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decoderin SpecClanguageandthe subsequentdesignspaceexplorationandimplementationus-

ing SCE.This thesisalsoattemptsto improve the SoCdesignprocessby identifying the tasksin

speci�cationmodelingthatcanbeautomated.
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Chapter 1

Intr oduction

In this thesis,wedescribethesystemlevel designprocessadoptedto designaMP3Audio

decoder. WeadoptedtheSpecCdesignmethodologyanddevelopedaspeci�cationmodelof aMP3

audiodecoderin SpecClanguageandusedtheSystemOnaChipEnvironment(SCE)developedat

Centerfor EmbeddedComputerSystems(CECS),to arriveatthe�nal implementationof thedesign.

First,we give a brief overview of SoCdesignchallenges,followedby introductionto speci�cation

modelingandSpecClanguageand�nally , we introduceSpecCbasedSoCdesignmethodology.

1.1 Challengesof SoCDesign

Thesystemdesignprocessis elaborateandinvolveswriting variousmodelsof thedesign

at differentlevelsof abstraction.Figure1.1 shows thevariousabstractionlevels. Fromthe �gure,

we seean increasein thenumberof componentsandhencethecomplexity aswe go lower in the

level of abstraction.At thelowestlevel, anembeddedsystemconsistsof 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

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
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CHAPTER1. INTRODUCTION

Figure1.1: Abstractionlevelsin SOCdesign[13]

highly abstractspeci�cationmodelandusingautomationwill arrive at anaccurateimplementation

model.In thenext section,wewill introducethespeci�cationmodelingusingSpecClanguage.

1.2 Speci�cation Modeling and SpecC

The SoCdesignprocessstartsfrom a highly abstractsystemlevel modelcalledspeci-

�cation model. It is a pure functional,abstractmodel,and is free of any implementationdetail.

The model runs in zerosimulationtime andhencehasno notion of time. It forms the input to

architectureexploration,the�rst stepin thesystemdesignprocessandhenceformsthebasisfor all

thefuturesynthesisandexploration.

Speci�cation models are written in System-Level Design Languages(SLDLs) [13].

Languagesusedto modelcomplex systemsconsistingof hardwareandsoftwarecomponentsare

classi�edasSLDLs. Thoughit is possibleto modeldesignsin any of theprogramminglanguages,

the choiceof a good SLDL is a key in reducingthe effort requiredin writing the speci�cation

model. A good SLDL provides native supportto model both hardware and software concepts

2



CHAPTER1. INTRODUCTION

found in embeddedsystemdesigns.A goodSLDL providesnative supportto modelconcurrency,

pipelining,structuralhierarchy, interruptsandsynchronizationprimitives.They alsoprovidenative

supportto implementcomputationmodelslike Sequential,FSM, FSMD and so on, apart from

providing all thetypical featuresprovidedby otherprogramminglanguages.

Following languagesare popularchoicesfor writing speci�cation model: VHDL [9],

Verilog [19], HardwareC[17], SpecCharts[29], SystemC[14], andSpecC[11]. VHDL andVerilog

areprimarilyHardwareDescriptionLanguages(HDLs)andhencearenotsuitabletomodelsoftware

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.

In thenext section,wewill describetheSoCdesignmethodology.

1.3 SoCDesignMethodology

The SoC designmethodologyis shown in Figure 1.2. It tries to formalize individual

re�nementsstepsand gives the designerguidelineson how to handleef�ciently the immense

designspace. The SoCdesignstartswith the speci�cationmodelthat capturesthe algorithmic

behavior andallows a functionalvalidationof thedescription.Themodelis untimed,unlessthere

aretiming constraintsintroducedby thedesigner. Oncethespeci�cationmodelis �nished, it will

serve asa goldenmodel,to compareto duringthedesignprocess.Thespeci�cationmodelingand

3



CHAPTER1. INTRODUCTION

Figure1.2: SOCdesignmethodology[13]

the languageusedto capturethe modelwerediscussedin the previous section. In the following

sectionswewill detaileachof there�nementstepsandtheresultingmodelshown in Figure1.2

1.3.1 Ar chitectureExploration and Re�nement

Architectureexploration [24] determinesthe systemarchitectureconsistingof a set of

ProcessingElements(PEs).In this step,thebehaviorsof thespeci�cationmodelaremappedto the

componentsof thesystemarchitecture.This processinvolvesthreemajor tasks,Allocation, Parti-

tioning andScheduling. Allocation, allocatesSW, HW andmemorycomponentsfrom the library.

Thedecisionof choosinga componentis madeby thedesigner. Partitioningdividestheinput sys-

temspeci�cationandmapsthemonto theallocatedcomponents.Also, thevariablesin thedesign

aremappedontothememory.

Scheduling,schedulesthe executionwithin hardwareandsoftwarecomponents.Partitioning and

schedulingtasksareautomatedandrequireleastdesignerinterference.Thisprocessof architecture

4



CHAPTER1. INTRODUCTION

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 anactualimplementationoverwiresandprotocolsof systembusses.Thisdesignstepcan

be furtherdivided into threemajor tasks,Busallocation, TransducerinsertionandChannelmap-

ping. During busallocation,bussesareallocatedbetweenPEs,andmoreoftenthemainbusof the

softwareprocessoris chosenasthesystembus.Transducerinsertionintroducestransducerbetween

bussesof incompatibleprotocols(example,Parallel to SerialProtocol). During channelmapping,

the abstractchannelsbetweencomponentsaremappedto allocatedbusses.The communication

synthesisresultsin thebusfunctionalmodelwhich de�nes thestructureof thesystemarchitecture

in termsof bothcomponentsandconnections.Justlikethearchitecturemodel,busfunctionalmodel

is fully executableandcanbesimulatedandveri�ed for properfunctionalityandtiming.

