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1 Intr oduction

In this report,wedescribethesystemlevel designprocessadoptedto designaMP3Audio decoder.
We adoptedthe SpecCdesignmethodologyanddevelopeda speci�cationmodelof a MP3 audio
decoderin SpecClanguageandusedtheSystemOn a Chip Environment(SCE)developedat Cen-
ter for EmbeddedComputerSystems(CECS),to arrive at the �nal implementationof the design.
First,we give a brief overview of SoCdesignchallenges,followedby introductionto speci�cation
modelingandSpecClanguageand�nally , we introduceSpecCbasedSoCdesignmethodology.

1.1 Challengesof SoCDesign

Figure1: Abstractionlevelsin SOCdesign[13]

The systemdesignprocessis elaborateand involveswriting variousmodelsof the designat
differentlevelsof abstraction.Figure1 shows thevariousabstractionlevels. Fromthe �gure, we
seeanincreasein thenumberof componentsandhencethecomplexity aswe go lower in thelevel
of abstraction. At the lowest level, an embeddedsystemconsistsof millions of transistors. At
Register-TransferLevel (RTL), thenumberof componentsreducesto thousandsof componentsand
�nally , at the systemlevel, the systemis composedof very few componentslike generalpurpose
processors,specializedhardwareprocessors,memoriesandbusses.Thecomplexity of thesystemat
thesystemlevel is far lesserthanat thelower levels. However, theincreasein thelevel abstraction
is at thecostof reducedaccuracy. For anembeddedsystemdesigner, it is easierto handlethedesign
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at thehigherlevelsof abstraction.Writing andverifying eachof thesemodelsis challengingand
timeconsuming.
The goal of the SoCdesignmethodologyis to take an abstractsystemlevel descriptiondown to
its real implementationusingseveral re�nementsteps.Thedesignerwill specifythedesignusing
highly abstractspeci�cationmodelandusingautomationwill arrive at anaccurateimplementation
model.In thenext section,wewill introducethespeci�cationmodelingusingSpecClanguage.

1.2 Speci�cation Modeling and SpecC

TheSoCdesignprocessstartsfrom ahighly abstractsystemlevel modelcalledspeci�cationmodel.
It is a purefunctional,abstractmodel,andis freeof any implementationdetail. Themodelrunsin
zerosimulationtimeandhencehasnonotionof time. It formstheinput to architectureexploration,
the�rst stepin thesystemdesignprocessandhenceformsthebasisfor all thefuturesynthesisand
exploration.

Speci�cationmodelsarewritten in System-Level DesignLanguages(SLDLs) [13]. Languages
usedto modelcomplex systemsconsistingof hardwareandsoftwarecomponentsareclassi�ed as
SLDLs. Thoughit is possibleto modeldesignsin any of theprogramminglanguages,thechoiceof
a goodSLDL is a key in reducingthe effort requiredin writing the speci�cationmodel. A good
SLDL providesnative supportto modelbothhardwareandsoftwareconceptsfound in embedded
systemdesigns.A goodSLDL providesnativesupportto modelconcurrency, pipelining,structural
hierarchy, interruptsandsynchronizationprimitives.They alsoprovidenativesupportto implement
computationmodelslike Sequential,FSM, FSMD andso on, apartfrom providing all the typical
featuresprovidedby otherprogramminglanguages.

Following languagesarepopularchoicesfor writing speci�cationmodel: VHDL [9], Verilog
[19], HardwareC[17], SpecCharts[28], SystemC[14], andSpecC[11]. VHDL andVerilog are
primarily HardwareDescriptionLanguages(HDLs) andhencearenot suitableto modelsoftware
components.HardwareCis an HDL with C like syntax. It supportsmodelinghardwareconcepts
but, lacks native supportto model pipelinedconcurrency, timing and not suitablefor modeling
softwarecomponents.SpecChartsis anextensionof VHDL for systemdesignandis orientedmore
towardshardwaredesignandlimited in termsof supportingcomplex embeddedsoftware.SystemC
implementssystemlevel modelingconceptsin theform of C++ library. It canmodelbothhardware
andsoftwareconceptsandthusis agoodcandidatefor systemlevel design.
SpecCis anothermajor candidatefor systemdesign. Being a true supersetof ANSI-C, it hasa
naturalsuitability to describesoftwarecomponents.It hasaddedfeatureslike signals,wait, notify
etc. to supporthardwaredescription.It alsoincludesconstructsto supporthierarchicaldescription
of systemcomponents.It alsoprovidesnative supportto describeparallelandpipelineexecution.
With all thesefeatures,the designerhasthe �e xibility to chooseanddescribethe systemat any
desiredlevel of abstraction.
Apart from its capability, the easyavailability of SpecCcompiler and simulatorand the SpecC
basedSystemdesigntool set,Systemon Chip Environment(SCE)madeSpecCa obviouschoice
for developingourspeci�cationmodel.
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In thenext section,wewill describetheSoCdesignmethodology.

1.3 SoCDesignMethodology

The SoC designmethodologyis shown in Figure 2. It tries to formalize individual re�nements
stepsand gives the designerguidelineson how to handleef�ciently the immensedesignspace.

The SoC design starts with the speci�cation model that capturesthe algorithmic behavior

Figure2: SOCdesignmethodology[13]

and allows a functional validation of the description. The model is untimed, unlessthere are
timing constraintsintroducedby the designer. Oncethe speci�cation model is �nished, it will
serve as a goldenmodel, to compareto during the designprocess. The speci�cation modeling
and the languageusedto capturethe model were discussedin the previous section. In the fol-
lowing sectionswewill detaileachof there�nementstepsandtheresultingmodelshown in Figure2
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1.3.1 Ar chitectureExploration and Re�nement

Architectureexploration[23] determinesthesystemarchitectureconsistingof a setof Processing
Elements(PEs). In this step,the behaviors of the speci�cationmodelaremappedto the compo-
nentsof thesystemarchitecture.This processinvolvesthreemajor tasks,Allocation, Partitioning
and Scheduling. Allocation, allocatesSW, HW and memorycomponentsfrom the library. The
decisionof choosinga componentis madeby the designer. Partitioning dividesthe input system
speci�cationandmapsthemonto theallocatedcomponents.Also, the variablesin the designare
mappedontothememory.
Scheduling,schedulesthe executionwithin hardwareandsoftwarecomponents.Partitioning and
schedulingtasksareautomatedandrequireleastdesignerinterference.Thisprocessof architecture
re�nementresultsin anarchitecturemodel,in whichall thecomputationblocksof theinputspeci�-
cationaremappedto thesystemcomponents.However, communicationis still onanabstractlevel,
andsystemcomponentscommunicatevia abstractchannels.

1.3.2 Communication Exploration and Re�nement

In communicationexploration[2], abstractcommunicationbetweencomponentsis re�ned into an
actualimplementationover wiresandprotocolsof systembusses.This designstepcanbe further
divided into threemajor tasks,Busallocation, TransducerinsertionandChannelmapping. Dur-
ing busallocation,bussesareallocatedbetweenPEs,andmoreoftenthemainbusof thesoftware
processoris chosenasthesystembus. Transducerinsertionintroducestransducerbetweenbusses
of incompatibleprotocols(example,Parallel to SerialProtocol).During channelmapping,theab-
stractchannelsbetweencomponentsaremappedto allocatedbusses.Thecommunicationsynthesis
resultsin thebus functionalmodelwhich de�nes thestructureof thesystemarchitecturein terms
of bothcomponentsandconnections.Justlike thearchitecturemodel,busfunctionalmodelis fully
executableandcanbesimulatedandveri�ed for properfunctionalityandtiming.

1.3.3 Implementation Synthesis

Implementationsynthesistakesthebusfunctionalmodelasinput andsynthesizesthesoftwareand
thehardwarecomponents.It is composedof two major independenttasks,software synthesis[29]
andhardware synthesis[25]. Thesoftwaresynthesistaskgeneratesthemachinecodefor thepro-
grammableprocessorsin thearchitecture.As anintermediatestep,thecommunicationmodelis �rst
translatedto C language.Also, any concurrenttasksin thedesignwill bedynamicallyscheduled
by insertinga real time operatingsystem.TheresultingC codeis compiledinto machinecodesof
theprocessorsusingthecrosscompilerfor theprocessor. Thehardwaresynthesistaskis performed
usingtheclassicalbehavior synthesismethods.Thistaskcanbedividedinto 3 sub-tasks,allocation,
binding, andscheduling. Allocationis allocationof componentslikemultiplexers,adders,registers.
Binding bindsthe operations,dataanddatatransfersto allocatedcomponents.Schedulingdeter-
minestheorderin which theoperationsareperformed.Theoutputof thehardwaresynthesisis a
structuralRTL descriptionof thecomponent.Implementationmodelis theresultof bothhardware
andsoftwaresynthesisandis theendresultof theentiresystemlevel design.
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1.4 RelatedWork

1.4.1 DesignMethodologies

SoCdesignmethodologiescanbe basedon eithertop-down approachor bottom-upapproach.In
top-down approach,the designstartswith the speci�cationof the systemat an abstractlevel and
movesdown in the level of abstractionby mappingthe functionalitiesonto componentsmaking
the implementationmoreaccurateat eachlevel. Thedesignat thesystemlevel is split into small
functionalitiesandarecomposedhierarchically. Therequiredcomponentsareaddedandthefunc-
tionalitiesaremappedonto the components.Oncethe architectureof the designis �nalized, the
designis synthesizedto arrive at the �nal implementation.This approachis easierto manageand
the designergetsthe freedomto choosethe algorithmandarchitecturebasedon the designcon-
straints. Hardware-Softwareco-designenvironments,POLIS system[5] andCOSYMA [21] use
top-down designmethodology.
In thebottom-updesignmethodology, designmovesfrom lowestlevel of abstractionto thesystem
level by puttingtogetherpreviouslydesignedcomponentssuchthatthedesiredbehavior is achieved
at eachlevel. The designwill startby building the gatesin a given technology. Basicunits are
built usingthegatesandthebasicunitsareput togetherto makemoduleswith desiredfunctionality.
Finally, the modulesareassembledto arrive at an architecture.In this approach,the freedomof
choosingthe architectureis restricted.However, this approachhassomeadvantages.Sinceeach
moduleis compiledseparately, a designchangein oneof the modulesrequiresre-compilationof
only thatmodule. [7] introduceshigh-level component-basedbottom-upmethodologyanddesign
environmentfor application-speci�cmulti-coreSoCarchitectures.This approachdoesnot provide
muchhelponautomatingthearchitectureexploration.
A mix of both top-down/bottom-upapproachesto take advantageof both the approachesarealso
possible. Suchan hybrid approachis adoptedin [26] to reducethe designcycle time in FPGA
designmethodologyby eliminatingtheneedfor completedesignre-synthesisandre-layoutwhen
accommodatingsmallfunctionalchanges.

1.4.2 Speci�cation Languages

A numberof systemlevel languages(SLDLs) have beendevelopedin therecentyearswith an in-
tentto capturedesignscontainingbothhardwareandsoftwarecomponentsatall levelsin thedesign
�o w. Outof all thelanguages,two languagesneedmentionbecauseof theirprevalentuse,SystemC
[14] andSpecC[11]. Both the languagesarebasedon C language.SystemCimplementssystem
level modelingconceptsextendingC++ classlibrary. SpecC,on theotherhand,is a new language
with anew compilerandsimulator. Its anANSI-C extensionwith new constructsto supportsystem
level modeling.
For ourproject,SpecCwaschosenastheSLDL for its simplicity andcompleteness.Theeasyavail-
ability of theSpecCcompilerandsimulatorandtheSpecCbasedautomatedSoCdesignmethodol-
ogy, SCEmadethedecisioneasier.
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1.4.3 SoCDesignFlow Examples

In this section,we will discusstwo relatedworks, thatapply theSoCdesignmethodologyon two
reallife examples.

1.4.3.1 DesignExploration and Implementation of Digital Camera

A top-down designmethodologywith digital cameraasanexampleis discussedin [27]. Thedesign
processof this examplestartswith an informal speci�cationin the form of an Englishdocument.
Thisspeci�cationis re�ned andacompleteexecutablespeci�cationin C languageis writtenwith 5
differentfunctionalblocks. First, an implementationon ansinglegeneralpurposemicrocontroller
is consideredandbasedonmanualanalysisof thecomputationcomplexity, thepossibilityof acom-
petitive designsolutionwith this partition is ruledout. Further, threemoreexplorationsbasedon
hardware/softwarepartitioningarediscussed,to improve the designin termsperformance,power
andgatecount.Thedesignis manuallypartitionedinto hardwareandsoftwarepartitionsbasedon
manualanalysisanddesigner'sexperience.
ImplementationsstartsatRTL. SynthesizableRTL descriptionof thegeneralpurposeprocessorcore
is availablefor theproject. Thespecialpurposeprocessorsfor thehardwarepartitionsarewritten
in synthesizableRTL description.For thesoftwarepartitions,majority of thecodeis derivedfrom
thespeci�cationmodelandis modi�ed to communicatewith thehardwarepartitionsat necessary
places.The resultingsoftwarein C is compiledandlinked to produce�nal executable.The exe-
cutableis thentranslatedinto theVHDL representationof theROM usinga ROM generator. After
thesesteps,theentireSoCis simulatedusingaVHDL simulatorvalidatingfunctionalityandtiming.
Usingcommerciallyavailablesynthesistools, theVHDL RTL is synthesizedinto gates.Fromthe
gatelevel simulation,necessarydatato computepower is obtained.Gatecountis usedto compute
theareaof thechip. Thesameprocessis repeatedfor differentexplorationstill theimplementation
matchingthedesignconstraintsis obtained.

