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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 Performance Analysis and Designspace
Exploration) follows the Y-chart approach; application and architecture
are modeled separately and the mapping of the application onto the ar-
chitecture is an explicit designstep. As an advantagewe can easily modify
the application, architecture, or mapping, resulting in a quick tur naround
time to explore alternative systemimplementations.

In this paper we intr oduce and evaluate SPADE through an illustrati ve
casestudy. In this casestudy we start from a modified M-JPEG application
and map this application onto a shared memory multi-pr ocessorarchitec-
ture. The example systemis also usedin the Artemis project as a driver
and casestudy for the designand evaluation of the workbench. We define
the application asa Kahn ProcesdNetwork. The architecture and mapping
are specifiedusing Spadearchitecture and mapping languages.We present
resultsof simulations for alternative architecture instancesand mappings.

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

|. INTRODUCTION

Modernsignalprocessingystemsareincreasinglypecoming
multi-functionalsystemghatalsohave to supportmultiple stan-
dards. For example,digital televisions, set-topboxes,andmo-
bile devicesneedto offer avarietyof functionsandmustsupport
different standarddor transmissiorand coding of digital con-
tents. In orderto provide the requiredflexibility suchsystems
needto be implementedusing programmableeomponents.On
the otherhand,in orderto meetperformanceequirementand
costconstraints partsof thesesystemsare still requiredto be
implementedn dedicatechardwareblocks.

Designing such hetepgeneous systems, composed pro-
grammableand dedicatedcomponentsand various kinds of
communicatiorstructuresis notaneasytask. Eachof thecom-
ponentsstill can be designedby using currentmethodologies
andtools, suchaswriting RT level HDL descriptionsor using
high level synthesistools. However, thesemethodologiesare
no longer sufiicient at the systemlevel. The questionsa sys-
tem designerhasto dealwith are, e.g, which partsof an ap-
plication are implementedn software andwhich in hardware,
which hardwarecomponentgreselectedwhatkind of commu-
nicationstructureis goingto be used whatarethe critical parts
of the system. To find an answerto thesequestionsdesigners
needto be supportedby a differentkind of designtechnology
thanwhich is usedto designthe components.Today several
methodologiesndtoolsarebeingdevelopedto supportthe de-
signeratthesystenlevel, e.g.,Polis[1], VCC [2], System3],
andeArchitect[4].

In this paperwe presentandevaluatea methodologynamed
SPADE (Systemlevel PerformanceéAnalysis and Designspace

signal processingsystems. This exploration startsfrom exe-
cutablespecificationf a setof representatie target applica-
tions. Theresultis the definition of a heterogeneoulkardware
architecturecapableof executingtheseapplicationswithin pre-
definedconstraintsvith respecto cost,real-timeresponsegtc.

We evaluateSPADE in the context of a casestudyin which
we are mappinga modified M-JPEGapplicationonto a shared
memory multi-processofarchitecture. This casestudy is part
of the Artemis project, and is called Startemis The Artemis
project[6] (ARchitecturesand meThodsfor Embeddedviedla
Systems)s a researctprojectthat aimsat reducingthe devel-
opmenttime of embeddednediasystemswith a high degree
of programmability One of the researctchallengeghatis ad-
dressedn Artemisis thedevelopmentnarchitecturesimulation
workbenchwhich providesmethodstools, andlibrariesfor the
efficient exploration of heterogeneousmbeddeaystemarchi-
tectures.SPADE will be oneof the methodologiesisedin this
workbench;the SesamdSimulationof EmbeddedSystemAr-
chitecturefor Multilevel Exploration)framework [7] is another
methodologybeingused.Thecasestudywill beusedasadriver
for the developmentof the Artemis workbench. Therefore the
applicationusedin the casestudyshouldberealistic,yetnottoo
comple, andit shouldbe possibleto refineit lateron. Also, it
shouldbe extensible,in orderto add complexity whenneeded.
As we arebuilding aworkbenchfor heterogeneousystemsthe
architecturentowhichtheapplicationis mappedhouldbehet-
erogeneoudn the componentsand protocolsused. The archi-
tectureshouldalsobe sufficiently complex in orderto allow for
refinementbf the componentsThe Startemiscasestudy meets
theserequirements.

In the next sectionfirst a descriptionof the SPADE method-
ology andtool is given. The Startemiscasestudyis described
in Sectionlll, including the modelingof the casestudy using
SPADE. Theexplorationwe did, andtheresultsandconclusions
obtainedfrom the explorationare presentedn SectionlV. Fi-
nally, someoverall conclusionsaregiven.

Il. SPADE

SPADE is amethodologyimplementedn atool, thatenables
modeling and exploration of heterogeneousignal processing
systems.In this sectionwe first describethe basicconcepton
which SPADE is based.Thenwe go into somedetail of the ap-
plication modeling, architecturemodeling, and mapping. For

Exploration)[5], for architecture exploration of heterogeneous moredetailson SPADE we referthereaderto [5].