1.3.3 Implementation Synthesis

Implementationsynthesistakes the bus functional model as input and synthesizesthe

softwareandthehardwarecomponents.It is composedof two major independenttasks,software

synthesis[31] andhardwaresynthesis[26]. Thesoftwaresynthesistaskgeneratesthemachinecode

for theprogrammableprocessorsin thearchitecture.As an intermediatestep,thecommunication

modelis �rst translatedto C language.Also, any concurrenttasksin thedesignwill bedynamically

scheduledby insertingarealtimeoperatingsystem.TheresultingC codeis compiledinto machine

codesof the processorsusing the crosscompiler for the processor. The hardwaresynthesistask

is performedusingtheclassicalbehavior synthesismethods.This taskcanbedivided into 3 sub-

tasks,allocation, binding, andscheduling. Allocationis allocationof componentslikemultiplexers,

adders,registers. Binding binds the operations,dataanddatatransfersto allocatedcomponents.

Schedulingdeterminestheorderin which theoperationsareperformed.Theoutputof thehardware

synthesisis a structuralRTL descriptionof thecomponent.Implementationmodelis theresultof

bothhardwareandsoftwaresynthesisandis theendresultof theentiresystemlevel design.

5



CHAPTER1. INTRODUCTION

1.4 RelatedWork

1.4.1 DesignMethodologies

SoCdesignmethodologiescanbe basedon eithertop-down approachor bottom-upap-

proach.In top-down approach,thedesignstartswith thespeci�cationof thesystemat anabstract

level andmovesdown in the level of abstractionby mappingthe functionalitiesontocomponents

makingtheimplementationmoreaccurateat eachlevel. Thedesignat thesystemlevel is split into

small functionalitiesandarecomposedhierarchically. Therequiredcomponentsareaddedandthe

functionalitiesaremappedonto the components.Oncethe architectureof the designis �nalized,

thedesignis synthesizedto arrive at the �nal implementation.This approachis easierto manage

andthedesignergetsthefreedomto choosethealgorithmandarchitecturebasedonthedesigncon-

straints. Hardware-Softwareco-designenvironments,POLIS system[5] andCOSYMA [22] 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 [27] 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 the recentyears

with anintentto capturedesignscontainingbothhardwareandsoftwarecomponentsatall levelsin

the design�o w. Out of all the languages,two languagesneedmentionbecauseof their prevalent
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use,SystemC[14] andSpecC[11]. Both thelanguagesarebasedon C language.SystemCimple-

mentssystemlevel modelingconceptsextendingC++ classlibrary. SpecC,on theotherhand,is a

new languagewith a new compilerandsimulator. Its anANSI-C extensionwith new constructsto

supportsystemlevel modeling.

For ourproject,SpecCwaschosenastheSLDL for its simplicity andcompleteness.Theeasyavail-

ability of theSpecCcompilerandsimulatorandtheSpecCbasedautomatedSoCdesignmethodol-

ogy, SCEmadethedecisioneasier.

1.4.3 SoCDesignFlow Examples

In thissection,wewill discusstwo relatedworks,thatapplytheSoCdesignmethodology

on two reallife examples.

1.4.3.1 DesignExploration and Implementation of Digital Camera

A top-down designmethodologywith digital cameraasanexampleis discussedin [28].

Thedesignprocessof this examplestartswith an informal speci�cationin the form of anEnglish

document.This speci�cation is re�ned anda completeexecutablespeci�cation in C languageis

written with 5 differentfunctionalblocks. First, an implementationon an singlegeneralpurpose

microcontrolleris consideredand basedon manualanalysisof the computationcomplexity, the

possibilityof a competitive designsolutionwith this partition is ruledout. Further, threemoreex-

plorationsbasedon hardware/softwarepartitioningarediscussed,to improve the designin terms

performance,powerandgatecount.Thedesignis manuallypartitionedinto hardwareandsoftware

partitionsbasedonmanualanalysisanddesigner'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

7
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matchingthedesignconstraintsis obtained.

In this methodology, sincethe implementationis manualat RTL, its time consumingto

designhardwarefor eachpartitionandfor eachexploration.Thelackof designautomationrestricts

thenumberof explorationsandmakesthedesignprocedurenotsuitablefor complex applications.

1.4.3.2 DesignExploration and Implementation of Vocoder

A completesystemlevel modelinganddesignspaceexploration,usingtop-down SpecC

designmethodology, of an GSM EnhancedFull-Rate speechvocoderstandardis presentedin

[1]. This was a medium sized applicationand was intendedto demonstrateand evaluatethe

effectivenessof SpecCdesignmethodology. The completespeci�cationmodelof the vocoderis

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

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 explo-

ration,Communicationexploration, Implementationsynthesisareautomatedin theSCE.Designer

dealswith only writing speci�cationmodelandis relievedof repeatedmanualimplementationof

modelsat differentabstractionlevels.This considerablyreducesthedesignprocesstime. Designer

candevoteall theattentiontowardswriting agoodspeci�cationmodelof theapplication.Designer

8
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getsaccuratefeedbackon timing by simulatingeachre�ned model.Considerabletime is savedby

runningthesimulationof theabstractmodelsandgettingtheearlyfeedback.