In this methodology, sincetheimplementationis manualat RTL, its time consumingto design
hardwarefor eachpartition andfor eachexploration. The lack of designautomationrestrictsthe
numberof explorationsandmakesthedesignprocedurenot suitablefor complex applications.

1.4.3.2 DesignExploration and Implementation of Vocoder

A completesystemlevel modelingand designspaceexploration, using top-down SpecCdesign
methodology, of an GSM EnhancedFull-Ratespeechvocoderstandardis presentedin [1]. This
wasa mediumsizedapplicationandwasintendedto demonstrateandevaluatetheeffectivenessof
SpecCdesignmethodology. Thecompletespeci�cationmodelof thevocoderis capturedin SpecC.
SoCEnvironment(SCE)wasusedfor designspaceexploration.
First, computationalhot-spotsare identi�ed using a retargetablepro�ler [6] integratedin SCE.
To startwith, a singlesoftwarepartition is tried. The entirevocoderfunctionality is mappedto a
Digital SignalProcessor(DSP)availablein theSCEdatabase[12] andsimulatedusingtheSpecC
simulator. Basedon thesimulatedtiming results,thesinglesoftwaresolutionwasruledout, asit
could not meetthe timing requirement.Next, designbasedon hardwaresoftwarepartitioning is
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explored. Basedon the pro�ler output, the hot-spotbehavior in the designis mappedto special
purposehardwarecomponentwith a desiredoperatingfrequency. The restof the functionalities
are mappedto a DSP. The automaticarchitecturere�nement tool is usedperform the behavior
partitioning and generatethe architecturemodel. The architecturemodel is simulatedto verify
thefunctionalityandthetiming. If the timing requirementsaresatis�ed,bussesareallocated,and
channelsin thedesignaremappedontothebussesandcommunicationre�nementis performedto
producea busfunctionalmodel.Again, theresultingmodelis simulatedto verify functionalityand
timing. Finally, RTL generationtool of the SCEis usedto synthesizethe RTL for the hardware
componentsandC codegenerationtool is usedto generatetheC codefor thesoftwarecomponents,
to arriveatacompleteimplementationmodel.

The re�nement stepsproposedby the SpecCdesignmethodology, Architecture exploration,
Communicationexploration, Implementationsynthesisareautomatedin the SCE.Designerdeals
with only writing speci�cationmodelandis relievedof repeatedmanualimplementationof models
at differentabstractionlevels. This considerablyreducesthe designprocesstime. Designercan
devote all the attentiontowardswriting a goodspeci�cation modelof the application. Designer
getsaccuratefeedbackon timing by simulatingeachre�ned model.Considerabletime is savedby
runningthesimulationof theabstractmodelsandgettingtheearlyfeedback.

1.4.4 Our Work

In our work, we appliedthe SpecCdesignmethodologyon an industrysizedesignexample. We
implementeda MP3 audiodecoderusingSCE.We implementeda completespeci�cationmodelof
MP3audiodecoderin SpecCSLDL andusedtheSCEto performthedesignspaceexploration.As a
resultof automationprovidedby SCE,weexploreddifferentarchitecturesin relatively shortertime.
Thereportfocuseson themajordesigneffort of writing a goodspeci�cationmodelandat relevant
pointdiscussesthepossibilityandtechniquestoautomatetheprocessof writing speci�cationmodel.
A preliminaryimplementationof this designexampleis discussedin [24]. Thespeci�cationmodel
in [24], wasnot completeandbarelyfacilitatedsuf�cient designspaceexploration. Someof the
de�cienciesincluded

² Thespeci�cationmodeldid nothaveenoughgranularity. Therewerevery few leafbehaviors
thus,restrictingtheextentof designspaceexploration.

² Thespeci�cationmodeldid notexposetrueparallelismin theapplication.

² Theconcurrency exposedin thespeci�cationmodelwasnot truly concurrentasthetwo com-
putationunitscomposedin parallelcommunicatedin a RemoteProcedureCall (RPC)style
thusmakingthemsequential.

In this work, the speci�cationmodelwasre-modeledstartingfrom C implementationto have
suf�cient granularity, concurrency, andcomputationalloadbalanceacrossbehaviors We wereable
to performdesignspaceexplorationwith interestingpartitions,to arrive at a suitablearchitecture
for theMP3audiodecoder.
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2 DesignExample

In this section,we will describethe chosendesignexample,a MP3 Audio decoder. This section
alsogivesanoverview of thecompressionalgorithm.

Digital compressionof audiodatais importantdue to the bandwidthandstoragelimitations
inherentin networks andcomputers.The mostcommoncompressionalgorithmis the ubiquitous
MP3 alongwith theothercontenderslike,Windows MediaAudio (WMA), Ogg,AdvancedAudio
Coding(AAC) andDolby digital (AC-3). A brief descriptionof theseformatsis availablein [4].
All of theseusea variety of clever tricks to compressmusic�les by 90% or more. Even though,
standardslike AAC andMP3PRO promisebetterquality at lower bitrates,at this stage,MP3 is an
undisputedleaderbecauseof its widespreaduse.
MP3[16] providessigni�cant compressionthroughlossycompression,applyingtheperceptualsci-
enceof psychoacoustics.Psychoacousticmodelimplementedby MP3 algorithmtakesadvantage
of the fact that the exact input signaldoesnot needto be retained.Sincethehumanearcanonly
distinguisha certainamountof detail, it is suf�cient that theoutputsignalsoundsidenticalto the
humanears.In thefollowing section,thegenericstructureof anMP3decoderis presented.

2.1 Description of MP3 Decoder

TheMP3 decoderfor our designwill usea completeMP3 streamasinput. Beforepresentingmore
detailsabouttheactualdecodingprocess,ashortoverview of theMP3bit streamis given.

2.1.1 Structur eof an MP3 Audio Frame

TheMP3 streamis organizedin framesof bits. Eachframecontains1152encodedPCM samples.
Theframelengthdependson thebit rate( quality) of theencodeddata.Sincethebit ratemayvary
in variablerateencodedstreams,the framesizemay alsovary within a singlestream.Therefore
theframeheadercontainsinformationfor theframedetection.Eachencodedframeis dividedinto
logical sectionsandthesecanbeviewedhierarchicallyasshown in Figure3.

Thevarious�elds in a frameof audiodataarediscussedbelow.

Header is 4 byteslong andcontainssyncword to indicatethe start of frame. Headercontains
Layer information (MPEG Layer I, II or III), bitrate information,samplingfrequency and
modeinformationto indicateif thestreamis monoor stereo.

Err or Check This �elds containsa16bit paritycheckwordfor optionalerrordetectionwith in the
encodedstream.

Sideinformation Containsinformationto decodeMain data. Someof the�elds in sideinforma-
tion arelistedbelow

² It containsscalefactorselectioninformation,that indicatethe numberof scalefactors
transferredper eachsubbandandeachchannel. Scalefactorsindicatethe amountby
which an audiosampleneedsto be scaled.Since,humanearresponseis differentfor
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Header Error Check Audio Data Ancillary Data

Side Info Main Data

Huffman code bitsScale factors

Figure3: MPEG1 Layer3 frameformat

signalsatdifferentfrequencies,theentireaudiospectrumis dividedinto subbands.The
samplesin themoresensitive bandsarescaledmorethanthesamplesin thelessersen-
sitive regionof thespectrum.

² It containsglobalgainwhichneedsto beappliedto all thesamplesin theframe.

² Informationregardingthe numberof bits usedto encodethe scalefactors. To achieve
compression,eventhescalefactorsareencodedto save thebits. This informationin the
sideinfowill indicatethenumberof bits to encodeaparticularscalefactor.

² Informationregardingthehuffmantableto beselectedto decodeasetof samples.This
informationspeci�esoneof the32huffmantablesusedfor huffmandecoding.

Main data ThemaindatacontainsthecodedscalefactorsandtheHuffmancodedbits.

² Scalefactorsareusedin thedecoderto getdivision factorsfor a groupof values.These
groupsarecalledscalefactorbandsandthegroupstretchesoverseveralfrequency lines.
The groupsareselectedbasedon the non-uniformresponseof humanearfor various
frequencies.

² Thequantizedvaluesareencodedusinghuffmancodes.Thehuffmanencodingis used
to codethe most likely valueswith lessernumberof bits andrarely occurringvalues
with largernumberof bits. Thehuffmancodesaredecodedto getthequantizedvalues
usingthetableselectinformationin thesideinfosectionof theframe.

Ancillary data This �eld is theprivatedataandtheencodercansendextra informationlike ID3
tagcontainingartistinformationandnameof thesong.
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Figure4: Block diagramof MP3decoder[18]

2.1.2 MP3 DecoderOperation

The block diagramin Figure4 shows the data�o w within the MP3 decoder. The incomingdata
streamis �rst split up into individual framesandthecorrectnessof thoseframesis checkedusing
Cyclic Redundancy Code(CRC)in thesyncandtheerror checking block shown in Figure4. Fur-
ther, usingthescalefactorselectioninformationin thesideinformation,scalefactorsaredecoded
in the Scalefactordecodingblock. Scalefactorsareusedto scaleup the re-quantizedsamplesof
a subband.Subbandis a segmentof the frequency spectrum.Subbandsareintroducedin the en-
coderto selectively compressthe signalsat different frequencies.Thesesubbandsarechosento
matchthe responseof humanear. The main dataof the frame is encodedas a Huffman codes
The quantizedsamplesarederived from the huffman codesin the Huffmandecodingblock. The
necessarysideinformationneededfor huffmandecodingis obtainedfrom HuffmanInfo decoding
block. Sincethehuffmancodesarevariablelengthcodes,thehuffmanencodingof thequantized
samplesresultsin a variableframesize. In orderto optimizethespaceusagein a frame,thedata
from the adjacentframesarepacked together. So, the HuffmanDecodingstagerefersto the pre-
vious framesdatafor its decoding.The next stepafter Huffman decoding,is the re-quantization.
There-quantizer, re-quantizesthehuffmandecoderoutputusingthescalefactorsandtheglobalgain
factors.There-quantizeddatais reorderedfor thescalefactorbands.There-quantizedoutputis fed
to thestereodecoder, which supportsbothMS stereoaswell asIntensitystereoformats.Thealias
reductionblock is usedto reducetheunavoidablealiasingeffectsof theencodingpolyphase�lter
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bank. The IMDCT block convertsthe frequency domainsamplesto frequency subbandsamples.
Thefrequency subbandswereintroducedby theencoder. Thisallows treatingsamplesin eachsub-
banddifferentlyaccordingto thedifferentabilitiesof thehumanearoverdifferentfrequencies.This
techniqueallows a highercompressionratio. Finally, thepolyphase�lter banktransformsthedata
from theindividual frequency subbandsinto PCM samples.ThePCM samplescannow befed to a
loudspeakeror any otheroutputdevice throughappropriateinterface.
A comprehensiveliteratureabouttheMP3audiocompressionstandardis availablein [15] [22] [18].
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3 Speci�cation Model

Speci�cation model is the startingpoint in the systemdesignprocessandforms the input to the
architectureexplorationtool. Speci�cationmodelis theresultof capturingthefunctionalityof the
designin SystemLevel DescriptionLanguage(SLDL). It is a purefunctional,abstractmodel,and
is freeof any implementationdetail.Sincethespeci�cationmodelformsthebasisfor thesynthesis
andexploration,it is importantto write ”good” speci�cationmodel. A goodspeci�cationmodel
hasthefollowing importantfeatures:

Separationof computation and communication: Speci�cationmodelshouldclearlyseparatethe
communicationblocksfrom the computationblocks. This enablesrapid explorationby fa-
cilitating easyplug-n-playof modules.Abstractionof communicationandsynchronization
functionality is a key for ef�cient synthesisandrapid designspaceexploration. In SpecC
SLDL, computationunitscanbemodeledusingbehaviors andcommunicationelementsus-
ing channels.

Modularity: Modularity is requiredin the form of structuralandbehavioral hierarchy allowing
hierarchicaldecompositionof the system. The hierarchy of behaviors in the speci�cation
modelsolely, re�ects the systemfunctionality without implying anything aboutthe system
architectureto beimplemented.

Granularity: Thesizeof the leaf behaviors determinesthegranularityof thedesignspaceexplo-
ration.Morethenumberof leafbehaviorsgreaterarethenumberof thepossibleexplorations.
Granularitydependson theuserandtheproblemsize.Thereis a wide rangeof possibilities:
On oneextreme,every instructioncanbea behavior andon theotherextreme,entiredesign
could be in onebehavior. The former meanscomplex designspaceexplorationbecauseof
too many components,so it is not practical. The later resultsin reduceddesignspaceex-
ploration.Granularityat subroutinelevel is usuallybetter, asthenumberof componentsare
manageable.