A. Concepts

Themainconcepbnwhich SPADE is baseds the Y-chart [8],
asdepictedn Figurel. TheY-chartrepresentagenerascheme
for the designof heterogeneousystems. In the Y-chart a
clear distinction is made betweenapplications and architec-
tures which arerelatedvia anexplicit mappingstep. This con-
ceptcanbe appliedat variouslevels of abstractionherewe fo-
cuson the systemlevel, but the Y-chartcanbe appliedat more
detailedlevels,suchasRT level, aswell. TheY-chartapproach
permitsmultiple targetapplicationso be mappedone afteran-
otherontocandidaterchitecture$n orderto evaluatetheir per
formance. The resultingperformancenumbersmay inspirean
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Fig.1. TheY-chart

architecturedesigneito improve the architecture.He may also
decideto restructurgheapplication(spr to modify themapping
of theapplication(s).Theseoptionsareindicatedin Figurel by
light bulbs.

Thedistinctionbetweerapplicationsandarchitectureganbe
rephraseds the distinction betweenworkload and resouces
An applicationimposesa workload onto resourceswhich are
definedby an architecture.A workload consistsof both com-
putationworkloadandcommunicatiorworkload resourcegan
be processingresouces communicatiorresouces and mem-
ory resouces Computationworkload requiresprocessinge-
sources;communicationworkload requiresa combinationof
communicatiormresourceandmemoryresourcesThearchitec-
ture designprocessis concernedwith the specificationof re-
sourcesthat can besthandlethe workloadsimposedby target
applications.

The explicit mappingdefineshow an applicationis mapped
ontoanarchitecturein otherwords,how theworkloadof anap-
plicationis mappedntotheresourcesf anarchitecture Within
SPADE, we areusingsimulationasthe meansfor performance
evaluation. So, we needa way to capturethis mappingsuch
that we cansimulatea system,consistingof both an applica-
tion andanarchitectureFor this purposewe extendatechnique
calledtrace-drivensimulation This is a simulationtechnique
thathasbeenappliedextensiely for memorysystemsimulation
in the field of general-purposprocessodesign[9]. Thework-
loadof anapplicationis capturedn oneor moretraces A trace
containssymbols calledtraceentries thatrepresenthecompu-
tation andcommunicatioroperationgperformedby anapplica-
tion; datadependenibehaior in theapplicationis thuscaptured
by thesetraces. The resourcesn an architectureacceptthese

traceentriesasthe workloadto be executed. The tracesdrive
computatiorandcommunicatioractivities in thearchitecture.

B. Applicationmodeling

Oneof theobjectivesof applicationmodelingin SPADE is to
exposetask level parallelismandto make communicationex-
plicit. We have choserthe KahnProcesf\etworks[10] model
of computationfor applicationmodeling. In the Kahn model,
parallelprocessesommunicatevzia unbounded-IFO channels
Therearetwo mainreasongor choosingthis Model of Compu-
tation. First, the modelfits nicely with signalprocessingppli-
cationsasit canmodelstreamprocessingandasit guarantees
that no datais lost. Second the executionof a Kahn Process
Network is deterministicmeaningthatfor a giveninput always
thesameoutputis producedandthesameworkloadis generated,
irrespectve of theexecutionschedule.

Eachprocesdn the network producesa traceto capturethe
workloadof thatprocess.The communicatiorworkloadis also
capturedn theseprocesgelatedtraces.

Spadeauseghe YAPI ApplicationProgrammerinterface[11]
for applicationmodeling.Thefollowing threefunctionsarepro-
vided'.

« A readfunction. This functionis usedto readdatafrom a
channelvia a procesort. Furthermorethe function gener
atesa trace entry in the trace of the processby which it is
invoked,reportingon the executionof a readoperationat the
applicationlevel.

« A write function. Thisfunctionis usedto write datato achan-
nelvia aprocesgort. It alsogenerateatraceentry, reporting
onthe executionof awrite operation.

« An executefunction. This function performsno dataprocess-
ing, but only generates traceentry, reportingon processing
actiities at the applicationlevel. The executefunctiontakes
a symbolicinstructionasan argumentin orderto distinguish
betweerdifferentprocessingctiities. For example,suchan
instructionmay correspondo anIDCT operationon aneight
by eightmatrix.

Thetraceentriesgeneratedy the readandwrite functionsrep-
resenthe communicatiorworkloadof a process.Thetraceen-
tries generatedy the executefunction representhe computa-
tion workloadof a processThetraceentriescanbe usedeither
to drive the architecturesimulation,or, whenexecutingthe ap-
plication stand-aloneto analyzethe computatiorand commu-
nicationworkloadof anapplication.

C. Architecture modeling

In orderto efficiently explore differentarchitecturesit is re-
quired that architecturemodelscan be easily constructed. In
SPADE, functionalbehavior is describedatthe applicationlevel.
If thisbehavior is datadependenthetraceswhichdrivetheop-
erationof thearchitecturealsodependntheinputdata.There-
fore, we canusearchitecturanodelsthatdo not needto model
the functional behavior, while maintainingfunctional correct-
ness.Sucharchitecturenodelscanbe constructedrom generic
building blodks. As thebuilding blocksaregenericwe canpro-
vide alibrary of suchblocks. The genericbuilding blocksneed

INotethatthe YAPI sel ect functionis notsupportedby SPADE.



to modelthedifferenttypesof resourcesn anarchitecturesuch

as processingesourcescommunicationresourcesand mem-

ory resourcesDefininganarchitectureahenbecomesaseasyas
instantiatingouilding blocksfrom alibrary andinterconnecting
them.