1.4.4 Our Work

In ourwork, weappliedtheSpecCdesignmethodologyonanindustrysizedesignexam-

ple. We implementeda MP3 audiodecoderusingSCE.We implementeda completespeci�cation

modelof MP3audiodecoderin SpecCSLDL andusedtheSCEto performthedesignspaceexplo-

ration.As a resultof automationprovidedby SCE,weexploreddifferentarchitecturesin relatively

shortertime. The thesisfocuseson the major designeffort of writing a goodspeci�cationmodel

andat relevant point discussesthe possibility and techniquesto automatethe processof writing

speci�cationmodel.

A preliminaryimplementationof this designexampleis discussedin [25]. Thespeci�cationmodel

in [25], wasnot completeandbarelyfacilitatedsuf�cient designspaceexploration. Someof the

de�cienciesincluded

� Thespeci�cationmodeldid nothaveenoughgranularity. Therewerevery few leafbehaviors

thus,restrictingtheextentof designspaceexploration.

� Thespeci�cationmodeldid notexposetrueparallelismin theapplication.

� Theconcurrency exposedin thespeci�cationmodelwasnot truly concurrentasthetwo com-

putationunitscomposedin parallelcommunicatedin a RemoteProcedureCall (RPC)style

thusmakingthemsequential.

In this work, the speci�cation model was re-modeledstartingfrom C implementation

to have suf�cient granularity, concurrency, andcomputationalload balanceacrossbehaviors We

were able to perform designspaceexploration with interestingpartitions,to arrive at a suitable

architecturefor theMP3audiodecoder.
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Chapter 2

DesignExample

In this chapter, we will describethechosendesignexample,a MP3 Audio decoder. This

chapteralsogivesanoverview of thecompressionalgorithm.

Digital compressionof audiodatais importantdueto thebandwidthandstoragelimita-

tions inherentin networksandcomputers.Themostcommoncompressionalgorithmis theubiq-

uitousMP3 alongwith theothercontenderslike,Windows MediaAudio (WMA), Ogg,Advanced

Audio Coding(AAC) andDolby digital (AC-3). A brief descriptionof theseformatsis availablein

[4]. All of theseuseavarietyof clever tricksto compressmusic�les by 90%or more.Eventhough,

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. Beforepre-

sentingmoredetailsabouttheactualdecodingprocess,a shortoverview of theMP3 bit streamis

given.
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2.1.1 Structur eof an MP3 Audio Frame

TheMP3 streamis organizedin framesof bits. Eachframecontains1152encodedPCM

samples.Theframelengthdependson thebit rate( quality) of theencodeddata.Sincethebit rate

may vary in variablerateencodedstreams,the framesizemay alsovary within a singlestream.

Thereforethe frameheadercontainsinformationfor the framedetection.Eachencodedframeis

dividedinto logical sectionsandthesecanbeviewedhierarchicallyasshown in Figure2.1.

Thevarious�elds in a frameof audiodataarediscussedbelow.

Header Error Check Audio Data Ancillary Data

Side Info Main Data

Huffman code bitsScale factors

Figure2.1: MPEG1 Layer3 frameformat

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

� It containsscalefactorselectioninformation,that indicatethe numberof scalefactors

transferredper eachsubbandandeachchannel. Scalefactorsindicatethe amountby

which an audiosampleneedsto be scaled.Since,humanearresponseis differentfor

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

sitive regionof thespectrum.

� It containsglobalgainwhichneedsto beappliedto all thesamplesin theframe.

� Informationregardingthe numberof bits usedto encodethe scalefactors. To achieve

compression,eventhescalefactorsareencodedto save thebits. This informationin the

sideinfowill indicatethenumberof bits to encodeaparticularscalefactor.

� Informationregardingthehuffmantableto beselectedto decodeasetof samples.This

informationspeci�esoneof the32huffmantablesusedfor huffmandecoding.

Main data ThemaindatacontainsthecodedscalefactorsandtheHuffmancodedbits.

� Scalefactorsareusedin thedecoderto getdivision factorsfor a groupof values.These

groupsarecalledscalefactorbandsandthegroupstretchesoverseveralfrequency lines.

The groupsareselectedbasedon the non-uniformresponseof humanearfor various

frequencies.

� 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.

2.1.2 MP3 DecoderOperation

The block diagramin Figure2.2 shows the data�o w within the MP3 decoder. The in-

comingdatastreamis �rst split up into individual framesandthe correctnessof thoseframesis

checkedusingCyclic Redundancy Code(CRC)in thesyncandtheerror checking block shown in

Figure2.2. Further, usingthescalefactorselectioninformationin thesideinformation,scalefactors

aredecodedin theScalefactordecodingblock. Scalefactorsareusedto scaleup there-quantized

samplesof asubband.Subbandis asegmentof thefrequency spectrum.Subbandsareintroducedin

theencoderto selectively compressthesignalsatdifferentfrequencies.Thesesubbandsarechosen

to matchthe responseof humanear. The main dataof the frameis encodedasa Huffman codes

The quantizedsamplesarederived from the huffman codesin the Huffmandecodingblock. The
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Figure2.2: Block diagramof MP3decoder[18]

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

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] [23] [18].
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Chapter 3

Speci�cation Model

Speci�cationmodelis thestartingpoint in thesystemdesignprocessandformstheinput

to thearchitectureexplorationtool. Speci�cationmodelis theresultof capturingthefunctionalityof

thedesignin SystemLevel DescriptionLanguage(SLDL). It is a purefunctional,abstractmodel,

and is free of any implementationdetail. Sincethe speci�cation model forms the basisfor the

synthesisandexploration,it is importantto write ”good” speci�cationmodel.A goodspeci�cation

modelhasthefollowing 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
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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�cationmodelof thedesigncouldbewritten from scratch,whichrequiresextensive

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

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 chapterwill describethedevelopmentof thespeci�cationmodelstartingfrom ref-

erenceC-codeof aMP3Audio decoder.