Implementation details: Speci�cationmodelshouldnot have any implicit or explicit implemen-
tationdetail. Having implementationdetailswould restrictthedesignspaceexploration.For
example,describingthefunctionalityof a behavior at RTL would resultin an inef�cient so-
lution, ata laterstage,if thebehavior is implementedin software.

Concurrency: Any parallelfunctionalityin thealgorithmmustbemadeinto concurrentmodules.
Thiswouldenableexplorationof fasterarchitectures.

Speci�cation model of the designcould be written from scratch,which requiresextensive
knowledgeof thealgorithmbeingimplemented.In this case,usercandecidethegranularity, hier-
archy andconcurrency of thedesignbasedontheknowledgeof thealgorithm.Thisapproachmight
be time consumingasone is startingfrom scratchandthe resultingspeci�cation model requires
considerableamountof veri�cation beforeconsideringit for restof thedesignprocess.More than
often,in theembeddedsystemdevelopment,speci�cationmodelneedsto bedevelopedfrom anex-
isting referenceC codewhich implementsthealgorithm.Thisapproachis fasterthantheformeras
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Propertiesof thereferenceC implementation

Totalnumberof source�les 66
Totalnumberof linesof code 12K

Numberof source�les in thecore
MP3algorithmimplementation 10

Numberof linesof codein thecore
MP3algorithmimplementation 3K
Numberof functionsin thecore
MP3algorithmimplementation 30

Table1: Propertiesof thereferenceimplementationof MP3decoder.

thesigni�cant amountof effort hasalreadybeeninvestedin makingthereferencecode.Moreover,
sincetheSpecCSLDL is just a supersetof C languageit would requirelessereffort to convert the
C referencecodeinto SpecCspeci�cationmodelthanwriting thespeci�cationmodelfrom scratch.
Therestof this sectionwill describethedevelopmentof thespeci�cationmodelstartingfrom ref-
erenceC-codeof aMP3Audio decoder.

3.1 ReferenceC Implementation of MP3 Decoder

To develop the speci�cation model we referredto the C implementationof the MP3 decoder
available from MPG123[20]. MPG123is a real time MPEG Audio Playerfor Layers1,2 and
3. The playerprovides,both, the coredecodingfunctionality and interactive GraphicalUser In-
terface (GUI). This referencedecoderis designedfor and testedto work on Linux, FreeBSD,
SunOS4.1.3,Solaris2.5,HPUX 9.xandSGIIrix machines.It requiresAMD/486 machinesrunning
atat least120MHzor fastermachineto decodestereoMP3streamsin realtime.

3.1.1 Propertiesof the Sourceof ReferenceImplementation

The propertiesof the referenceimplementationaregiven in Table 1. The table lists someof the
physicalpropertiesof theC codeimplementationof MP3123.Thesourcearchivecontained�oating
point implementationof the MP3 Audio decoder. The implementationcontained66 source�les,
whichincludedtheactualdecodingalgorithmaswell assupportinguserinterfacecode,contributing
to 12K linesof code.For developingourspeci�cationmodelweonly focusedon thecoredecoding
algorithmwith a simple I/O spreadover 10 source�les, andcomprising3K lines of code. The
sourcewassplit into 30 functions.A call graphof themajorfunctionsis shown in Figure-5.

Sincethis referenceC implementationwasnot meantto be a SOCdescription,it hadtypical
codingissues,thatneedto beremodeled.Someof thesearelistedbelow:

² The implementationmajorly composedof pointer operations.Sincepointersare not sup-
portedby the hardwaresynthesistools, the presenceof pointersin the sectionof codethat
wouldgetmappedto ahardwarePEis discouraged.
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Figure5: Call graphof majorfunctionsin thereferenceC implementation

² Usageof datastructureswith pointermembers.

² Lackof behavioral hierarchy.

² Lackof separationof computationandcommunicationblocks.

² Excessiveusageof globalvariables.

² Absenceof adistincttestbenchandalgorithmimplementation.

To addressthese,a stepby stepapproachwas adoptedto arrive at the �nal cleanspeci�cation
model.Thesearemanualstepsandaredescribedin thesubsequentsections,andwhereverpossible,
wediscussthepossibilityof automation.

3.2 Initial Testbench

In thisdesignstep,weseparatedthecorefunctionalityof theMP3decoderfrom therestof thecode
in thereferenceimplementationandbuilt a testbencharoundit. Thetestbenchremainsunchanged
throughout the designprocessand provides the testingenvironmentfor our DesignUnderTest
(DUT). Thisstepinvolvesfew smallertaskswhicharediscussedin thefollowing sections.

3.2.1 Making C CodeSpecCCompliant

As a �rst step,the entiremain function of the decoderwaswrappedin onebehavior, Main. In
SpecC,the root behavior is identi�ed by Main behavior and is the startingpoint of executionof
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a SpecCprogram. The modelwascompiledusingthe SpecCcompiler. Sincethe referenceim-
plementationwasnot ANSI-C compliantanddueto somelimitationsin theSpecCcompiler, there
werecompilationissueswhich requiredchangesin theC codeto make it SpecCcompliant.Some
of theissuesencounteredarelistedbelow.

² In SpecC,Initialization of variablesat thetime of declarationis restrictedonly to constants.
TheC referenceimplementationhadvariableinitialization with non-constantssuchas,pre-
viously declaredvariablesor addressof variables.Suchvariablede�nitions weremanually
changedto separatethede�nitions from initializations.

² Certainvariablenamesin the C implementationlike, in, out arekeywordsin SpecC.Such
variableswererenamedto somenon-interferingnames.

² One of the �les in the standardlibrary, huge val.h was not ANSI-C compliant, this was
changedwithouthamperingthenormalfunctionality.

After the above changes,we were able to compile and simulatethe referenceC codeusing
SpecCcompilerandsimulator.

3.2.2 Building the Testbench

Thecoredecodingfunctionalityof thedecoderwasseparatedfrom therestof codeandwaswrapped
in abehavior mp3decoder. Thisnew behavior is theDUT. Two leafbehaviors,stimulusandmonitor
wereintroducedto implementthefunctionalityof thetestbench.Thethreebehaviorswereinstanti-
atedin theMain behavior. Thecommunicationbetweenthesethreebehaviorswasestablishedusing
thequeuechannels,x andy. Readonly informationlike, buffer sizeandtypeof streambeingpro-
cessedweresharedacrossthebehaviors usingvariables.Thestructureandtheconnectivity of the
testbenchis shown in Figure6. ThestimulusreadstheinputMP3streamfrom thebinaryMP3 �les
(*.mp3) andsendsit to mp3decoderin chunks.mp3decoderbehavior decodesthe input dataand
sendsit to monitor. Themonitor behavior receivesthe incomingdataandwrites it into anoutput
�le (*.pcm). It alsocomparesthe received datawith referenceoutputgeneratedby the reference
implementation.

3.2.3 Timing of the Testbench

In thissection,wedescribethetiming of thestimulusandmonitorbehaviors to transmitandreceive
datarespectively, atacorrectrate.Wealsolook atdesignof thebuffer capacityin thetestbench.
Thestimulusis designedto feedthedatainto themp3decoderin chunksof 256bytes. In orderto
sendthedataatacorrectrate,stimuluswaitsfor waittimebeforeevery transfer. For agivenbitrate,
streamtype (monoor stereo),andwith the transfersizeof 256 bytes,waittimefor stimuluswas
computedasbelow.

numberof chunks per second= (bitrate¤stereomode=8)=(256)

waittime= (1=numberof chunks per second) ¤1000000000ns:
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Figure6: Top level testbench

Sincewe are calculatingthe wait period after every transferof 256 bytes,we �rst compute
numberof chunksper secondusing the bitrate andstereo modeparameters.The inverseof the
numberof chunksper secondgives the waittime. The above calculationgives the waittime in
nano-seconds.The above timing detail is shown in Figure 7(a). The x-axis is the time line and
y-axis indicatesactivity in bursts. The �gure shows that thereis a datatransferfrom stimulusto
monitorin burstsof 256byteseverywaittimens.

Themonitorchecksif thesamplesfrom thedecoderarereceivedin a stipulatedtime. Monitor
computesthisstipulatedtimeor deadlineusingsamplingfrequencyandstereomode(Thisparameter
is 1 for monoand2 for stereoencoding)information. At thestartof every frame,monitorchecks
if theframewasreceivedwithin thestipulatedtime. Thischeckwill determineif thedecoderis too
slow to meetthenecessarytiming requirement.Thedeadlineperframeof samplesis computedas

deadl ine per sample = (1=(stereomode¤sampling f requency) ¤ 1000000000:0) ns

deadl ine = deadl ine per sample ¤ samplesper f rame

where
samplesper f rame = 1152¤stereomode
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Figure7: Timing of testbench

In the above calculations,deadlineis the time in nano-secondsto decodea frame of audio
data. We �rst computethe deadlineper sampleusing the stereo modeand samplingfrequency
parametersin termsnano-seconds.Using,numberof samplesper frame, we arrive at thedeadline
for theentireframe.Theabove timing detailis shown in Figure7(b). The�gure shows thatthereis
adatatransferin burstsof 2 byteseverydeadlinepersamplens.

Now, wewill lookatthecomputationof thebuffer capacityfor thetwochannelsin thetestbench.
Thestimulusto mp3decoderqueuemustbedesignedto accommodatedataworthat leastoneworst
caseframesize.Theworstcaseframesizeis computedasbelow:

MaximumAverageFrameSize = samplesper f rame¤ Max possiblebitrate=sampling f requency

= (1152¤320Kbits=sec)=48KHz = 7680bits

= 960Bytes

To meetthis requirement,aqueuesizeof 1024byteswaschosen.
Sincethe output from the decoderis written to the monitor one sample(2Bytes) at a time, the
mp3decoderto monitorqueuecouldbeof 2 bytessize.
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3.3 Parallelization of the Designat the Top Level of the Hierar chy

In our speci�cationmodel,therewasno concurrency at thevery top level of thedecoder. So, the
interfaceof the decoderwith the monitor wassequential.As the monitor wasdesignedto accept
the dataat a speci�c ratethe whole decoderwould be stalledtill the decodeddatawasdelivered
to the monitor. This obviously wasnot desiredas it meantwastageof resourcesin the decoder
waiting for the datatransferto complete.Anotherissuewith the modelwasthat, the outputdata
transferratewascontrolledby themonitorwhich requiredthat in the realenvironmenttheoutput
devicebeknowledgeableaboutthesamplingfrequency andstereomodewhichis notpracticalwhen
theoutputdevice is a simplespeaker system.So,we moved this ratecontrol intelligenceinto the
decoder.
To meettheaboverequirementswemodi�ed thetop level of thedesignto separatethedecodercore
functionalityfrom thedatatransferlogic. Theresultanthierarchy is shown in Figure8.

Figure8: Top level parallelhierarchy of thedecoder

The newly introducedbehavior Talk2Monitor runs concurrentlywith the core behavior de-
codeMP3andconsistsof 3 child behaviors,Listen2Decoder, ComputeTimeandDataTransfer, com-
posedin FSM. DataTransferis responsiblefor gettingthe decodeddatafrom the decodeMP3in
chunksof 32 samplesandwrite it to monitorat a properrate.This rateis calculatedfrom thesam-
pling frequency andstereomodeinformationby ComputeTimebehavior. Listen2Decoderis respon-
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sible for receiving this information from decodeMP3usingdoublehandshake channelsch sfreq,
ch stereomode. Queuechannels,granulech0andgranulech1areusedfor communicatingdecoded
samplesfrom decodeMP3to DataTransferbehavior. Thevariouschannelsusedfor communication
areshown in theFigure8.

3.4 Intr oducingGranularity

SpecCbehaviorsformthebasicunitsof granularityfor designspaceexploration.Theleafbehaviors,
behaviors at the bottomof the hierarchy, containthe algorithmimplementationin the form of C
code. So far, our DesignUnderTest(DUT) hasjust onebehavior providing no scopefor design
spaceexploration. We needto introducemorebehaviors into this designto make suf�cient design
spaceexploration.Oneeasyway to do this is to convertall themajorC functionsin thedesigninto
behaviors. Basedon thepreliminarypro�le resultobtainedfrom GNU pro�ler, gprof andbasedon
codeobservationa list of functionsthatneedsto beconvertedinto behaviors wereidenti�ed. The
behaviors wereintroducedbasedon theconventionslistedbelow. TheFigure-9 is usedto explain
thisprocedure.

3.4.1 Procedure

We will now describethe procedureusedto convert functionsto behaviors. Figure 9 shows an
examplefor convertingafunctionintobehavior.In the�gure, thecodeboxontheleft showsbehavior
B1 encapsulatingthe function f1. The function returnsthe resultwhich is written to the out port,
result. Thecodeboxon theright shows thefunctionf1 encapsulatedin anew behavior B1 f1.