The processingesourcesn the architecturemodeltake the
tracesgeneratedy the applicationasaninput. We have taken
amodularapproacho allow the constructionof a greatvariety
of processingesourcedgrom a small numberof basicbuilding
blocks. A processingesourcds built from the following two
typesof blocks.

« A tracedriven executionunit (TDEU) which interpretstrace
entries. Theentriesareinterpretedn the orderin which they
areputin thetrace therebyretainingthe orderof executionof
the applicationprocess.A TDEU hasa configurablenumber
of 1/0 ports.Communicatiorvia thesd/O portsis basedna
genericprotocol.

« A numberof interfaceswhich connectthe I/O ports of a
TDEU to a specificcommunicationresource. An interface
translateshe genericprotocolinto acommunicatiorresource
specificprotocol,and may alsoinclude buffersto modelin-
put/outputbuffering of processingesources.Currently we
have interfacesfor point-to-pointcommunicatiorvia a bus,
and for communicationvia a bus and sharedmemory both
bufferedand unkuffered. No interfacesare neededor com-
municationvia a FIFO or an unkuffered direct link; these
communicatiorblocks can be directly connectedo the I/O
portsof a TDEU.

Thecurrentlibrary containghe TDEU andinterfaceblocksde-

scribedabove, a genericbus block, including a first-come-first-

sened arbiter a FIFO block, an untuffered direct link block,
anda genericmemoryblock. All blocksareparameterizedr-or
eachinstantiatedTDEU a list of symbolicinstructionsandtheir
latencieshasto be given. This list specifieswhich instructions
from thetracescanbe executedby the processingesourceand
how mary cycleseachinstructiontakeswhenexecutedon this
processingesourceThesdatenciexcanbeobtainedeitherfrom

a lower level modelof a processingesourcefrom estimation

tools, or they canbe estimatecby anexperienceddesigner For

instancef the FIFO andinterfaceblocks, buffer sizescanbe
given. For abusinstancethe buswidth, setupdelay andtrans-
fer delaycanbe specified.

An architectureas specifiedby meansf atextual description
usingsomededicatedarchitecturedescriptionlanguagen this
descriptionfirst the processorsbuses,and FIFOs are defined.
Heretheuserdoesnot needto definethe exactinterfacesthese
areinsertedautomaticallywhenthe architecturemodelis con-
structed. Only the parameterssuchas, latencies buffer sizes,
andbuswidth needto bespecified After thecomponentarede-
fined, the structureof the architectureds defined,by describing
for eachFIFO andeachbuswhich processoportsareconnected
to them. An exampleof suchtextual architecturedescriptionis
givenin Figure4.

D. Mapping

Onceboth an applicationmodel and an architecturemodel
have beendefined mappingcanbe performed.This meanghat
the workloadof the applicationhasto be assignedo resources

in the architectureasfollows.

« Eachprocesss mappedontoa TDEU. This mappingcanbe
mary-to-one,in which casethe traceentriesof the processes
needto bescheduledy the TDEU.

« Eachprocesgportis mappedne-to-onentoanl/O port. This
mappingalsoimplicitly mapsthe channelsonto a combina-
tion of communicatiorresourcegndmemoryresources.

If it appearghatthe functionality of a single processneedsto
be distributedover morethanoneprocessingesourcethenthe
designefirst hasto rewrite theapplicationsuchthatthis process
is partitionedinto two or moreprocessesThentheseprocesses
canbemappecdntoseparatd DEUs.

The mappingis alsospecifiedby meansof a textual descrip-
tion usinga dedicatednappingdescriptionlanguage First, for
eachprocessn theapplicationit is specifiedontowhich proces-
sorin thearchitecturet is mapped.At the sametime, the map-
ping of processports onto processoiports is specified. Then
somecharacteristicof the channelsare specified,suchasthe
physical size of tokensthat are communicated and whether
communicationis donevia sharedmemory Finally, for each
processom schedulercanbe defined,including someparame-
ters. An exampleof suchtextual mappingdescriptionis given
in Figure6.

E. Simulation

Performancenalysisin SPADE is doneusingsimulation.We
usetracedrivensimulationto co-simulatean applicationmodel
with an architecturemodel. The simulationof the application
modelis basednthePamela[12] multi-threadingervironment,
whereeachKahn procesds executedin a separatéhread. The
simulationof the architectureanodelis currentlybasedon TSS
(Tool for SystemSimulation),whichis a Philipsin-housearchi-
tecturemodelingandsimulationframework [13].

F. PerformancéVetrics

In orderto evaluatea systemthe SPADE library blocksfrom
which an architectureis built collect several numbersduring
simulation. From thesenumbersperformancemetricscan be
calculated Thesemetricsgive anindicationof the performance
of the system,suchas, throughput framerate, overall lateng,
andbus utilization. For example for avideo processingystem
we cancollectthe timesat which a new frameis output; from
thosetimeswe cancalculatethe framerateof the system.