3.1 ReferenceC Implementation of MP3 Decoder

To develop thespeci�cationmodelwe referredto theC implementationof theMP3 de-

coderavailablefrom MPG123[21]. MPG123is a real time MPEG Audio Playerfor Layers1,2

and3. The playerprovides,both, the coredecodingfunctionality andinteractive GraphicalUser

Interface(GUI). This referencedecoderis designedfor and testedto work on Linux, FreeBSD,

SunOS4.1.3,Solaris2.5, HPUX 9.x andSGI Irix machines.It requiresAMD/486 machinesrun-

ningatat least120MHzor fastermachineto decodestereoMP3streamsin realtime.
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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

Table3.1: Propertiesof thereferenceimplementationof MP3decoder.

3.1.1 Propertiesof the Sourceof ReferenceImplementation

The propertiesof the referenceimplementationaregiven in Table 3.1. The table lists

someof the physical propertiesof the C codeimplementationof MP3123. The sourcearchive

contained�oating point implementationof theMP3Audio decoder. Theimplementationcontained

66 source�les, which includedtheactualdecodingalgorithmaswell assupportinguserinterface

code,contributing to 12K lines of code. For developingour speci�cationmodelwe only focused

on thecoredecodingalgorithmwith a simpleI/O spreadover 10 source�les, andcomprising3K

linesof code.Thesourcewassplit into 30 functions.A call graphof themajorfunctionsis shown

in Figure-3.1.

Sincethis referenceC implementationwas not meantto be a SOC description,it had

typical codingissues,thatneedto beremodeled.Someof thesearelistedbelow:

� The implementationmajorly composedof pointer operations.Sincepointersare not sup-

portedby the hardwaresynthesistools, the presenceof pointersin the sectionof codethat

wouldgetmappedto ahardwarePEis discouraged.

� Usageof datastructureswith pointermembers.

� Lackof behavioral hierarchy.

� Lackof separationof computationandcommunicationblocks.

� Excessiveusageof globalvariables.

� Absenceof adistincttestbenchandalgorithmimplementation.
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Figure3.1: Call graphof majorfunctionsin thereferenceC implementation

To addressthese,a stepby stepapproachwas adoptedto arrive at the �nal cleanspeci�cation

model.Thesearemanualstepsandaredescribedin thesubsequentsections,andwhereverpossible,

wediscussthepossibilityof automation.

3.2 Initial Testbench

In this designstep,we separatedthe core functionality of the MP3 decoderfrom the

rest of the codein the referenceimplementationand built a testbencharoundit. The testbench

remainsunchangedthroughout the designprocessandprovides the testingenvironmentfor our

DesignUnderTest(DUT). Thisstepinvolvesfew smallertaskswhicharediscussedin thefollowing

sections.

3.2.1 Making C CodeSpecCCompliant

As a�rst step,theentiremainfunctionof thedecoderwaswrappedin onebehavior, Main.

In SpecC,the root behavior is identi�ed by Main behavior and is the startingpoint of execution

of a SpecCprogram. The model was compiledusing the SpecCcompiler. Sincethe reference

implementationwas not ANSI-C compliantanddue to somelimitations in the SpecCcompiler,
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therewerecompilationissueswhich requiredchangesin theC codeto make it SpecCcompliant.

Someof theissuesencounteredarelistedbelow.

� 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.

� Certainvariablenamesin the C implementationlike, in, out arekeywordsin SpecC.Such

variableswererenamedto somenon-interferingnames.

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

changedwithouthamperingthenormalfunctionality.

After theabovechanges,wewereableto compileandsimulatethereferenceC codeusing

SpecCcompilerandsimulator.

3.2.2 Building the Testbench

Thecoredecodingfunctionalityof thedecoderwasseparatedfrom the restof codeand

waswrappedin abehavior mp3decoder. Thisnew behavior is theDUT. Two leafbehaviors,stimulus

andmonitorwereintroducedto implementthefunctionalityof thetestbench.Thethreebehaviors

were instantiatedin the Main behavior. The communicationbetweenthesethreebehaviors was

establishedusing the queuechannels,x andy. Readonly information like, buffer sizeand type

of streambeingprocessedweresharedacrossthebehaviors usingvariables.Thestructureandthe

connectivity of thetestbenchis shown in Figure3.2. ThestimulusreadstheinputMP3streamfrom

thebinaryMP3 �les (*.mp3) andsendsit to mp3decoderin chunks.mp3decoderbehavior decodes

theinput dataandsendsit to monitor. Themonitorbehavior receivestheincomingdataandwrites

it into anoutput�le (*.pcm). It alsocomparesthereceiveddatawith referenceoutputgeneratedby

thereferenceimplementation.