1. Functionsare convertedto behaviors one by one using top-down approachfollowing the
functionalhierarchy. This meansthat a function is never convertedto behavior, unlessits
calling function(parentfunction)is convertedto behavior.

2. The function to be convertedis encapsulatedin a behavior body and the function body is
eitherinlined into themainof thenew behavior or thefunctionis madeamemberof thisnew
behavior with the main of this new behavior containinga singlecall to this function. This
secondscenariois shown in theFigure-9 andthenameof thisnew behavior is B1 f1.

3. The new behavior is instantiatedin its parentbehavior For example,in the �gure the new
behavior B1 f1 is instantiatedin B1. The portsof this new behavior aredeterminedby the
original function parameters.The necessaryfunction argumentsaremadethe membersof
the parentbehavior. For example, in the �gure, i1, i2 and s1 are mademembersof the
behaviorsB1. During laterre�nementstages,theseportsmightchangeor new portsmightbe
introduced.

4. If any of thefunctionparametersarepointersthenthey arereplacedwith anactuallocationor
anarray, dependingonits type(noticethati2 is mappedto thesecondportof B1 f1). Thetype
of theport(in, out, inout) is determinedbasedon how thatparameteris usedwithin thenew
behavior. If thefunctionparametersaremembersof a compositestructure(includingarrays),
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Behavior B1

(in int p1, in int p2, out int result)

{

//member function

int f1(int, int*, int);

void main( )

{

int i1, i2, *p_i2;

struct S s1, *p_s1;

i1 = p1+p2;

i2 = p1-p2;

p_i2 = &i2;

…..

result = f1(i1, p_i2, s1.member);

…..

}

int f1(int i1, int* p_i2, int member)

{

int var1;

var1 = i1+*p_i2+member;

return var1;

}

} ;

Behavior B1

(in int p1, in int p2, out int  result)

{

int i1, i2;

struct S s1;

//Instantiate child behavior here

B_f1(i1, i2, s1,result);

void main( )

{

int  *p_i2;

struct S *p_s1;

i1 = p1+p2;

i2 = p1-p2; 

p_i2 = &i2;

…..

B_f1.main( );

…..

}

} ;

Behavior B1_f1(in int i1, 

in int i2, in struct S s1, out int result)

{

//member function

int f1(int, int, int);

void main( )

{

result = f1(i1, &i2, s1.member);

}

int f1(int i1, int* p_i2, int member)

{

int var1;

var1 = i1+*p_i2+member;

return var1;

}

} ;

Newly Introduced BehaviorModified Behavior
Behavior before 

Conversion

Figure9: Exampledescribingconversionof aC functionto aSpecCbehavior

thenit hasto bereplacedwith theentirestructure.This is thecasewith thevariables1in the
Figure-9.

5. Thereturnresultof thefunction is assignedto anout port. In theexample,noticethat there
is onemoreport(outport result)for thenew behavior, thanthenumberof parametersto the
original function.

3.4.2 Summary

All of theabove stepsexceptpointerconversionarepuremechanicalandhencecanbeautomated.
However, the decisionof choosingthe function to be convertedinto behavior hasto be madeby
thedesigner. Determiningthetypefor eachportof thenewly introducedbehavior, requiresmanual
analysis.Eachfunctionparameterhasto beanalysed,to �nd if its read-only, write-only, or read-
write parameter.

Usingabove steps,mostof themajor functionswereconvertedto behaviors. After this major
stepwe arrivedat a SpecCimplementationof theMP3 decoderwith 18 behaviors and31 behavior

22



instances.Sofar, wehadconvertedonly few functionsto behaviorsbut mostof theC codebetween
functioncallsstill existsbetweenthebehaviors. So,wenow havebehaviors interleavedwith lotsof
C code.But in a”good” speci�cationmodel,C codeis allowedonly in theleafbehaviors( behaviors
which containno otherbehaviors). For writing goodspeci�cationmodel,which canbeunderstood
by theSCEtool, it is required,thatat any level of hierarchy, all thebehaviors arecomposedeither
sequentially, or in Finite StatementMachinestyle,or concurrently, or in a pipelinedfashion.This
can be achieved �rst by eliminating the stray codebetweenthe behavior calls. Apart from this
issue,therewasonemoreissueto besolved, theglobalvariables.Sinceeachbehavior represents
potentiallyan independentprocessingelement,a behavior hasto communicatewith the external
world only throughits ports. So it is importantto eliminatetheglobalvariablecommunicationof
thebehaviors. We �rst addressedtheproblemof globalvariable,beforetakingup theproblemof
eliminatingthestraycode,astheformerwill in�uence thelaterprocedure.

3.5 Elimination of Global Variables

Global variableshide the communicationbetweenfunctions, in a programbecausethey don't
appearasfunctionparametersor returnresultsof functions.Sincethey becomeglobally available
to all the functions in the program, programmersuse this feature for convenienceto declare
variablesusedacrossmany functionsas globals. However, a good speci�cation model requires
thecommunicationto beseparatedfrom thecomputation.So, thehiddencommunicationthrough
global variablesmustbeexposed.Dependingon thescenario,thecommunicationthroughglobal
variablescanberemovedusingoneof theproceduresgivenbelow.

3.5.1 Procedure1

If theusageof theglobalvariableis restrictedto only onebehavior thenthefollowing procedureis
used.

1. Globalvariableswhoseusage(readandwrites)is restrictedto only onebehavior canbemoved
into thatbehavior makingit amemberof thatbehavior. In theListing 1(a), theusageof global
variableg1 is restrictedto behavior b1 aloneandhencehasbeenmovedall theway into b1
asshown in Listing 1(b).

3.5.2 Procedure2

If theusageof theglobalvariableis spreadacrossmultiple behaviors thenthefollowing procedure
is used.

1. Globalvariableswhoseusageis spreadacrossmorethanonebehavior aremovedinto thein-
nermostbehavior in thehierarchy whichencompassesall thebehaviors accessingthatglobal
variable.In theListing 1(a), theglobalvariableg2is usedacrosstwo behaviorsb1andb2. As
shown in Listing 1(b), g2 is movedinto theMain behavior asMain is theinnermostbehavior
encompassingbothb1andb2.
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i n t g1 , g2 ;

behav i or Main ( )
f

5 i n t var1 , var2 , var3 ;

b1 B1( var1 , var2 ) ;
b2 B2( var2 , var3 ) ;

10 i n t main ( voi d )
f

B1 . main ( ) ;
B2 . main ( ) ;

g
15 g;

behav i or b1 ( i n i n t i 1 , out i n t o1 )
f

voi d main ( voi d )
20 f

g1 = g1+ i 1 ;
g2 = i 1 ++;
o1 = i 1 ;

g
25 g;

behav i or b2 ( i n i n t i 1 , out i n t o1 )
f

voi d main ( voi d )
30 f

g2 = g2++;
o1 = i 1 ;

g
g;

(a)Speci�cationmodelwith globalvariables

behav i or Main ( )
f

i n t var1 , var2 , var3 ;
5 i n t g2 ;

b1 B1( var1 , var2 , g2 ) ;
b2 B2( var2 , var3 , g2 ) ;

10 i n t main ( voi d )
f

B1 . main ( ) ;
B2 . main ( ) ;

g
15 g;

behav i or b1 ( i n i n t i 1 , out i n t o1 , out i n t g2 )
f

i n t g1 ;
20 voi d main ( voi d )

f
g1 = g1+ i 1 ;
g2 = i 1 ++;
o1 = i 1 ;

25 g
g;

behav i or b2 ( i n i n t i 1 , out i n t o1 , i nou t i n t g2 )
f

30 voi d main ( voi d )
f

g2 = g2++;
o1 = i 1 ;

g
35 g;

(b) Speci�cationmodelwithoutglobalvariables

Listing 1: Eliminatingglobalvariables.

2. Moving theglobalvariablesinto the innermostbehavior will introducenew portsin thebe-
haviors accessingtheglobalvariableandthe typeof theport is determinedby thenatureof
theaccessof thevariables.In Listing 1(b) therearenew portsfor thebehaviors b1 andb2.
b1whichonly writesg2getsanextraout port andb2whichbothreadsandwritesg2getsan
inout port.

3.5.3 Summary

The above mentionedre�nementstepsaremechanicalandcanbe automated.The the necessary
informationregarding the usageof the variablesareavailable in the compilerdatastructureand
canbe usedto determinewherethe variableis de�ned andwhereall it is beingused. However,
determiningtheport typesof thenew ports,introduceddueto motionof globalvariables,requires
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manualanalysisif theseglobalvariablesareaccessedusingpointerswithin thebehaviors.

3.6 Arri ving at a CleanSpeci�cation Model

As describedearlier, a cleanspeci�cationmodel is one in which only the leaf behaviors contain
the C codeandall the child behaviors arecomposedeither in parallel (usingpar statement),or
in pipeline(usingpipestatement),or in Finite StateMachine(FSM)style(usingfsmstatement),or
sequentially. But, at this stage,our speci�cationmodelis composedof behavior calls interleaved
with C code.TheSpecClanguagereferencemanual[8] describeseachof thiscompositionstylesin
detail.
In thissectionwedescribetheprocedureadoptedto cleanthespeci�cationmodel.

3.6.1 Procedure

The interleaving C codebetweenbehaviors canbewrappedinto separatebehaviors andthesebe-
haviorscanbecomposedin eitherof the4 waysmentionedaboveto getacleanspeci�cationmodel.
Thepossibilityof concurrentcompositionusingpar andpipestatementsareconsideredlater, asthey
arecomplex andrequiredependency analysisacrossbehaviorsto checkif thereexist any parallelism
betweenthem. At this stage,we look at composingthebehaviors eitherin puresequentialfashion
or in FSMstyle.Behaviorscomposedsequentiallyexecuteoneaftertheotherin theorderspeci�ed.
Similar to puresequentialcomposition,in FSM composition,thebehaviors areexecutedoneafter
theothersequentially. However, in addition,FSM compositionfacilitatesconditionalexecutionof
behaviors. Theconditionsarespeci�ed next to thebehavior andareevaluatedafterexecutingthe
behavior. Thenext behavior to beexecuteddependson theresultof theconditionevaluation.In the
absenceof any condition,theexecution�o w will fall through.

In our case,sincesomeof thestrayC codebetweenbehavior callswereconditionalstatements
in�uencing theexecutionof behaviors, it wasconducive to composethesebehaviors in FSM style
by having the conditionalC codeconvertedinto conditionalstatementsof the FSM. Straightline
strayC codewerewrappedinto separatebehaviors. Wheneverpossible,insteadof introducingnew
behaviors,we pushedtheseinstructionsinto thealreadyexisting neighboringbehaviors. This later
operationrequiresthattheexistingbehavior'sportsbechangedto accommodatenew changes.

Theabove describedgeneralmethodologyis adoptedin theexamplesshown in Figure10 and
Figure11. Figure10 depictsthe way to convert an if statementinto an FSM. In this example,a
new behavior newBis introducedencompassingthestraightline C instructionsa = 1; var = 2;. The
conditionalexecutionof behaviors B1 andB2 is madepossibleby absorbingthe if conditioninto
theFSM.TheseconditionalC instructionsappearin adifferentform next to thebehavior call newB.
Figure11 shows a way to convert a for loop into a FSM. In caseof for loops,thestrayinstructions
includetheloopinitializationstatements,loopconditionandloopparameterupdatestatements.The
new behavior, LOOP CTRLis introducedto updatetheloopparameteri with anincrementinstruc-
tion. The loop parameterinitialization is moved to the precedingbehavior, START andthe loop
conditionevaluationis absorbedinto the FSM body next to the LOOP CTRLbehavior call. The
unconditionalgoto in the FSM body, next to the behavior call B3, forms a loop of LOOP CTRL,
B1, B2, B3. This loop is terminatedwhentheconditionalstatementsin theFSM bodynext to the
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behavior call LOOP CTRLevaluatesto false. A similar strategy of codecleaningis discussedin
[3].

behavior Top( )
{

int a, var; 

b1 B1( );
b2 B2( );
b3 B3( );

void main (void)
{

¼ .
a = 1; var=2;.
if (var)

B1.main( );
else

B2.main( );
B3.main( );

}
};

behavior Top( )
{

int a, var;

b1 B1( );
b2 B2( );
b3 B3( );
newb newB( a, var);

void main (void)
{

fsm 
{

newB: { if(var) goto B1;
goto B2;}

B1: {goto B3;}
B2: {goto B3;}
B3: {break;}

}
}

};
/* Newly introduced behavior*/

behavior newb( out int a, out int var)
{

void main(void)
{

¼ .
a = 1;
var = 2;

}
};

Behavior with C code 
between behavior 

calls

Clean Behavior with FSM

Figure10: Exampledescribingconversionof uncleanbehavior to acleanbehavior

3.6.2 Summary

Theabovementionedgeneralprocedurewasusedto cleanuptheMP3decoderspeci�cationmodel.
As anexample,theentiregranuleprocessingunit of theMP3 decoderis shown in theListing 2. If
you notice,this sectionof thespeci�cationmodelhaslots of C codein betweenthebehavior calls.
A cleanFSM versionis shown in Listing 3.