Thenumberghatarecurrentlycollectedin thelibrary blocks
arethefollowing. For eachTDEU we keeptrackof thenumber
of cyclesit washbusy with computationsthe numberof cycles
it wasdoing /O, split out into readsandwrites, the numberof
cyclesit waswaiting eitherfor dataor for room,andthenumber
of cyclesit hadnothingto doatall, i.e.,wasidle. In addition,for
eachinputandoutputport we getthe numberof readsor writes
thatwereperformedplusthe numberof cyclesnoroomor data
wasavailable. For eachbuswe getthe numberof cyclesit was
in useandtheamountof datatransportedria this bus. Also, for
eachinterfaceconnectedo the bus, we geta histogramof the
delaysbetweenissuinga bus requestand beinggrantedaccess
to thebus.



I1l. STARTEMIS CASE STUDY
A. StartemisApplication

The applicationwe have choserfor the Startemiscasestudy
is an M-JPEG encoder A traditional M-JPEG encodertypi-
cally compressea sequencef videoframes,applyinga JPEG
basedompressiotechniqug14][15] to eachframein thevideo
sequence.M-JPEGis usedfor motion picturescompression
like MPEG [16] but without interframepredictivecoding This
meansthat M-JPEG doesnot perform motion estimationand
compensationWe have modifiedatraditionalM-JPEGencoder
in orderto adddatadependenbehaior to it. The modifieden-
coder namedM-JPEG*, hasthreemain differencedrom tradi-
tional M-JPEG:

o M-JPEG* supportsonly lossy encoding,whereasM-JPEG
typically supportshothlossyencodingandlosslesencoding.

« M-JPEG*canoperateon video datain both4:2:2 YUV and
RGB formats on a perframe basis, whereastraditional M-
JPEGusesonly YUV format.

+ M-JPEG*canprocesgheincomingvideoframeswith differ-
ent quantizationand Huffman tables. Thesetablescan dif-
fer pervideo frame,dependingn the outputbit-rateandthe
accumulatedtatisticsfrom previousvideo frames. Suchdy-
namic changeof the tablesis not performedby a traditional
M-JPEGencoder

The possibility of M-JPEG* to handletwo video dataformats

anddifferenttableson a perframebasismeangshat M-JPEG*

is datadependent.

B. M-JPEG* ApplicationModel

We startedheapplicationmodelingfrom a C-codespecifica-
tion of a JPEGcodecthatis publicly availablefrom UC Berke-
ley. First, we studiedthis C-codeof the JPEGcodecin order
to fully understandt, andthenwe modifiedthe codein order
to implementour M-JPEG* application. For example,the de-
coderpartwasremovedandsomecodewasaddedo implement
the Huffman andquantizatiorntable adaptatiorandthe RGB to
YUV corversion.

Having the M-JPEG* encoderC-codespecificationwe used
the SPADE applicationmodelingtechnique,describedin Sec-
tion II-B, to transformthis sequentialC-codeinto a setof paral-
lel communicatingorocessesSomeglobal datastructuresvere
removedin orderto be ableto parallelizethe C-code. The ob-
tainedKahn Procesf\Network which modelsthe M-JPEG* ap-
plicationis shavn in Figure2.

The Video_in procesdetchesvideo data(frames)and infor-
mationaboutthedimensionandtheformat,i.e., RGB or YUV,
of eachincomingframe. Also, Video_in sendsall of this datato
the DMUX processwhich distributesit to thedifferentprocesses
within M-JPEG*. The DMUX processchecksthe formatof the
incomingvideoframesandforwardstheframesto theDCT pro-
cess(YUV frames)or to the RGB2YUV procesYRGB frames)
in a block-wisefashion The RGB2YUV processcorvertsthe
RGB blocksinto YUV blocks. This corversionincludesalso
sub-samplingof the color pixel datain orderto obtain 4:2:2
YUV format.

TheDCT processecevesYUV blocksviatwo datachannels.
Via anotherchannelthe DCT processreceies control tokens
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Fig. 2. TheM-JPEG*KahnProcess\etwork.

specifyingwhichdatachannels actve atthemoment.TheDCT
procesgransformsYUV blocksinto blocksof DCT coeficients
using Forward DiscreteCosineTransformandsendsthe trans-
formedblocksto the Quantizer process After quantizationthe
Quantizer processforwardsthemto the VLE (VariableLength
Encoder)processTheVLE processecevesquantizedCT co-
efficients,appliesrunlengthencodingandHuffmanencodingo
thedataandtransmitsheresultingdatain 16-bitspacletsto the
Video_out process.A specialtoken indicateswhetheror not a
pacletis the lastonefor the currentcompresseframe. At the
endof the M-JPEG* dataflow, the Video_out processmakesa
standardlPEGheadeiof the compressedmage. The Video_out
procesprependsheheadeto thecompresseidnagebit stream.

The Quantizer and VLE processeause tablesproducedby
an output bit-rate control process,namedOB_Control. The
OB_Control processs responsibl€or generatinganddistribut-
ing thesetablesto thequantizerandthevariablelengthencoder
Thesynchronizatiorof thetabletransmissions performedby a
specialtoken which canassumehreevalues: NewTable (NT),
OldTable (OT) and EndOfFrame(EOF). At the end of each
framethe control processnakesa decisionwhetheror not the
tablesfor thenext videoframehaveto bechangedTo makethis
decisionit usesheoutputbit-rateof thecurrentvideoframe. If
thetableshave to be changedhe controlprocesdirst computes
the new tablesusingimagestatisticsof the currentframe and
thensendsheseablesto the Quantizer andVLE processesThe
OB_Control procesgeceiesimagestatisticsandoutputbit-rate
from the VLE process.For eachframe, the OB_Control process
sendgheHuffmanandquantizatiortableswhich areusedin the
procesof compressioro the Video_out process.