3.2.3 Timing of the Testbench

In this section,we describethetiming of thestimulusandmonitorbehaviors to transmit

andreceive datarespectively, at a correctrate. We alsolook at designof thebuffer capacityin the

testbench.
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Figure3.2: Top level testbench

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:

Since we are calculating the wait period after every transferof 256 bytes, we �rst

computenumberof chunksper secondusingthebitrateandstereomodeparameters.The inverse

of thenumberof chunkspersecondgivesthewaittime. Theabovecalculationgivesthewaittimein

nano-seconds.The above timing detail is shown in Figure3.3(a). The x-axisis the time line and

y-axis indicatesactivity in bursts. The �gure shows that thereis a datatransferfrom stimulusto

monitorin burstsof 256byteseverywaittimens.
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Activity

Timewaittime

(a) Stimulus to Decoder data transfer activity

256 byte bursts of MP3 stream

Activity

TimeDeadline per sample

2 byte bursts of decoded PCM samples

(b) Decoder to Monitor data transfer activity

Figure3.3: Timing of testbench

The monitor checksif the samplesfrom the decoderare received in a stipulatedtime.

Monitor computesthis stipulatedtime or deadlineusingsamplingfrequencyandstereomode(This

parameteris 1 for monoand2 for stereoencoding)information.At thestartof every frame,mon-

itor checksif the framewasreceived within the stipulatedtime. This checkwill determineif the

decoderis too slow to meetthenecessarytiming requirement.Thedeadlineper frameof samples

is 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

In theabovecalculations,deadlineis thetimein nano-secondsto decodeaframeof audio

data. We �rst computethe deadlineper sampleusing the stereo modeand samplingfrequency
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parametersin termsnano-seconds.Using,numberof samplesper frame, we arrive at thedeadline

for theentireframe.Theabove timing detail is shown in Figure3.3(b). The�gure shows thatthere

is adatatransferin burstsof 2 byteseverydeadlinepersamplens.

Now, we will look at thecomputationof thebuffer capacityfor the two channelsin the

testbench.Thestimulusto mp3decoderqueuemustbedesignedto accommodatedataworthat least

oneworstcaseframesize.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.

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 thedecoderwith themonitorwassequential.As themonitorwasdesignedto

acceptthedataataspeci�c ratethewholedecoderwouldbestalledtill thedecodeddatawasdeliv-

eredto themonitor. Thisobviouslywasnotdesiredasit meantwastageof resourcesin thedecoder

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 Figure3.4.

The newly introducedbehavior Talk2Monitor runsconcurrentlywith the corebehavior

decodeMP3andconsistsof 3 child behaviors, Listen2Decoder, ComputeTime andDataTransfer,

composedin FSM. DataTransferis responsiblefor gettingthedecodeddatafrom thedecodeMP3

in chunksof 32 samplesand write it to monitor at a properrate. This rate is calculatedfrom
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Figure3.4: Top level parallelhierarchy of thedecoder

the samplingfrequency andstereomodeinformationby ComputeTime behavior. Listen2Decoder

is responsiblefor receiving this information from decodeMP3using doublehandshake channels

ch sfreq,ch stereomode. Queuechannels,granulech0 andgranulech1 areusedfor communicat-

ing decodedsamplesfrom decodeMP3to DataTransferbehavior. The variouschannelsusedfor

communicationareshown in theFigure3.4.

3.4 Intr oducingGranularity

SpecCbehaviorsform thebasicunitsof granularityfor designspaceexploration.Theleaf

behaviors, behaviors at the bottomof the hierarchy, containthe algorithmimplementationin the

form of C code.Sofar, ourDesignUnderTest(DUT) hasjust onebehavior providing noscopefor

designspaceexploration. We needto introducemorebehaviors into this designto make suf�cient

designspaceexploration. Oneeasyway to do this is to convert all the major C functionsin the

designinto behaviors. Basedon the preliminarypro�le resultobtainedfrom GNU pro�ler, gprof

andbasedon codeobservation a list of functionsthat needsto be convertedinto behaviors were
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identi�ed. Thebehaviors wereintroducedbasedon theconventionslistedbelow. TheFigure-3.5 is

usedto explain thisprocedure.

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

Figure3.5: Exampledescribingconversionof aC functionto aSpecCbehavior

3.4.1 Procedure

We will now describethe procedureusedto convert functionsto behaviors. Figure 3.5

shows an examplefor converting a function into behavior.In the �gure, the codebox on the left

showsbehavior B1encapsulatingthefunctionf1. Thefunctionreturnstheresultwhich is written to

theout port, result. Thecodeboxon theright showsthefunctionf1 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.
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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-3.5andthenameof 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),

thenit hasto bereplacedwith theentirestructure.This is thecasewith thevariables1in the

Figure-3.5.

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 the above stepsexceptpointerconversionarepuremechanicalandhencecanbe

automated.However, thedecisionof choosingthefunctionto beconvertedinto behavior hasto be

madeby thedesigner. Determiningthetypefor eachportof thenewly introducedbehavior, requires

manualanalysis.Eachfunctionparameterhasto beanalysed,to �nd if its read-only, write-only, or

read-writeparameter.