Thegeneralprocedureadoptedtocleanthespeci�cationmodelinvolvespurelymechanicalsteps
andcanbe automated.With limited userinputsaboutthe type of compositiondesired,wrapping
of theC instructionsin behaviorsandconvertingconditionalstatementsandloopsinto FSMcanbe
achievedthroughautomation.
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behav i or dogr anul e ( /¤ l i s t of por t s ¤/ )
f

/ ¤ I nst an t i a t i on of ch i l d behavi or s and data st r uc t u r es ¤/
voi d main ( )

5 f
dol ay er 3 1 . main ( ) ;

i f ( f r . l sf )
si dei n f o2 . main ( ) ;

10 el se
si dei n f o1 . main ( ) ;

set p t r . main ( ) ;

15 i f ( r et ==MP3 ERR)
r et ur n ;

f or ( gr =0; gr< gr anul es ; gr ++)
f

20 f

setparam1 . main ( ) ;
i f ( f r . l sf )
f

25 scal ef ac2 . main ( ) ;
g

el se f
scal ef ac1 . main ( ) ;

30 g
Dequant . main ( ) ;
i f ( dequant r et ) r et ur n ;

g
i f ( st er eo = = 2) f

35 setparam2 . main ( ) ;
i f ( f r . l sf )
f

scal ef ac2 . main ( ) ;
g

40 el se f
scal ef ac1 . main ( ) ;

g
Dequant . main ( ) ;
i f ( dequant r et ) r et ur n ;

45 msstereo . main ( ) ;

i St er eo . main ( ) ;

dol ay er 3 2 . main ( ) ;
50 g

f or ( ch =0; ch< st er eo1 ; ch ++) f
an t i al i as . main ( ) ;
Hybr i d . main ( ) ;

55 g
s f i l t e r . main ( ) ;

g
r et ur n ;

g / / main
60 g;

Listing 2: Sectionof MP3decoderspeci�cationmodelbeforecleanup.27



behav i or dogr anul e ( /¤ L i st of por t s ¤/ )
f

/ ¤ I nst an t i a t i on of ch i l d behavi or s and data st r uc t u r es ¤/
voi d main ( )

5 f

fsm f
dol ay er 3 1 : f i f ( f r . l sf ) got o si dei n f o2 ;

got o si dei n f o1 ;g
10

si dei n f o1 : f got o set p t r ;g
si dei n f o2 : f got o set p t r ;g
set p t r : f i f ( r et == MP3 ERR ) br eak ;

got o setparam1 ;
15 g

setparam1 : f i f ( f r . l sf ) got o scal ef ac2 ;
got o scal ef ac1 ;

g
scal ef ac1 : f got o Dequant ;g

20 scal ef ac2 : f got o Dequant ;g
Dequant : f i f ( dequant r et ) br eak ;

i f ( st er eo == 2 & & dequant ch = = 0) got o setparam2 ;
i f ( st er eo == 2 & & dequant ch = = 1) got o msstereo ;
got o an t i al i as ;

25 g
setparam2 : f i f ( f r . l sf ) got o scal ef ac2 ;

got o scal ef ac1 ;
g

msstereo : f got o i St er eo ;g
30 i St er eo : f got o dol ay er 3 2 ;g

dol ay er 3 2 : f got o an t i al i as ;g
an t i al i as : f got o Hybr i d ;g
Hybr i d : f i f ( ch< st er eo1 ) got o an t i al i as ; / / i ncr ement ch

got o s f i l t e r ;
35 g

s f i l t e r : f i f ( gr< gr anul es ) got o setparam1 ; / / i ncr ement gr
br eak ;

g
g / / fsm

40 g / / main

g;

Listing 3: Sectionof MP3decoderspeci�cationmodelaftercleanup.
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behavior Top( )
{

int count; 

b1 B1( );
b2 B2( );
b3 B3( );
start START (count);

void main (void)
{

int i ;
START.main( );
for (i=0; i<count; i++)
{

B1.main( );
B2.main( );
B3.main( );

}
}

};
behavior START( out int count )
{

void main(void)
{

¼ .
count = 10;

}
};

behavior Top( )
{

int count; 
int i;

b1 B1 ( );
b2 B2 ( );
b3 B3 ( );
start START (count, i);
loop_ctrl LOOP_CTRL (i);
void main (void)
{

fsm 
{

START: {goto loop_ctrl;}
LOOP_CTRL: 

{if (i<count) goto B1;
break;}

B1: {goto B2;}
B2: {goto B3;}
B3: {goto loop_ctrl;}

}
}

};

Behavior with FOR Loop Clean Behavior with FSM

behavior loop_ctrl 
(inout int i)

{

void main( )

{

i++;

}

};

/* Modified START behavior*/
behavior START

( out int count, out int i)
{

void main (void)
{

¼ .
count = 10;
i = 0;

}
};

Figure11: Exampledescribingconversionof aFORstatementinto FSM

3.7 Intr oducingConcurrencyin the Speci�cation Model

After all theabove steps,our speci�cationmodelwascleanfrom globalvariables,it hada clearly
separateddesignandtestbench,the C codewasrestrictedonly to the leaf behaviors andat every
level of hierarchy all the behaviors werecomposedeithersequentiallyor in FSM style. The next
stepwasto exposeconcurrency in the model. Any parallelismin the designhasto be explicitly
exposedin thespeci�cationmodel,sothatit canbeexploitedlaterduringdesignspaceexploration.
In this section,we �rst talk aboutthevariousconditionsto besatis�edto have parallelismbetween
behaviorsanddiscusswith examplestheactualstepstakento introduceconcurrency in thedesign.

3.7.1 Conditions for Concurrency

In SpecC,two typesof concurrentexecutionbetweenbehaviors canbeexposed,parallelexecution
andthepipelinedexecution.Theformeris explicitly exposedusingpar statementsandthepipelined
concurrency is exposedusingthepipestatements.

Thefollowing conditionsmustbesatis�edfor two behaviors to becomposedin parallel.
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1. Thebehaviorsmustbeat thesamelevel of hierarchy.

2. Thebehaviorsmustnotwrite to thesamevariable.

3. Thebehaviors mustnot have accessto thesamevariable,if at least,oneof thosebehaviors
canwrite to it.

In SpecCparadigm,theabove conditionscanberestatedas,”Behaviors at thesamelevel of hier-
archy canbecomposedin parallel,without synchronizationoverhead,if thebehaviors don't have
theirportsmappedto thesamevariable.If they aremappedto acommonvariable,thentheportsof
all thebehaviorsmappedto thatcommonvariablemustbein ports.”
The taskof checkingtheseconditionsis purelymechanicalandhencecanbe automatedto deter-
mineif two behaviors canbecomposedin parallel.However, undersomecircumstances,complete
automationis not possible.If thecommonvariablesacrossbehaviors arecompositevariables,like
arraysandstructures,then,dependingon just above conditionswould resultin conservative result,
because,having a compositevariablein commonacrossbehaviors doesn't necessarilymeanthe
behaviors areaccessingthe same�eld of the compositestructure. In suchcases,further analysis
within thebehaviors needsto bedoneto checkif thebehaviors areinterferingwith eachotherby
writing to thesame�eld of thecompositevariable.Again, this requiresmanualattentionandcan-
not beautomatedcompletely. Theotherpossibilityis to introduceanotherre�nementstepto break
thecompositevariablesinto normalvariables,for example,unwindingthearrayto individual ele-
ments,splitting thestructureinto individual elements.But this requiresmodi�cation of theC code
to changeall theaccessto thecompositevariablesto simplevariables.Thoughthis is possibleunder
certaincircumstances,it is notpossible,whenpointersandindicesareusedto accessthecomposite
variableastheir valuesarenotknown atstatictime.
More thanoften,theparallelismbetweenbehaviors might behidden,andrelying on just theabove
conditionswill not detectthat parallelism. Detectingsucha parallelismrequiresdesigner's inter-
vention.

3.7.2 Conditions for PipelinedConcurrency

Now, we will look at the conditionsto be satis�ed to composebehaviors in pipelinedfashion.
Pipelinedexecutionis possiblein applicationswhich performa seriesof operationson the input
datasetto produceoutputdatasetwith theoutputof eachstageservingastheinput to thenext stage
of operation.If thespeci�cationmodelhasall thoseoperationscapturedin separatebehaviors then
pipeliningis possible,if following additionalconditionsaremet.

1. Thesetof behaviorsto becomposedin pipelinedfashionmustbecomposedpuresequentially.

2. Theinput of eachbehavior is from theprecedingbehavior's outputandsoon. Basically, the
datamust�o w only in onedirectionfrom theheadof thepipelineto tail.

3. Two behaviors shouldnot write to the samevariable. That is, therecan be only be one
behavior writing to acommonvariable.
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Togetthefull bene�t of pipelining,thepipelineshouldruncontinuously. Foref�cient utilization
of thepipeline,theremustbecontinuousinput at themouthof thepipeline. For example,thereis
norealbene�t in having apipelinethatgets�ushed afterevery run. Also, pipeliningis usefulwhen
the computationload is balancedacrossall the behaviors in the pipeline,otherwise,the pipeline
will be as fastas the slowestbehavior (the mostcomputeintensive behavior). Becauseof these
requirements,choosingthebehaviorsto bepipelinedwill haveto bearesultof manualanalysis.So,
only themechanicaltaskslistedabove canbeautomatedandthedecisionmakinghasto be taken
careby thedesigner.

3.7.3 Procedure for Intr oducingConcurrency

Lets look at the hierarchy startingfrom the behavior DoLayer3. The hierarchy capturedusing
the SCE tool is shown in the Figure 12. We �rst explored the possibility of parallelizing the
two granules,granule1,granule2in Figure12, but dueto datadependency, it wasnecessarythat
granule2 operationsare performedafter granule1. So we focusedour attentionto parallelize
operationswithin eachgranule. The function of operationin a granulearecapturedin behavior,
DoGranule. DoGranuleshown in Figure 12 is an FSM of many behaviors. Of thesebehaviors,
we narrowed our focus to 3 behaviors alias reduction, imdct and s�lter . We �rst chooseto
parallelizethe lesscomplex behavior, alias reduction. This behavior did sequentialprocessing
on independentinput datasetbelongingto two audiochannels.The behavior implementedalias
reductionalgorithmfor the two audiochannels.Analysisof the coderevealedthat the function
III antialias ( ) implementedthe alias reductionalgorithm for a channelof audio dataand was
called twice for processingeachchanneldata. Eachcall operatedon independentdataset and
hencetherewere no datadependency betweeneachchannelprocessing. The codebox on the
left of Figure 13 shows the implementationof AliasReductionbehavior. The behavior calls
III antialias ( ) function in a for loop which loops as many times as the numberof channels.
This computationon eachchanneldatawaswrappedinto a new behavior andthis is shown in the
codebox on the top-right side in Figure 13. Two instancesof this new behavior, antialias ch0,
antialias ch1 were instantiatedin the parentbehavior, AliasReduction, and the for loop was
removed and the behavior calls were encapsulatedin the par construct to make the parent
behavior a cleanparallelbehavior asshown in the bottom-rightcodebox in Figure 13. The new
behavior instancesget the informationregardingthe channelnumberto index into the right data
setandthenumberof activechannelswhichactsasanenablefor thesecondinstance,antialias ch1.

After parallelizingAliasReduction, we focusedour attentiontowardsmorecomplex behaviors
imdct,s�lter . In thesebehaviors,we identi�ed dataindependencebetweentwo audiochannelsjust
like theAliasReductionbehavior, andhence,usingsimilar approachwe introducedconcurrency at
channellevel processinginto thesebehaviors. Theseconcurrenciesareshown in Figure14.
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Figure12: Hierarchy within DoLayer3behavior in theMP3decoderspeci�cationmodel
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behavior III_AntiAlias
(inout real xr[2][SBLIMIT][SSLIMIT],
in struct III_sideinfo sideinfo,  in int ch, in int gr, 
in int stereo1)

{
void main()
{

// work on second channel only if stereo
if(ch==0 || (ch==1 && stereo1==2)) 
{   

gr_info = &sideinfo.ch [ch].gr[gr];
III_antialias (xr [ch], gr_info);

}
}

};

behavior AliasReduction
(inout real xr[2][SBLIMIT][SSLIMIT],
in struct III_sideinfo sideinfo, in int gr, in int 

stereo1)
{

void main (void)
{

int ch;
for ( ch = 0;ch<stereo1;ch++) 
{

struct gr_info_s *gr_info;
gr_info = &(sideinfo.ch [ch].gr[gr]); 

}
}

};

III_antialias(hybridIn[ch],gr_info);

First, the function III_antialias is converted to behavior

behavior AliasReduction
(inout real xr[2][SBLIMIT][SSLIMIT],
in struct III_sideinfo sideinfo, in int gr, in int stereo1)

{
/* List of variable instances */
¼ .
III_AntiAlias antialias_ch0 (xr, sideinfo, 0, gr, stereo1);
III_AntiAlias antialias_ch1 (xr, sideinfo, 1, gr, stereo1);
void main (void)
{

par{
antialias_ch0.main( );
antialias_ch1.main( );

}    
}

};
/* New behavior */

Parallel AliasReduction behavior

Second, the AliasReduction behavior is modified

Figure13: Exampleshowing theconversionof asequentialbehavior into concurrentbehavior
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Figure14: Parallelsmin theMP3decoderspeci�cationmodel
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3.7.4 Procedure for Intr oducingPipelineConcurrency

At this stage,thespeci�cationmodelhadenoughgranularity, it had39 behaviors and122behavior
instances.Out of the 39 behaviors, 31 wereleaf behaviors providing goodscopefor exploration.
The parallelismwasexplicitly exposed,openingthe possibility of exploring fasterarchitectures.
With anintent to checkthecomputationloaddistribution acrossvariousbehaviors, we pro�led all
the behaviors usingSCE.Consideringonly the most computeintensive behaviors, we narrowed
our focusto threemostcomputeintensive behaviors. The graphin Figure 15 shows the relative
computationcomplexity of behaviors, alias reduction, imdct, ands�lter . Fromthegraph,its clear
that s�lter behavior is the single most computationallyintensive behavior. It is 70-75%more
expensive than the otherbehaviors. Since,unbalancedcomputationload will not result in good
partitioningwedecidedto breakthes�lter behavior further.