C. StartemisArchitectuie

The initial Startemisarchitectureshovn in Figure3 consists
of five processingomponentsonnectedo abusandcommuni-
catingwith eachothervia sharednemory We have chosersuch
sharedmemorymulti-processoarchitecturebecausét is suffi-
ciently complex in orderto allow refinemenof its components.
Also, by changingthe implementationof the componentswe
caneasilyobtaindifferentheterogeneouarchitecturesi.e., ar-



chitecturesconsistingof programmablereconfigurableand/or
dedicateccomponents.
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Fig. 3. Abstractview of the Startemisarchitecture.

Below we give a brief descriptionof the componentsn the
Startemisarchitecturedepictedin Figure3. Notethatthis fig-
ure is an abstractview of the architecture;somedetails, such
asthesynchronizatiorthanneldetweerthe processorsarenot
shawn.

VIP (VideolIn Processor) The VIP scansvideoframesin aline-
wisefashionandwritesthevideolinesinto animage buffer in
sharedmemory Thereareat leasttwo imagebuffers,which
areusedin a round-robinfashion. This allows the VIP pro-
cessotto fill abuffer while the otherbuffer(s) areconsumed.
Eachimagebuffer consistsof 8 videolines. The size of one
line is 1024 pixels. Eachpixel in aline is representedy a
32-bit value, containingeitherthe R, G, and B components
of the pixel, or the Y, U, andV components.The VIP also
writes specificinformationsuchasthe size of the frame,and
theframeformat,RGB or YUV, for eachframeinto a header
buffer.

RGB2YUV/DCT This processoreadsthe image buffers in a
block-wisefashionand performsa DCT transformonto the
fetchedblocks. Also, it readsthe formatof the currentframe
from theheaderbuffer. If theformatis RGBanRGBto YUV
corversionincluding4:2:2 sub-samplinds performedbefore
the DCT transform. The RGB2YUV/DCT processoiwrites
thetransformeddlocksinto sharedmemoryin a FIFO buffer
calledDCT—>Q. This buffer is usedfor intercommunication
betweerthe RGB2YUV/DCT processorandthe microproces-
sor.

mP (microProcessor) The microprocessonasthreemainfunc-
tions. First, it readsDCT blocks from the DCT—>Q buffer,
males a quantization,and writes the quantizedblocks into
the Q—>VLE FIFO huffer. Second,t handlesthe synchro-
nizationof the dataexchangedbetweerthecomponenté the
architecture. Third, the microprocessohandlesthe adapta-
tion of the quantizatiorandHuffmantables.It usestheinfor-
mationstoredin the statisticsbuffer to decidehow to change
thetables.It updateghetablesbuffer if thetableshave been
changed.This buffer containsthe Huffman and quantization
tablesfor thecurrentvideoframe.

VLEP (Variable Lengthand hufmanEncodingProcessor) The
VLEP fetchesthe quantizeddatablocks from the Q—>VLE
buffer, appliesrun length encodingand Huffman encoding
to them, and writes the resultingbit-streampacletsinto the
padket FIFO buffer. Also, theVLEP derivesstatisticsfrom the
currentblock andstoresit in the statisticsbuffer.

VOP (MideoOut Processor)The VOP uses the information

storedin the headerbuffer andtablesbuffer in orderto make
theheadeiof thecompresseimage.It appendso this header
thebit-streamstoredin the padet FIFO buffer.

D. StartemisArchitecture Model

Thearchitecturenodelwasmadein accordancavith the pro-
posedStartemisarchitectureshovn in Figure3. We constructed
themodelusingSPADE’s library of genericbuilding blocks,de-
scribedin Sectionll-C. Theseblocksare parameterizedgvhich
meansthat an importantpart of the modelingprocesss to as-
signrealistichumbergo the parameter@ orderto obtainsome
realisticresultsfrom simulationandexploration.

For eachprocessom setof symbolicinstructionsand asso-
ciatedlatencyvalueshadto be defined. In orderto determine
realisticlatenciesve assumedhatfor theinitial Startemisarchi-
tecturemodelthe VIP andVOP areimplementedusing ASICs,
the microprocessois a MIPS, and the RGB2YUV/DCT pro-
cessorand VLEP are DSPs. For the high-level symbolic in-
structionsassociatedvith the microprocessqrthe VLEP, and
the RGB2YUV/DCT processqr low-level instruction models
were constructed. Thesemodels are simple assemblerpro-
grams. Then we usedthe data books of the MIPS micro-
processor[17][18] and the Analog Devices DSP — ADSP-
21160[19][20] to determinethe latenciesof the assemblein-
structionsusedin the low-level models. From theselatencies
andthelow-level instructionmodelswe calculatedhelatencies
of the symbolicinstructions. For the symbolicinstructionsas-
sociatedwith theVIP andthe VOP, we definedrangeof latengy
valueswhich have to be explored.