Using above steps,mostof the major functionswereconvertedto behaviors. After this

major stepwe arrived at a SpecCimplementationof the MP3 decoderwith 18 behaviors and31

behavior instances.Sofar, wehadconvertedonly few functionsto behaviorsbut mostof theC code

betweenfunction calls still exists betweenthe behaviors. So, we now have behaviors interleaved

with lots of C code.But in a ”good” speci�cationmodel,C codeis allowedonly in theleaf behav-
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iors ( behaviors which containno otherbehaviors). For writing goodspeci�cationmodel,which

canbe understoodby the SCEtool, it is required,that at any level of hierarchy, all the behaviors

are composedeither sequentially, or in Finite StatementMachinestyle, or concurrently, or in a

pipelinedfashion. This canbe achieved �rst by eliminatingthe straycodebetweenthe behavior

calls.Apart from this issue,therewasonemoreissueto besolved,theglobalvariables.Sinceeach

behavior representspotentiallyanindependentprocessingelement,a behavior hasto communicate

with the externalworld only throughits ports. So it is importantto eliminatethe global variable

communicationof thebehaviors. We �rst addressedtheproblemof globalvariable,beforetaking

up theproblemof eliminatingthestraycode,astheformerwill in�uence thelaterprocedure.

3.5 Elimination of Global Variables

Globalvariableshide thecommunicationbetweenfunctions,in a programbecausethey

don't appearas function parametersor return resultsof functions. Sincethey becomeglobally

available to all the functions in the program,programmersuse this featurefor convenienceto

declarevariablesusedacrossmany functionsas globals. However, a good speci�cation model

requiresthecommunicationto beseparatedfrom thecomputation.So,thehiddencommunication

throughglobalvariablesmustbeexposed.Dependingon thescenario,thecommunicationthrough

globalvariablescanberemovedusingoneof theproceduresgivenbelow.

3.5.1 Procedure1

If the usageof the global variableis restrictedto only onebehavior thenthe following

procedureis used.

1. Globalvariableswhoseusage(readandwrites)is restrictedto only onebehavior canbemoved

into that behavior makingit a memberof that behavior. In the Listing 3.1(a), the usageof

global variableg1 is restrictedto behavior b1 aloneandhencehasbeenmoved all the way

into b1asshown in Listing 3.1(b).

3.5.2 Procedure2

If theusageof theglobalvariableis spreadacrossmultiple behaviors thenthefollowing

procedureis used.
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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 3.1: Eliminatingglobalvariables.

1. Globalvariableswhoseusageis spreadacrossmorethanonebehavior aremovedinto thein-

nermostbehavior in thehierarchy whichencompassesall thebehaviors accessingthatglobal

variable.In theListing 3.1(a), theglobalvariableg2 is usedacrosstwo behaviors b1 andb2.

As shown in Listing 3.1(b), g2 is moved into the Main behavior asMain is the inner most

behavior encompassingbothb1andb2.

2. Moving theglobalvariablesinto the innermostbehavior will introducenew portsin thebe-

haviors accessingtheglobalvariableandthe typeof theport is determinedby thenatureof

theaccessof thevariables.In Listing 3.1(b)therearenew portsfor thebehaviors b1 andb2.

b1whichonly writesg2getsanextraout port andb2whichbothreadsandwritesg2getsan

inout port.
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3.5.3 Summary

Theabovementionedre�nementstepsaremechanicalandcanbeautomated.Thethenec-

essaryinformationregardingtheusageof thevariablesareavailablein thecompilerdatastructure

andcanbeusedto determinewherethevariableis de�ned andwhereall it is beingused.However,

determiningtheport typesof thenew ports,introduceddueto motionof globalvariables,requires

manualanalysisif theseglobalvariablesareaccessedusingpointerswithin thebehaviors.

3.6 Arri ving at a CleanSpeci�cation Model

As describedearlier, a cleanspeci�cationmodelis onein which only the leaf behaviors

containtheC codeandall thechild behaviorsarecomposedeitherin parallel (usingpar statement),

or in pipeline(usingpipestatement),or in Finite StateMachine(FSM)style(usingfsmstatement),

or sequentially. But, at thisstage,ourspeci�cationmodelis composedof behavior callsinterleaved

with C code.TheSpecClanguagereferencemanual[8] describeseachof thiscompositionstylesin

detail.

In thissectionwedescribetheprocedureadoptedto cleanthespeci�cationmodel.

3.6.1 Procedure

The interleaving C codebetweenbehaviors canbewrappedinto separatebehaviors and

thesebehaviors canbecomposedin eitherof the4 waysmentionedabove to geta cleanspeci�ca-

tion model.Thepossibilityof concurrentcompositionusingpar andpipestatementsareconsidered

later, asthey arecomplex andrequiredependency analysisacrossbehaviors to checkif thereexist

any parallelismbetweenthem. At this stage,we look at composingthe behaviors either in pure

sequentialfashionor in FSM style. Behaviors composedsequentiallyexecuteoneafter the other

in theorderspeci�ed. Similar to puresequentialcomposition,in FSM composition,thebehaviors

areexecutedoneafter the othersequentially. However, in addition,FSM compositionfacilitates

conditionalexecutionof behaviors. Theconditionsarespeci�ednext to thebehavior andareeval-

uatedafterexecutingthebehavior. Thenext behavior to beexecuteddependson the resultof the

conditionevaluation.In theabsenceof any condition,theexecution�o w will fall through.

In ourcase,sincesomeof thestrayC codebetweenbehavior callswereconditionalstate-

mentsin�uencing theexecutionof behaviors, it wasconducive to composethesebehaviors in FSM

styleby having theconditionalC codeconvertedinto conditionalstatementsof theFSM. Straight

27



CHAPTER3. SPECIFICATION MODEL

line strayC codewerewrappedinto separatebehaviors. Whenever possible,insteadof introducing

new behaviors, we pushedtheseinstructionsinto thealreadyexisting neighboringbehaviors. This

lateroperationrequiresthattheexistingbehavior'sportsbechangedto accommodatenew changes.