Figure15: Relativecomputationcomplexity of thethreemostcomputeintensivebehaviorsof MP3
decoderspeci�cationmodel

We identi�ed two logical partitionsin thesynthesis�lter . A �rst stagewasthecomputationof
the 64 point DCT andthe secondstagewasthe extensive window overlap-addoperation. These
operationswereperformedin alooprunningfor 18timesfor eachaudiochannel.We�rst separated
themodelinto two behaviors,DCT64andWindowOp, usingthetechniquesdiscussedin Section3.4.
Further, weintroducedtwo morebehaviors,setbuffer1andDCTOutStagewhichactashelperstages
by reorderingdatafor DCT64andWindowOp. This resultedin 4 behaviors, setbuffer1, DCT64,
DCTOutStage, WindowOpin a for loop executing18 timesin that order. Eachbehavior received
its input from the precedingbehavior's outputandall the variableswereat mostwritten by one
behavior satisfyingall the conditionsfor pipelining discussedin Section3.7.2. The 4 behaviors
werepipelinedusingthepipeconstruct.In addition,following changeswerenecessaryto complete
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thepipelining.

1. All thevariablesusedfor datatransferbetweenthebehaviorsin thepipelinemustbebuffered.
In otherwords,all thevariablesmappedto theout or theinout portsof thepipelinedbehav-
iors mustbebuffered. In SpecC,this canbedoneusingautomaticcommunicationbuffering
featureof pipedvariables.Thenumberof buffer stagesfor thevariableis equalto thedistance
betweenthewriter andthereaderbehavior.

2. Variableswith onewriter andmorethanonereaderrequireextra attention. Suchvariables
mustbeduplicatedto createasmany copiesasthenumberof readers.Theduplicatedvari-
ablesalsoneedto be bufferedusingpipedvariables.Eachvariablemustbe pipedasmany
timesasthenumberof buffer stagesrequired.Thewriter behavior mustbemodi�ed to have
extraout port. Thisport is mappedto theduplicatevariable.Thebodyof thewriter behavior
mustbemodi�ed to write thesamevalueto thisnew outportasthevaluebeingwrittento the
original variable.Theport of thesecondreader, readingthis variable,mustbemappedto the
duplicatevariable.

The resultof pipelining is shown in theFigure16. After pipelining, thecomputationload looked
morebalancedasthe computationload of s�lter is now distributedacross4 behaviors SetBuffe1,
DCT64,DCTOutStage andwindowop. Therelative comparisonis shown in Figure17. Theshaded
extensionsin thebargraphindicatetheresultafterscaling.Behaviors, SetBuffer1, DCTOutStage,
arenotshown in the�gure astheir computationis neglible comparedto theothers.
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Figure16: Pipeliningin theMP3decoderspeci�cationmodel
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Two major pipeline stages 
of synthesis filter core

Figure17: Relativecomputationcomplexity of 4 mostcomputeintensivebehaviorsafterpipelining
thesynthesis�lter behavior
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3.7.5 Summary

At this stage,the granularityin the speci�cationmodelwassatisfactory, promisingwider design
spaceexploration. Therewere43 behaviors which included33 leaf behaviors anda total of 130
behavior instances.Granularityalonedoesnot meangoodpartitioningof the computationload.
So, using the pro�led result, we identi�ed the computationallyexpensive behavior and sliced it
further into smallerbehaviors to get reasonablecomputationalloadbalanceacrossbehaviors. The
explicitly exposedparallelismandpipelining enablesexplorationof fasterarchitectures.So, we
decidedto concludethe speci�cationmodeldevelopmentat this stageandmove on to the design
spaceexplorationto arriveatanarchitecturefor ourdesign.

In thissection,wediscussedtheprocedureadoptedto introduceparallelismin thespeci�cation
model.Wealsodiscussedthenecessaryconditionsto besatis�edfor parallelizingandpipeliningthe
behaviors. Someof thestepsinvolvedaremechanicalandcanbeautomated.However, identifying
parallelismwhich is not apparentrequiresintelligent analysisandneedsmanualattention. Other
thanthe intelligent analysisrequiredto detecthiddenparallelism,mostof the codemodi�cation
taskscanbeautomatedto aid thedesigner.

3.8 Summary and Conclusions

In this section,we discussedthe seriesof changesperformedto obtain a ”good” speci�cation
model startingfrom a C speci�cation. The seriesof stepsstartedwith the designof testbench
(Section3.2) which involved separatingthe designfrom the stimulusand monitor functionality.
Interfacesbetweeneachof thesebehaviors wasalsodesignedduringthis step. In thesecondstep,
we introducedmorebehaviors in thedesignby convertingthemajorfunctionsinto behaviors. This
stepwasdiscussedin Section3.4. In Section3.5, we discussedthe taskof eliminatingtheglobal
variablesthusexposingthehiddencommunicationin thedesign. In the fourth step(Section3.6),
wecleanedthespeci�cationmodelto arriveata”clean” speci�cationmodel,in whichatevery level
of hierarchy the behaviors arecomposedin eithersequential,FSM, parallelor pipelinedfashion,
andall the C coderestrictedto the leaf behaviors. In the �fth step(Section3.7), we exposedthe
concurrency in thedesignin theform of parallelandpipelinedbehaviors.
After thesechanges,we arrived at a �nal speci�cation model ready to be input to the SCE
tool-setfor designspaceexplorationand implementation.The Table 2 gives the statisticsof the
speci�cation model in termsof numberof behaviors, numberof behaviors undereachcategory
(leaf,concurrent,FSM,sequentialandpipelined)andnumberof channelinstances.

Thestepsinvolved in arriving at a speci�cationmodelaretime consumingmakingtheoverall
processof writing thespeci�cationmodelslow andhard.Eachof thesetasksandtheirdevelopment
timesarelistedin theTable3. Thetimeincludesthetimefor programmingfollowedby compilation
usingSpecCcompiler, veri�cation by simulationanddebugging.In general,compilationis nottime
consuming,however, makingtheinitial C codecompileusingSpecCcompilertakessomeeffort as
discussedin Section3.2. Thedevelopmenttime shown in thetableis assuming5 daysa weekand
8 manhoursperday. In our case,introducinggranularityandcleaningof thespeci�cationmodel
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Propertiesof thespeci�cationmodel

Totalnumberof behaviors 43
Totalnumberof leafbehaviors 33

Totalnumberof concurrentbehaviors 4
Totalnumberof FSM behaviors 5

Totalnumberof pipelinedbehaviors 1
Totalnumberof sequentialbehaviors 0
Totalnumberof behavior instances 130

Numberof channelinstances 6

Table2: Propertiesof speci�cationmodel.

Designstep Developmenttime

Settingupof initial testbench 1.5Weeks
Introducinggranularity 5 Weeks

Eliminationof globalvariables 1.5Weeks
Arriving at cleanspeci�cationmodel 3 Weeks

Introducingconcurrency 2 Weeks

Total 13Weeks

Table3: Developmenttime for eachdesignstep.

took60%of thedevelopmenttime.
In theprocessof developingthespeci�cationmodel,wealsolookedat thepossibilityof automating
thesetasks.Someof thesetasksinvolve puremechanicalstepswhich canbeautomatedto reduce
thedevelopmenttimeof thespeci�cationmodel.Intelligentanalysis,decisionmakingthatarenec-
essaryfor taskslike,handlingpointers,identifying hiddenparallelismandpipeliningandchoosing
functionsfor converting to behaviors, determiningport-typesmake thecompleteautomationchal-
lenging.However, aninteractive tool whichautomatesthemechanicaltasksbasedonthedesigner's
decisionswill beveryuseful.

In thenext section,we will detail thenext stepin thesystemdesignprocess,thedesignspace
exploration.
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4 DesignSpaceExploration and Implementation

In this section,we will look at thenext stepin thesystemlevel designprocess,theDesignSpace
Exploration. Becauseof the complexity involved, arriving at the detailedimplementationmodel
from anabstractspeci�cationinvolvesmultipleexplorationandsynthesisdesignsteps.Eachdesign
stepresultsin anexecutabledesignmodelconverting theabstractspeci�cationmodelof the input
designinto anconcreteimplementationmodel.Theresultingexecutablemodelfrom a designstep
canbesimulatedto verify thefunctionalityandthetiming asindicatedin theintroduction.Weused
the Systemon Chip Environment(SCE)[1] for performingthe design.The Design�o w adopted
by SCEcanbe broadlydivided into threedesignsteps,architecture exploration, communication
synthesisandimplementationsynthesis. Thesere�nementstepswerediscussedin theintroduction
sectionof this reportandthey arediscussedbelow in thecontext of SCE.

Ar chitectural exploration and re�nement During this step, processingelementsare inserted
into the systemand functional behaviors are mappedonto the processingelements. The
processingelementscan be standardcomponentssuch as genericprocessorcores,DSPs
as well as speci�c hardware units chosenby the designerfrom the SCE database.This
processinvolves threemajor tasks,Allocation, Partitioning andScheduling. The decision
of choosinga componentis madeby the designer. The userattentionis limited to system
componentallocation followed by decisionmaking basedon the simulation and pro�le
results. All the otherstepsareautomatedin SCE.This processof architecturere�nement
resultsin an architecturemodel, the �rst timed model. It takes only computingtime into
account;all communicationbetweentheprocessingelementsis still on anabstractlevel and
systemcomponentscommunicatevia abstractchannels.

Communication Exploration and Synthesis In this step,abstractcommunicationbetweencom-
ponentsis re�ned into anactualimplementationover wiresandprotocolsof systembusses.
This designstepinvolvesthreemajor tasks,Busallocation, TransducerinsertionandChan-
nel mapping. In SCE,thelast two stepsarefully automatedandthedesignerneedsto make
decisionregardingtheallocationandmappingof thebusses.Thecommunicationsynthesis
resultsin thebusfunctionalmodel,which de�nes thestructureof thesystemarchitecturein
termsof bothcomponentsandconnections.Thebusfunctionalcanbesimulatedandveri�ed
for functionalityandtiming.

Implementation Synthesis Implementationsynthesistakesthebusfunctionalmodelasinput and
synthesizesthesoftwareandthehardwarecomponents.For hardwarecomponents,theRTL
codewill be generatedafter the RTL componentallocation,their functional mappingand
scheduling.As a resultof the hardwaresynthesis,a cycle accurateimplementationof each
hardware-processingelementis created.Similaractivities takeplaceduringsoftwaresynthe-
sis. Herespeci�c codefor theselectedRTOSis createdanda targetspeci�c assemblycode
is generated.
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For our designexample,we performedthe above discussedre�nement stepsand explored few
designpossibilities.Foursuchdesignexplorationsaredescribedin thefollowing sections.

4.1 CompleteSoftwareSolution

In thisexploration,wechooseto have theentiredesignimplementedononesinglegeneralpurpose
processor. Suchanimplementationis oftena goodstartingpoint for theembeddedsystemdesign,
sinceits fasterto designandvery likely to satisfychipareaandpower requirement.
From the SCElibrary, we chooseMotorola Cold�r e generalpurposeprocessor. Cold�r e is a 32-
bit �oating point processorwith a clock frequency of 66 MHz and64KB programmemoryand
128KB of datamemory. Thewholedesignwasmappedonto thecold�r e processorandusingthe
automatedarchitecturere�nementtool, architecturemodelwasgenerated.Thearchitecturemodel
is simulatedto verify the functionality andthe timing. Cold�r e at 66MHz alonecould not meet
the computationcomplexity of the design. So, therewasno point in continuingfurther with this
exploration. However, out of curiosity to know the �nal implementationtiming andto understand
thedesignprocess,we continuedfurtherwith theexplorationby increasingtheclock frequency of
thecold�r e to 80MHz. At thisnew operatingfrequency, themodelsatis�edthetiming requirement.
Theconcurrentbehaviors in themodelwerescheduleddynamicallyandschedulingre�nementwas
performed.Theresultingmodelwascompiledandsimulatedto verify thefunctionalityandtiming.
Theexecutiontime afterthis re�nementstepincreasedbecauseall theparallelbehaviors werenow
serialized.Sincetherewasonly onecomponentin thewholedesign,all thecommunicationin the
designwasmappedontothesystembusof thecold�r eprocessorandcommunicationre�nementwas
performedto generatethecommunicationmodel.Thecommunicationmodelwassimulated,andas
expected,therewasno changein theexecutiontime of thedesign,astherewasno communication
overhead.
In thenext step,weperformedimplementationsynthesisby synthesizingtheC codefor thecold�r e
processor. Themodelwassimulatedto verify thefunctionalityof thedesign.This C codecannow
becompiledfor thecold�r eprocessorusingacross-compiler.
As mentionedbefore,this explorationcouldnot satisfytheperformancerequirementwith 66MHz
cold�r eprocessor. It waspursuedby increasingtheclock frequency of theprocessorto 80MHz.