The SPADE architecturedescriptionlanguagewas usedto
specifythearchitecture A fragmentof the architecturedescrip-
tion is shovn in Figure4. In thearchitecturenodelwe defined
1 simulationcycleto be10ns.Werelateall timesto thisuniform
time unit, eventhoughdifferentcomponentsnay run at differ-
entclock speedsAll sizesin the architectureandthe mapping
descriptionareexpressedn units of 8 bits, i.e., 1 byte. For ex-
ample abuffer sizeof 64 meansasizeof 512bits, i.e., 64 bytes.
Thearchitecturedescriptionconsistsof threemain parts.In the
first part the processoresourcesare described. For example,
theVIP hastwo outputportsol ando2 , noinputports,andone
symbolicinstructionop_El abor at eFr anme with alateng of
20 simulationcycles. In the secondpartthe communicatiorre-
sourcesarespecified.Figure4 shavs thattwo typesof commu-
nicationresourcegreused:abusandFIFO buffers. For eachof
the buffersa numberof buffer placesandthe sizeof eachplace
is specified,e.g., FIFO F6 has4 placesand the size of each
placeis 64 bytes. Bus Bl is specifiedby threeparametersthe
width of the bus, the setuptime for atransactionandthetrans-
fer time pertransferedtem with the sizeof the buswidth. The
lastpartof thedescriptiorspecifieghe structureof thearchitec-
ture. In this partthe connection@mongthe processoresources
and communicatiorresourcesire described.For example,the
descriptionin Figure4 specifieshat outputport 06 of the mpP
is connectedo input porti 1 of the RGB2YUV/DCT processor
via FIFO F3. Outputportol of theVIP is connectedo bus Bl
via a buffer with atotal sizeof 7 bytes. The architecturenodel
describedn Figure4 is depictedn thelower partof Figureb.
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Fig. 4. Fragmenbf thedescriptionof thearchitecturanodel.

E. StartemisMapping

The final step of the modeling processis the mapping of
the M-JPEG*applicationmodelontothe Startemisarchitecture
model. Figure 5 shaws this mappingin detail. Both the appli-
cationandthe architectureare depictedin termsof the SPADE
specific modeling technique. For the mappingwe usedthe
SPADE mappingmechanismgescribedn Sectionll-D. Within
Startemis,the Video_in and Video_out processesare mapped
onto the VIP and the VOP, respectiely. The VLE processis
mappedntothe VLEP. Thetwo processeRGB2YUV andDCT
aremappedontothe RGB2YUV/DCT processarTheremaining
processesre mappedonto the microprocessor The mapping
of theM-JPEG*channelontothe communicatiorstructureof
thearchitecturavasdeterminedy mappingtheprocessegorts
ontotheprocessorsports.

For thepurposeof mapping,SPADE offersamappingdescrip-
tion language A fragmentof the mappingdescriptionis shovn
in Figure6.

Thefirst partof themappingdescriptionin Figure6 specifies
the mappingof the processesnd their ports onto the proces-
sorcomponent@andtheir ports. For instance processVideo_in
is mappedonto the VIP. The ports out _Header | nf o and
out _Bl ockDat a of theVideo_in processaaremappedontothe
portsol ando?2 of theVIP, respectiely. Next, for eachappli-
cationchanneltokensizeas specified.If thechanneis mapped
ontoa busandthe communicatiorshouldtake placevia shared
memory thenthe numberof placesandthe size of eachplace
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Fig.5. Theapplicationmodel,the architecturanodel,andthe mapping.

Mappi ng MIPEG Map ( MIPEG Appl ,

pr_Video in : VIP {
out _HeaderInfo :
out _Bl ockDat a

MIPEG Arch);

ol;
02;

pr_DCT : RGB2YUVDCT
i n_Bl ockDatal :
i n_EI ocllz?at a2 :
i n_Bl oc e
out_BI ockggta :

}

pr_RGB2YWV : RGB2YUVDCT {
in_BlockData : i2;
out _Bl ockData : 02;

Channel s {
f _Vi deo_DMUX Header {
t okensi ze = 7;
nunber nenbufs = 1;

_RGB2YUV _DCT_Bl ockDat a {tokensize =
f _DCT_Q Bl ockDat a

tokensi ze = 128;

nunber nenbufs = 4; nenbuf si ze =

menbuf si ze = 7;
64;};

128;
}s

}

Schedul ers {
nP
RGB2YUVDCT

def aul t
def aul t

th

Fig. 6. Fragmenbf thedescriptionof themappingshown in Figure5

of the buffersin sharednemoryarespecified.For example the
tokenswhich aretransferedria channef _-DCT_QBI ockDat a
have a sizeof 128 bytes;4 buffersof 128 bytesareallocatedin
sharedmemoryfor this channel. The last part of the mapping
descriptionshavn in Figure 6 specifiesthe type of the sched-
ulers.ForthemicroprocessoandtheRGB2YUV/DCT processor



thedefault schedulers selected.

1V. EXPERIMENTS AND RESULTS

In this sectionwe presentsomeof the experimentswe have
doneusingthe SPADE simulationframenorkin orderto quantify
the proposedStartemisarchitecture Also, we presentandana-
lyze theresultswe have obtainedrom thesimulations We eval-
uatedwhetherthe performancemetricsprovided by the SPADE
tool canbe usedeffectively for exploration. We wereinterested
in findingwhatkind of usefulinformationaboutthearchitecture
performancewe could obtain from the performancenumbers,
having in mind thatthe explorationwasmadeat a high level of
abstraction.