Theabovedescribedgeneralmethodologyis adoptedin theexamplesshown in Figure3.6

andFigure3.7. Figure3.6depictstheway to convert anif statementinto anFSM.In this example,

a new behavior newB is introducedencompassingthestraightline C instructionsa = 1; var = 2;.

Theconditionalexecutionof behaviors B1 andB2 is madepossibleby absorbingthe if condition

into theFSM. TheseconditionalC instructionsappearin a differentform next to thebehavior call

newB.

Figure3.7showsaway to converta for loop into aFSM.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

behavior call LOOP CTRLevaluatesto false. A similar strategy of codecleaningis discussedin

[3].

3.6.2 Summary

Theabovementionedgeneralprocedurewasusedto cleanup theMP3decoderspeci�ca-

tion model. As anexample,theentiregranuleprocessingunit of theMP3 decoderis shown in the

Listing 3.2. If you notice,this sectionof thespeci�cationmodelhaslots of C codein betweenthe

behavior calls.A cleanFSM versionis shown in Listing 3.3.

Thegeneralprocedureadoptedto cleanthespeci�cationmodelinvolvespurelymechan-

ical stepsandcanbe automated.With limited userinputsaboutthe type of compositiondesired,

wrappingof the C instructionsin behaviors andconverting conditionalstatementsandloopsinto

FSM canbeachievedthroughautomation.
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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 3.2: Sectionof MP3decoderspeci�cationmodelbeforecleanup.
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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 3.3: Sectionof MP3decoderspeci�cationmodelaftercleanup.
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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

Figure3.6: Exampledescribingconversionof uncleanbehavior to acleanbehavior

3.7 Intr oducingConcurrencyin the Speci�cation Model

After all theabove steps,our speci�cationmodelwascleanfrom globalvariables,it had

aclearlyseparateddesignandtestbench,theC codewasrestrictedonly to theleafbehaviorsandat

every level of hierarchy all thebehaviors werecomposedeithersequentiallyor in FSM style. The

next stepwasto exposeconcurrency in themodel.Any parallelismin thedesignhasto beexplicitly

exposedin thespeci�cationmodel,sothatit canbeexploitedlaterduringdesignspaceexploration.

In this section,we �rst talk aboutthevariousconditionsto besatis�edto have parallelismbetween

behaviorsanddiscusswith examplestheactualstepstakento introduceconcurrency in thedesign.
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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;

}
};

Figure3.7: Exampledescribingconversionof aFORstatementinto FSM

3.7.1 Conditions for Concurrency

In SpecC,two typesof concurrentexecutionbetweenbehaviors canbeexposed,parallel

executionandthepipelinedexecution. The former is explicitly exposedusingpar statementsand

thepipelinedconcurrency is exposedusingthepipestatements.

Thefollowing conditionsmustbesatis�edfor two behaviors to becomposedin parallel.

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
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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 pipelined

fashion.Pipelinedexecutionis possiblein applicationswhichperforma seriesof operationson the

inputdatasetto produceoutputdatasetwith theoutputof eachstageservingastheinput to thenext

stageof operation.If thespeci�cationmodelhasall thoseoperationscapturedin separatebehaviors

thenpipeliningis 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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To get the full bene�t of pipelining, the pipelineshouldrun continuously. For ef�cient

utilizationof thepipeline,theremustbecontinuousinputat themouthof thepipeline.For example,

thereis no real bene�t in having a pipelinethat gets�ushed after every run. Also, pipelining is

usefulwhenthe computationload is balancedacrossall the behaviors in the pipeline,otherwise,

thepipelinewill beasfastastheslowestbehavior (themostcomputeintensive behavior). Because

of theserequirements,choosingthe behaviors to be pipelinedwill have to be a resultof manual

analysis.So,only themechanicaltaskslistedabove canbeautomatedandthedecisionmakinghas

to betakencareby thedesigner.

3.7.3 Procedure for Intr oducingConcurrency

Lets look at thehierarchy startingfrom thebehavior DoLayer3. Thehierarchy captured

using the SCEtool is shown in the Figure 3.8. We �rst explored the possibility of parallelizing

the two granules,granule1,granule2in Figure3.8, but dueto datadependency, it wasnecessary

thatgranule2operationsareperformedaftergranule1. Sowe focusedour attentionto parallelize

operationswithin eachgranule. The function of operationin a granulearecapturedin behavior,

DoGranule. DoGranuleshown in Figure3.8 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 3.9 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 3.9. 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 Figure3.9. The new

behavior instancesget the informationregardingthe channelnumberto index into the right data

setandthenumberof activechannelswhichactsasanenablefor thesecondinstance,antialias ch1.
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After parallelizingAliasReduction, we focusedour attentiontowardsmorecomplex be-

haviors imdct, s�lter . In thesebehaviors, we identi�ed data independencebetweentwo audio

channelsjust like the AliasReductionbehavior, andhence,usingsimilar approachwe introduced

concurrency at channellevel processinginto thesebehaviors. Theseconcurrenciesareshown in

Figure3.10.
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Figure3.8: 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