4.2 Hardware-SoftwareSolution-1

SincethesinglesoftwarePEsolutioncouldnot meetour timing requirement,we decidedto have
hardwareaccelerationfor the time critical blocksof the design. For this exploration,we choose
cold�r e processorwith a clock frequency of 66MHz anda hardwarePEwith a clock frequency of
66MHz.

4.2.1 Hardware-SoftwarePartitioning-1: Ar chitectureRe�nement

Similar to thesinglesoftwarepartitioning,in thisexploration,theentirefunctionalityof thedecoder
wasmappedonto the cold�r e processor. The Talk2Monitor behavior, responsiblefor transferring
the decodedaudiodatato the outsideworld, wasmappedonto hardwarePE, HW0 with a clock
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frequency of 66 MHz (sameasthat of cold�r e processor).This wasdoneto isolatethe decoding
functionalityandthedatatransferlogic. Themodelafterarchitecturere�nementis shown in Fig-
ure 18. As shown in the �gure, thereareonly two componentsin this architecturewith cold�r e
implementingmost of the functionalities,including the computeintensive behaviors, Synthesis
Filter, AliasReduction, andIMDCT. For simplicity, the architecturemodelomits minor details. It
showsonly symbolicchannelsbetweenPEsandomitsthePEsimplementingthequeuechannels.
Thearchitecturemodelwassimulatedto verify thefunctionalityandthetiming. Inspiteof having a
separatePEfor transferringthedecodeddatato theoutput,thispartitioncouldnotsatify thetiming
requirement.Wehaveto increasetheclockfrequency of thecold�r eprocessorto 80MHzto meetthe
performancerequirement.EventhoughthisarchitecturerequiredextrahardwarePEandperformed
no betterthana cheapersinglesoftwaresolution,we decidedto pursuethis explorationfurther, as
wefelt thatit wasagoodideato isolatethedatatransferlogic from thedecodingfunctionality. This
partitionmightperformbetterduringlaterdesignstageswhenthemodelsbecomemoreaccuratein
their implementationgiving moreaccurateperformancenumbersthantheestimatednumbersgiven
by thearchitecturalmodel.

4.2.2 Hardware-SoftwarePartitioning-1: Communication Re�nement

Sincethereareonly two componentsin this architecture,all the communicationbetweencold�r e
andHW0wasmappedontothesystembusof thecold�r eprocessor. Thecommunicationmodelfor
thispartitionis shown in Figure19. Thecold�r eactsasthemasterandHW0is theslaveof thebus.
Thecommunicationmodelwassimulatedandthefunctionalityandtiming wereveri�ed.

4.2.3 Hardware-SoftwarePartitioning-1 : Implementation Synthesis

After the communicationre�nement, the next designstepis the RTL synthesisof the hardware
PEs. We consideredthe RTL implementationof the Talk2Monitor behavior which wasmapped
to the hardware PE, HW0, during architecturere�nement. As discussedin the Section3.3, the
Talk2Monitorhas3 child behaviors,Listen2Decoder, ComputeTimeandDataTransfer. To perform
the RTL implementationof the ComputeTime behavior, we allocatedone 32 bit adderunit, one
divider, onemultiplier unit, anda32bit register�le of size8. UsingtheRTL re�nementtool of the
SCE,theRTL implementationfor theComputeTimebehavior wasderived.Dueto certainlimitation
in theRTL re�nementtool,wecouldnotsynthesizetheListen2DecoderandDataTransferbehavior.
Next, the software synthesisfor the cold�r e processorwas performedand resultantmodel was
simulatedto verify thefunctionalityandtiming.

4.3 Hardware-SoftwareSolution-2

In thepreviousexploration,wepresentedaworkableimplementationof ourdesignexample.In this
section,wewill discussanotherhardware/softwarearchitecturewhichexploitstheparallelismin the
speci�cationmodelandderivesa differentarchitecturefor theMP3 decoder. For this exploration,
weusedcold�r eprocessorandthreehardwarePEswith operatingfrequency of 66MHz.
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4.3.1 Hardware-SoftwarePartitioning-2: Ar chitectureRe�nement

In this exploration,thecomputationalhot-spotbehavior, s�lter wastargetedfor hardwareaccelara-
tion. s�lter is aparallelcompositionof two instancesof FilterCorebehavior asshown in Figure14.
Eachconcurrentinstanceof FilterCore, �lter core ch0 and�lter core ch1 weremappedto hardware
PEs,HW0,HW1. To makethedecodingfunctionalityindependentof thedatatransferfunctionality,
the Talk2Monitor behavior wasmappedto anotherhardwarePE,HW2. The restof the function-
ality wasmappedto the cold�r e processor. The architecturemodelgeneratedby the architecture
re�nement tool is shown in Figure 20. Note that, in the �gure, not all the channelsin the real
modelaredepicted.Only theuserintroducedchannelsandfew importantchannelsthat represent
thecommunicationbetweenvariousPEsareshown. Cold�r e communicateswith HW0,HW1,and
HW2 communicateswith HW0, HW1. The architecturemodel in the �gure is beforeperforming
theschedulingre�nement. Thepipelinedexecutionin thePEs,HW0,HW1is sequentiallysched-
uledandtheschedulingre�nementis performedusingtheschedulingre�nementtool. Theresultof
schedulingcanbeseenin Figure20.
The architecturemodelwassimulatedto verify the functionality andtiming andthis exploration
wasableto meetour timing constraint.

4.3.2 Hardware-SoftwarePartitioning-2: Communication Re�nement

Similar to the previous exploration, all the communicationbetweenthe hardware PEs and the
cold�r e are mappedonto the cold�r e's main bus. Two bussesbasedon double handshake
protocol are allocated and the communicationchannelsbetweenHW0-HW2 and HW1-HW2
are mappedonto the respective busses. The communicationmodel generatedafter the com-
municationre�nement is shown in Figure 21. Also, note that the executionwithin HW0, HW1
is nolongerpipelinedasthosebehaviorsweresequentiallyscheduledduringschedulingre�nement.

Thecommunicationmodelwassimulatedto verify thefunctionalityandtiming andthis explo-
rationalsosatis�edour timing requirement.

4.3.3 Hardware-SoftwarePartitioning-2 : Implementation Synthesis

Dueto the lack of few library componentsfor performingthe �oating point operationsanddueto
certainlimitationsin theRTL synthesistool to handleportsof interfacetypethis stepcouldnot be
performed.Sowe have to stopat thecommunicationmodel. However, thesoftwaresynthesisfor
thecold�r e processorwasperformedandresultantmodelwassimulatedto verify thefunctionality
andtiming.

4.4 Hardware-SoftwareSolution-3

In this section,we will discussyet anotherexplorationbasedon hardware-softwarepartitioning.In
this partitioning,theparallelismandthepipeliningexposedin thespeci�cationmodelareutilized
to derive a different, interestingarchitecturefor the MP3 decoder. For this exploration,we used
cold�r eprocessorand5 hardwarePEswith operatingfrequency of 66MHz.
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4.4.1 Hardware-SoftwarePartitioning-3: Ar chitectureRe�nement

The computationalhot-spotsin the designwere identi�ed by running the pro�ler. The pro�le
resultsareshown in theFigure22 for few critical behaviors. Thefour behaviorssetbuffer1,Bdct64,
dctoutstage, windowopwere the pipeline stagesof the SynthesisFilter behavior. Collectively,
SynthesisFilter was single most computeintensive behavior. We decidedto map eachpipeline
stageof SynthesisFilter behavior onto independenthardwareunits. Since,thecomputationin the
two stages,setbuffer1,DCTOutStage wasvery lesscomparedto Bdct64,and windowopstages,we
decidedto mapsetbuffer1, Bdct64ontoonePEanddctoutstage, windowopontoanotherhardware
PE. The partitioning of the input designand the mappingof eachpartitions onto the system
componentsis shown in the architecturemodel in Figure 23. In this partition, generalpurpose
processor, Motorola Cold�r e is assignedonly a partial part of the decodingalgorithm and the
mostcomputeintensive partwhich wasrepresentedby thebehavior SynthesisFilter is distributed
to 4 hardwarePEs(HW0, HW1, HW2, HW3). HW0, HW1 processthe �rst stereochanneland
HW2, HW3 processthesecondstereochannel.Thebehavior Talk2Monitor, which is responsible
for combiningthe outputsof two channelsandwrite to the externaldevice, is mappedto another
hardwarePE,HW4. Eventhough,Talk2Monitorwasnot computationallyintensive, it wasmapped
ontoan independentunit to separateandparallelizethedecodingactivity andoutputdatatransfer
activity. By thispartitioning,all theparallelismandpipeliningthatwasexposedin thespeci�cation
modelwereutilized. In this �gure, to avoid clutteringandconfusion,notall thechannelsin thereal
modelaredepicted.However, all the userde�ned channels(channelsin the speci�cationmodel)
andimportantchannelsshowing communicationbetweenvariousPEsareshown.

4.4.2 Hardware-SoftwarePartitioning-3: Communication Re�nement

After architecturere�nement,busseswereallocated.Themainbusof thecold�r e processorserved
as the systembus. The four hardware PEs (HW0-HW3) communicatewith the cold�r e using
this systembus. 4 Bussesbasedon double handshake protocolsHW0 2 HW1, HW1 2 HW4,
HW2 2 HW3,HW3 2 HW4wereallocatedfor thecommunicationbetweenhardwarePEs.All the
channelsin the correspondingpathsweremappedonto the respective bussesandcommunication
re�nementwasperformed.Theresultingcommunicationmodelis shown in Figure24. Thereare
totally 5 bussesin thedesign.Thecold�r eprocessorwhichactslikeamasterorchestratingtheentire
decodeoperationcommunicateswith PEsHW0 - HW3 usingits mainbus. HW0 andHW2 com-
municatethepartially processeddatato HW1 andHW3 usingdoublehandshake bus. HW4 which
outputsthedatato theexternalworld getsthedatafrom HW2 andHW4 andthiscommunicationis
throughanotherpairof doublehandshakebus.

4.4.3 Hardware-SoftwarePartitioning-3: Implementation Synthesis

After thecommunicationre�nement,thenext designstepis theRTL synthesisof thehardwarePEs.
Due to the lack of few library componentsfor performingthe �oating point operations,this step
couldnot beperformed.Sowe have to stopat thecommunicationmodel. However, thesoftware
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synthesisfor thecold�r e processorwasperformedandresultantmodelwassimulatedto verify the
functionality.

4.5 Summary and Conclusions

In thissection,wediscussedthevariousexplorationsweperformedusingSCE.Wediscussed4 de-
signimplementations,3 of thembasedonhardware/softwarepartitioning.Thekey featuresof the4
explorationsaregivenin theTable4. Thetablelists thenumberof softwarePEs,numberof hard-
warePEs,operatingfrequency andthenumberof channelsin eachexploration. Theperformance
of thevariousmodelsin eachdesignexplorationis discussedin thenext sectionin detail. Theau-
tomationprovidedby SCEmakesit possibleto performmany explorationswithin ashortamountof
time. Early feedbackabouttheperformanceof thedesigncanbeobtainedby simulatingthemodels
at higherabstractionlevels. Dueto few limitations in theRTL synthesistool, we couldsynthesize
only a part of our design. In a nutshell,usingSCEdesignenvironment,optimizedarchitectures,
satisfyingthedesignconstraints,canbeobtainedin ashorttime.

Feature CompleteSoftware HW-SW HW-SW HW-SW
Solution Solution-1 Solution-2 Solution-3

No. of Generalpurpose 1 Cold�r e 1 Cold�r e 1 Cold�r e 1 Cold�r e
Processors

No. of hardwarePEs 0 1 3 5
Clock frequency of thePEs 66MHz 80MHz 66MHz 66MHz

No. of busses 1 1 3 5
Performancerequirement Not satis�ed Satis�ed Satis�ed Satis�ed

Table4: Key featuresof thedifferentexplorations.
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5 Experimental Results

This sectionsummarizesthe experimentsandresults. Thereare two aspectsof the model to be
tested.First, thefunctionalityof thedesign,andsecond,thetiming of theMP3decodeoperation.