In our experimentsve wereinterestedn the maximunframe
rate at the output measuredn framesper seconglito whichwe
referasRATE. The RATE depend®n the parametersf the ar
chitecturetemplate,the size of the incoming frames,and the
format, YUV or RGB, of theframes.For the purposeof the ex-
perimentsthe architecturegparametershatwe lookedinto have
been:thenumberof processocomponentsthelatenciesf pro-
cessolcomponentsthe speedf the bus,andthe speedandsize
of sharedmemory In orderto simplify the simulationprocess
andanalysiswe initially keptthe framesizeandthe framefor-
mat constant. For our experimentsthe frame sizeis 128x 128
pixels(8 bits perpixel) andthe frameformatis RGB. For larger
framestheRATE will decreasdf weincreasehehorizontaland
vertical sizesof theframesby a factorz andafactory, respec-
tively, thenthe RATE of the architecturewill decreaseoughly
by afactorof z x y. For YUV framestheRATEwill beasgood
as,or betterthan,the RATE for RGB frames,becausdhe only
differenceis thatthe RGB to YUV corversiondoesnot needto
be performed.

The initial speedand width of the bus have beenset to
100MHz and 64 bits, respectiely. Thesevaluesare assumed
to be at the upperlimit of the rangein which they could have
beenchosen A similar decisionwasmadefor the sharednem-
ory for whichwe selectechn SRAM-typememoryof size64KB
with write andreadcyclesof 10nseach.

We startedour experimentswith a simulation of the given
M-JPEG* application-architecturpair usingthe SPADE simu-
lation ervironment. The application,the architectureandtheir
specifications(modeling) are describedin Sectionlll-B and
Sectionlll-D, respectiely. Fromthe SPADE simulationwe ob-
tainednumbersrelevantto the evaluationof the performancef
theimplementationSomeof themaregivenin Tablel. Weused
the SPADE performancewumbergelatedto thetimesatwhicha
new frameappearst the outputin orderto calculatethe RATE
of theinitial architecturevhich turnedoutto be 167 framesper
second

After this first step,we canhave threepossiblescenariogo
proceed:

o Scenario 1: The RATE of the architecturesatisfiesthe re-
guirementandwe stopthe explorationprocess.

» Scenario 2: The RATE of the architecturesatisfiesthe re-
guirementsand we start exploring (part of) the parameter
spaceof the architecturefor modificationsthat canimprove
the current performance—costatio. This processincludes
finding andremoving someresourceredundang and excess

TABLE |
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 the RATE andthe flex-
ibility of the architecture. We usethe SPADE performance
numbersas a guidancein this process.As the performance
indicatedby the RATE shouldnot be changedwe canonly
improve the performance—cogiatio by a reductionin terms
of cost,e.g.,silicon areaor power consumption.

o Scenario3: TheRATE of thearchitecturaloesnot satisfythe
requirementsand we startexploring (part of) the parameter
spaceof the architecturefor modificationsthat canimprove
the performanceRATE). Again, we usethe SPADE perfor
mancenumbersasa guidancen the process.

We lookedinto Scenario2 and Scenario3 independently The

resultsof theseexperimentsare presentedn SectionlV-A and

SectionlV-B, respectiely.

A. Scenario2

Theperformancemumbersn Tablel suggesthatthegivenar-
chitecturehasapoorloadbalancebecaus¢hempP andtheVLEP
arenot utilized very well. Also, the DSPwhichwe have chosen
for the VLEP is too powerful for the kind of operationneeded
by the VLE process.Thatis why the VLEP is waiting most of
thetime (69%). Ontheotherhand themP is executingandbusy
with 1/0 only 55% of the time. Taking theseobsenrationsinto
accountwe concludethatwe might not needa separategroces-
sorcomponenftor therunlengthencodingandHuffmanencod-
ing. We decidedto remove the VLEP andto mapthe VLE pro-
cessonto the mP, expectingthatthe RATE would not decrease
significantly We simulatedthis modified architecturen order
to seehow the performancevaschanged.Tablell presentghe
new valuesof the performanceaumbersgivenbeforein Tablel.

TABLE Il
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% |

Againwe usedthe SPADE performancenumbergo calculate
the RATE andwe saw thatit wasunchangedt 167 framesper
second.Thisfactshownsthatwe have removedaredundanpro-



cessocomponentThisresultsn areductionof thecostin terms
of silicon area. Currently costmeasuresireindirectly derived
guantities. SPADE doesnot yet provide metricsrelatedto the
silicon areaandpower dissipation.

Next, we analyzeahe new simulationresultsandwe saw that
the bus is utilized only 12% of the time which meansthat the
speedf thearchitecturewill notbevery sensitiveto adecrease
of thespeedf the busandthe sharednemory We obsenedby
SPADE simulationthatif we decreasehe speedof the busand
thememoryfive times,thenthe RATE of thearchitecturas 162
framespersecond Thedecreasef theRATE s only 3%, which
meansthat we do not have a significantchangeof the RATE.
This factshavs thatwe have remored someexcessspeedn the
architecture Moreover, the factthat we decreasethe speedof
the memoryfive times meansthat we canuse DRAM instead
of SRAM which leadsagainto a reductionof the silicon area,
becausehe silicon areaof the DRAM is significantly smaller
thanthesilicon areaof the SRAM.

