesfor aninputsequenceof several
frames.Also, changesto thearchitectureandmappingcouldbe
easilymadeto the textual descriptions.SPADE currentlylacks
feedbackon other metricsthan performancemetrics,suchas,
silicon areaandpower dissipation.Also, the representationof
datais still somethingthat canbe improved. Theseissueswill
betopicof furtherresearch,of whichpartwill becoveredin the
Artemisproject.
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