5.1 Functionality Veri�cation

To test the functionality, we usedthe testbenchdescribedin the Section3.2. The output PCM
�le generatedby the monitor wascomparedwith the onegeneratedby the referencedecoderfor
verifying thefunctionality.

5.1.1 TestSuite

For verifying eachof themodels,asetof teststreamsobtainedfrom FraunhoferInstitute[10] were
used.Thesestreamsandtheir key propertiesaregivenin theTable5. Thetablelists thesampling
frequency, bitrateatwhichthestreamswereencoded,realtimelengthandthetypeof stream(Stere-
o/Mono).Thesamplingfrequency is thefrequency atwhich theanalogsignalwassampledandthe
bitrateindicatestheextentof compression.For example,streamsclassic1.mp3,classic2.mp3have
thesamesamplingfrequency but, classic1is codedat a higherbitratethanclassic2. This indicates
thatclassic1is lesscompressedthanclassic2andhenceof betterquality.

Propertiesof thetestMP3streams

Title SamplingFrequency Total Bitrate RealTime length Stereo/Mono
min:sec

funky.mp3 44.1KHz 96Kbits/Sec 1:02 Stereo
spot1.mp3 44.1KHz 96Kbits/Sec 0:10 Stereo
spot2.mp3 44.1KHz 96Kbits/Sec 0:11 Stereo
spot3.mp3 44.1KHz 96Kbits/Sec 0:11 Stereo

classic1.mp3 22.05KHz 56Kbits/Sec 0:19 Stereo
classic2.mp3 22.05KHz 48Kbits/Sec 0:20 Stereo

Table5: Propertiesof teststreams.

5.2 Timing Veri�cation

Apart from decodingcorrectlyto producebit accurateresults,thedecoderis expectedto deliver the
outputPCMsamplesat thecorrectbitrate.Thisratedependsonthesamplingfrequency of theinput
MP3 streamandputsa timing constrainton the decoder. The decoderis requiredto decodeand
outputexactlyat this rate.If theoutputratecontrollogic is notpartof thedecoder, thenthedecoder
cangenerateoutputfasterandexpecttheexternallogic to take careof the ratecontrol. However,
in our design,asthis logic waspartof thedesignthedecoderwasexpectedto deliver thedecoded
dataexactly at this rate. Thespeci�cationmodelis untimedandwill run in zerosimulationtime.
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Since,our designincludedthis output ratecontrol logic, the delivery of the decodedsamplesto
theoutputdevice would happenat a controlledrateandhenceeventhespeci�cationmodelwould
take �nite non-zerosimulationtime to run. In orderto measuretheactualtime to decodewithout
consideringthe explicit delayintroducedby ratecontrol logic, we disabledthe delaysin the rate
controllogic. Thischangein themodelwasdoneonly for thetiming measurement.As wegodown
the abstractionlevel performingeachre�nementsteps,the decodeoperationtakesnon-zero�nite
time.
The averageestimateddecodetime per frame of audio data for each partition discussedin
Section4 andfor eachre�ned modelis givenin thetablesTable6, tablesTable7, Table8, Table9
and Table 10. The resultsare obtainedby simulatingeachmodel with one of the test streams,
spot1.mp3. Also provided in thetablesarethedeadlinefor decodingeachframeof audiodatafor
the teststreamspot1.mp3andthe clock frequency of the PEsusedin the design. The Estimated
Initial Latencyis the time it takesto decodethe very �rst sampleof the very �rst frameof audio
data.Thelastcolumnin thetablesgivestheratio of thedecodetime to thestipulateddeadline.A
valueof greaterthan100%impliesthatthemodelcouldnotmeettheperformancerequirement.
For thesinglesoftwaresolution,two tablesaregiven,tableTable6 givesthedecodetimeswhenthe
clock frequency of thecold�r e processoris 66 MHz. Clearly, this singlesoftwaredesignsolution
couldnot meetthestipulateddeadlinetaking27.15msecsto completethedecodeof singleframe.
Thesecondtable,Table7 is obtainedwith cold�r e processorat 80 MHz andit meetsthestipulated
deadlineby taking22.41msecsto decodea frame. In general,thesimulationtime increaseswith
eachmodel.However, sincethereexistsnocommunicationoverhead,thecommunicationmodelin
thiscase,doesnotshow increasein executiontimecomparedto thearchitecturemodel.

TheTable8 givestimingsfor thepartition in Figure18. This architecturemeetsthestipulated
deadlineandits estimateddecodingtimesaresameasthat of the puresoftwareexploration. The
implementationmodelfor thisarchitecturecontainssynthesizedsoftwarein C andRTL implemen-
tationof only asubsetof thefunctionalitymappedto hardwarePE.
Thetiming of the third architecture(Figure20), composedof 1 cold�r e processorand3 hardware
PEsat 66 MHz, is givenin Table9. This architecturemeetstheperformancerequirementevenat a
lowerclockfrequency of 66MHz becauseof thehardwareaccelarationof thecritical computational
blocks.
The�nal architectureof Figure23 hasthemostcomplex architecturewith 1 cold�r e processorand
5 hardwarePEs,eachoperatingat 66 MHz. This architectureexploits boththeparallelismandthe
pipelining in the application. Though,it meetsthe stipulateddeadline,its performanceis not as
goodasthethird architecture(Figure20).
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Timing of VariousModelsof SingleSoftwarepartition
Deadlineto decodeoneframeof spot1.mp3= 26.12msec

Operatingclock frequencyof theprocessor= 66MHz

Model Estimated Estimated Ratio of
Initial Latency Time to Decodea Frame DecodeTime to Deadline

Speci�cationModel 0.0msec 0.0msec –
ArchitectureModel 25.03msec 12.80msec 49.0%

ScheduledArchitectureModel 27.15msec 27.17msec 104%
CommunicationModel 27.15msec 27.17msec 104%
ImplementationModel 27.15msec 27.17msec 104%

Table6: Timing of variousmodelsof Softwarepartition.

Timing of VariousModelsof SingleSoftwarepartition
Deadlineto decodeoneframeof spot1.mp3= 26.12msec
Operatingclock frequencyof theprocessor= 80MHz

Model Estimated Estimated Ratio of
Initial Latency Time to Decodea Frame DecodeTime to Deadline

Speci�cationModel 0.0msec 0.0msec –
ArchitectureModel 20.65msec 10.56msec 40.4%

ScheduledArchitectureModel 22.40msec 22.41msec 85.17%
CommunicationModel 22.40msec 22.41msec 85.17%
ImplementationModel 22.40msec 22.41msec 85.17%

Table7: Timing of variousmodelsof Softwarepartition(Workingsolution).

Timing of VariousModelsof Hardware-Softwarepartition-1
Deadlineto decodeoneframeof spot1.mp3= 26.12msec
Operatingclock frequencyof HWandSWPEs= 80MHz

Model Estimated Estimated Ratio of
Initial Latency Time to Decodea Frame DecodeTime to Deadline

Speci�cationModel 0.0msec 0.0msec –
ArchitectureModel 20.65msec 10.56msec 40.4%

ScheduledArchitectureModel 22.14msec 22.41msec 85.8%
CommunicationModel 22.14msec 22.45msec 85.8%
ImplementationModel 22.14msec 22.45msec 85.8%

Table8: Timing of variousmodelsof Hardware-Softwarepartition-1.
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Timing of VariousModelsof Hardware-Softwarepartition-2
Deadlineto decodeoneframeof spot1.mp3= 26.12msec
Operatingclock frequencyof HWandSWPEs= 66MHz

Model Estimated Estimated Ratio of
Initial Latency Time to Decodea Frame DecodeTime to Deadline

Speci�cationModel 0.0msec 0.0msec –
ArchitectureModel 24.78msec 6.37msec 24.4%

ScheduledArchitectureModel 26.36msec 9.87msec 37.8%
CommunicationModel 26.42msec 10.02msec 38.4%
ImplementationModel 26.42msec 10.02msec 38.4%

(Synthesizedsoftwareonly)

Table9: Timing of variousmodelsof Hardware-Softwarepartition-2.

Timing of VariousModelsof Hardware-Softwarepartition-3
Deadlineto decodeoneframeof spot1.mp3= 26.12msec
Operatingclock frequencyof HWandSWPEs= 66MHz

Model Estimated Estimated Ratio of
Initial Latency Time to Decodea Frame DecodeTime to Deadline

Speci�cationModel 0.0msec 0.0msec –
ArchitectureModel 24.82msec 7.78msec 29.8%

ScheduledArchitectureModel 26.41msec 10.99msec 42.1%
CommunicationModel 26.41msec 11.21msec 42.9%
ImplementationModel 26.41msec 11.21msec 42.9%

(Synthesizedsoftwareonly)

Table10: Timing of variousmodelsof Hardware-Softwarepartition-3.
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6 Summary and Conclusions

In this project,we adoptedtheSpecCdesignmethodologyto implementa Systemon a Chip MP3
decoder. We usedthe SpecCbasedSystemon a Chip Environment(SCE) tool for performing
the designexploration and implementation.We chooseSpecC,as a languageto implementthe
speci�cationmodel,as it bestsuits for describingsystemsinvolving both hardwareandsoftware
components.Being a true supersetof ANSI-C, it hasa naturalsuitability to describesoftware
components.It hasaddedfeaturesto supporthardwaredescription.It alsoincludesconstructsto
supporthierarchicaldescriptionof systemcomponents.With all thesefeatures,the designerhas
�e xibility to chooseanddescribethe systemat any desiredlevel of abstraction.SpecCis easyto
learnanda cleanlanguage.Anyonewith backgroundknowledgeof C can learnSpecCquickly.
The availability of SpecCbasedSCEfor performingdesignspaceexplorationandsynthesiswas
anothermainreasonfor choosingSpecCasthespeci�cationlanguage.

As an input to the SCE,we provided the Speci�cationmodelof the MP3 decoderwritten in
SpecCSLDL. SCEprovidesdesignerawayto dealwith thecomplexity of thedesignby having the
designerhandlethedesigncomplexity at a higherlevel of abstraction.It providescompletedesign
automationwith occasionalmanualinterventionfor decisionmakingandcontrollability. Theuser
interventionis restrictedto the allocationof processingelements,busses,memoriesandmapping
of thebehaviorsandchannelsontotheallocatedcomponents.Thetool allowsaneasydesignspace
exploration. It enablesthedesignerto estimateperformanceduring theearlystagesof thedesign
andadditionallyallows theearlypruningof thedesignspace.

With SCEtool availablefor doing all the explorationandre�nement, the main responsibility
of the designeris to write a good,cleanspeci�cationmodel. We spent13 man-weeksto convert
an C codeinto the Speci�cationmodel. Thoughthe startingC speci�cationwasgoodenoughto
be a generalsoftwareprogramto run on serversanddesktopsystems,it wasnot suitableto be a
SoCspeci�cation.A noticeableeffort hadto bespentin writing a speci�cationmodelto eliminate
the issueslike usageof global variables,lack of separationof communicationand computation
blocks,lack of behavioral hierarchy. We introducedsuf�cient granularityin themodelto facilitate
goodnumberof explorations.We separatedthecomputationandcommunicationblocksby having
all thecomputationcapturedin behaviors andall communicationusingchannels.We exposedthe
concurrency in thedesignby having parallelandpipelinedexecutionof behaviors.
In this report,we alsoproved the power andusefulnessof automatedSoCdesignmethodology,
SCE.SCEletsdesignerto focusonthedevelopmentof thespeci�cationmodelby takingcareof all
there�nementstepsthroughanautomatedtool set.
In this report,we de�ned a ”good” speci�cationmodelanddescribeda stepby stepprocedureto
arrive at a good,cleanspeci�cationmodel.We identi�ed varioustasksthatcanbeautomatedfully
or partially automatable.An interactive tool which can perform automaticre�nement basedon
designerdecisionswill bea goodreplacementfor themanualeffort. Sincewriting a speci�cation
modelis a time consumingeffort, it will bemostusefulto focusthefutureeffort in thedirectionof
automatingtheprocessof writing thespeci�cationmodelfrom C code.Having sucha tool would
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be next logical steptowardshaving an endto endsystemdesignautomation.Sucha tool would
obviate the user to learn new SystemLevel languageslike SpecCand the systemspeci�cation
couldstartwith amoreabstractlevel in C.
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[25] DongwanShin,AndreasGerstlauer, RainerDömer, andDanielD. Gajski.C-basedinteractive
RTL designenvironment.TechnicalReportCECS-TR-03-42,Centerfor EmbeddedComputer
Systems,Universityof California,Irvine, December2003.

[26] Fpga designcycle time reductionandoptimization. http://www.xilinx.com/xcell/xl29/xl29
20.pdf.

[27] FrankVahid andTony Givargis. Digital cameraexample. In EmbeddedSystemDesign: A
Uni�ed Hardware/Software Introduction. JohnWiley & Sons,Inc., 2002.

60



[28] Frank Vahid, Sanjiv Narayan,and Daniel D. Gajski. SpecCharts:A VHDL frontendfor
embeddedsystems. IEEE Transactionson Computer-AidedDesignof IntergratedCircuits
andSystems(TCAD), 14(6):694–706,June1995.
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