This experimentdemonstrateshat the SPADE performance
metricsprovide usefulmeasureso detectresourceredundang
andexcessspeedn thearchitectureWe shovedabovethatfind-
ing andremoving this redundang canleadto areductionof the
silicon areacostof thearchitecture.

B. Scenario3

We now follow a differentscenarian which we assumehat
theinitial RATE doesnot satisfythe requirementsAs we men-
tionedbefore,afterthefirst stepof our explorationprocesswe
foundthatthe RATE of the architecturds 167 framesper sec-
ond for video framesof size 128x128 pixels. If we assume
that for real-timeapplicationswe needat least25 framesper
second thenthe architecturecan processtheseframesin real
time. But the RATE of the proposedarchitecturedependson
the frame size. For example,the RATE of the architecturefor
video frameswith size 512x512 pixelsis 10 framesper sec-
ond. This meansthatif we wantto achieve a real-timespeed
for large video frameswe have to make somechangesn the
architectureparameters.The main parametersve canchange
in orderto increasethe RATE arethe latenciesof the architec-
ture componentsThe possiblevaluesof thelateng parameters
shouldhowever staywithin reasonabl®ounds.

Fromthe SPADE simulationnumbergresentedn Tablel we
seethattheRGB2YUV/DCT processoexecute95%of thetime
while the othercomponent&xecutelessthan36% of thetime.
This result suggestghat the RATE of the architecturels very
sensitiveto the lateny of the RGB2YUV/DCT processar We
decreasedhe lateng of this componenfive times. The RATE
of the architecturebecame256 framesper secondfor images
of size 128x 128 pixels. Usingthis RATE number we caneas-
ily estimatethat the RATE for imagesof size 512x512 pixels
is about16 framesper secondwhich is still not high enough.
Simulationresultsareshovnin Tablelll.

Theresultsshovn in Tablelll shav thatthe RGB2YUV/DCT
processors nolongerthebottleneckfor the performancelf we
go on decreasinghe lateng of the RGB2YUV/DCT processor
wewill unbalancehearchitecturendwe will notachiere asig-
nificantincreaseof the RATE. Theresultsin Tablelll show that
we canexpecta significantincreaseof the RATE if we decrease

TABLE IlI
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 lateng of the microprocessorWe decreasethe lateng of
the mP two times. In this case,the SPADE simulationresults
shav that the RATE of the architectures 354 framesper sec-
ond. EstimatedRATE for video framesof size512x512is 22
framesper second The SPADE performancenumbersfor each
of thecomponentsregivenin TablelV.

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 resultspresentedabore we sav that the de-
creaseof the lateng of the processocomponentincreaseshe
RATE of thearchitectureBut still the RATE doesnot satisfythe
real-timerequirementfor large images. If we continueto de-
creasethe latenciesof the processocomponentsthey will get
outsidethe feasiblerangeof theselatencies.Also, we will not
achieve a significantspeedupof the architecture becausera-
ble Il andTablelV show a significantincreaseof the time the
processocomponentspendon performingl/O operationsThe
latter meansthat the communicationstructureof the architec-
ture becomesa bottleneck.If we increasehe speedof the bus
we will not changethe RATE of the architecture becausehe
speedof the sharedmemoryis unchangedWe cannotincrease
the speedof the memorybecauseat will leadto unrealizable
memory

According to the results of the experimentwe presented
above we canconcludethat althoughour architectureconsists
of five fastprocessocomponentsvorking in parallel,we can-
not achieve real-timespeedfor large video frames. The main
reasons thatthe architecturecannotexploit the maximumpar
allelismof theapplication becaus¢hecommunicatiorstructure
—acommonbusandsharednemory- obstructgheparallelism.

Starting from a given applicationand a given architecture
template,we have demonstratechow we can usethe SPADE
ervironmentandtoolsto obtainperformancenumbershat can



help evaluatingthe performance—cogtatio at an abstractievel
earlyin a designprocess.In the experimentspresentedn this
paper we have looked at the impactof someof the parameters
of the architecturaemplate. 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

We have presente@ casestudyof anM-JPEGencodemppli-
cationmappedonto a sharednemorymulti-processoarchitec-
ture,whichis usedin the Artemis projectasadriver for the de-
velopmenbf the Artemisworkbench We did someexplorations
of theinitial applicationandarchitectureat anabstractevel us-
ing SPADE. By doingtheseexperimentsve evaluatedthe useof
SPADE earlyin the designprocesf heterogeneousignalpro-
cessingarchitectureslt appearshat SPADE cangive adesigner
usefulfeedbaclontheperformanc®f asystemwhich mayhelp
adesigneiin improving the system.This wasillustratedby the
scenariosn SectionlV. The simulationsdonein thesescenar
iostypically took afew minutesfor aninput sequencef several
frames.Also, changedo the architectureandmappingcouldbe
easilymadeto the textual descriptions.SPADE currentlylacks
feedbackon other metricsthan performancametrics, suchas,
silicon areaand power dissipation. Also, the representatiotof
datais still somethingthatcanbe improved. Theseissueswill
betopic of furtherresearchof which partwill becoveredin the
Artemisproject.
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