Figure3.9: Exampleshowing theconversionof asequentialbehavior into concurrentbehavior
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Figure3.10:Parallelsmin theMP3decoderspeci�cationmodel
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3.7.4 Procedure for Intr oducingPipelineConcurrency

At this stage,the speci�cation modelhadenoughgranularity, it had39 behaviors and

122 behavior instances.Out of the 39 behaviors, 31 were leaf behaviors providing good scope

for exploration. The parallelismwas explicitly exposed,openingthe possibility of exploring

fasterarchitectures. With an intent to check the computationload distribution acrossvarious

behaviors, we pro�led all thebehaviors usingSCE.Consideringonly themostcomputeintensive

behaviors, we narrowed our focus to three most computeintensive behaviors. The graph in

Figure 3.11 shows the relative computationcomplexity of behaviors, alias reduction, imdct,

and s�lter . From the graph, its clear that s�lter behavior is the single most computationally

intensive behavior. It is 70-75%more expensive than the other behaviors. Since, unbalanced

computationloadwill notresultin goodpartitioningwedecidedto breakthes�lter behavior further.

Figure3.11: Relative computationcomplexity of the threemostcomputeintensive behaviors of

MP3decoderspeci�cationmodel

We identi�ed two logical partitionsin the synthesis�lter . A �rst stagewasthe compu-

tationof the64 point DCT andthesecondstagewastheextensive window overlap-addoperation.

Theseoperationswereperformedin a loop runningfor 18 timesfor eachaudiochannel.We �rst

separatedthemodelinto two behaviors,DCT64andWindowOp, usingthetechniquesdiscussedin

Section3.4. Further, we introducedtwo morebehaviors,setbuffer1 andDCTOutStage whichactas
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helperstagesby reorderingdatafor DCT64andWindowOp. Thisresultedin 4 behaviors,setbuffer1,

DCT64,DCTOutStage, WindowOpin a for loopexecuting18 timesin thatorder. Eachbehavior re-

ceived its input from theprecedingbehavior's outputandall thevariableswereat mostwritten by

onebehavior satisfyingall theconditionsfor pipeliningdiscussedin Section3.7.2. The4 behaviors

werepipelinedusingthepipeconstruct.In addition,following changeswerenecessaryto complete

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 result of pipelining is shown in the Figure 3.12. After pipelining, the computationload

looked more balancedas the computationload of s�lter is now distributed across4 behaviors

SetBuffe1,DCT64,DCTOutStageandwindowop. Therelativecomparisonis shown in Figure3.13.

The shadedextensionsin the bar graphindicatethe result after scaling. Behaviors, SetBuffer1,

DCTOutStage, arenotshown in the�gure astheir computationis neglible comparedto theothers.
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Figure3.12:Pipeliningin theMP3decoderspeci�cationmodel
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Two major pipeline stages 
of synthesis filter core

Figure3.13:Relativecomputationcomplexity of 4 mostcomputeintensivebehaviorsafterpipelin-

ing thesynthesis�lter behavior

42



CHAPTER3. SPECIFICATION MODEL

3.7.5 Summary

At this stage,thegranularityin thespeci�cationmodelwassatisfactory, promisingwider

designspaceexploration. Therewere43 behaviors which included33 leaf behaviors anda total

of 130behavior instances.Granularityalonedoesnot meangoodpartitioningof thecomputation

load. So,usingthepro�led result,we identi�ed thecomputationallyexpensive behavior andsliced

it furtherinto smallerbehaviors to getreasonablecomputationalloadbalanceacrossbehaviors. The

explicitly exposedparallelismandpipelining enablesexplorationof fasterarchitectures.So, we

decidedto concludethe speci�cationmodeldevelopmentat this stageandmove on to the design

spaceexplorationto arriveatanarchitecturefor ourdesign.

In this section,we discussedtheprocedureadoptedto introduceparallelismin thespec-

i�cation model. We alsodiscussedthe necessaryconditionsto be satis�ed for parallelizingand

pipeliningthebehaviors. Someof thestepsinvolvedaremechanicalandcanbeautomated.How-

ever, identifying parallelismwhich is not apparentrequiresintelligent analysisandneedsmanual

attention.Otherthantheintelligentanalysisrequiredto detecthiddenparallelism,mostof thecode

modi�cation taskscanbeautomatedto aid thedesigner.

3.8 Summary and Conclusions

In this chapter, we discussedtheseriesof changesperformedto obtaina ”good” speci�-

cationmodelstartingfrom aC speci�cation.Theseriesof stepsstartedwith thedesignof 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 designspaceexplorationandimplementation.TheTable3.2 givesthestatisticsof the
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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

Table3.2: Propertiesof speci�cationmodel.

speci�cation model in termsof numberof behaviors, numberof behaviors undereachcategory

(leaf,concurrent,FSM,sequentialandpipelined)andnumberof channelinstances.

The stepsinvolved in arriving at a speci�cationmodelaretime consumingmakingthe

overall processof writing thespeci�cationmodelslow andhard. Eachof thesetasksandtheir de-

velopmenttimesarelisted in theTable3.3. Thetime includesthetime for programmingfollowed

by compilationusingSpecCcompiler, veri�cation by simulationanddebugging. In general,com-

pilation is not time consuming,however, makingtheinitial C codecompileusingSpecCcompiler

takessomeeffort asdiscussedin Section3.2. Thedevelopmenttimeshown in thetableis assuming

5 daysa weekand8 manhoursper day. In our case,introducinggranularityandcleaningof the

speci�cationmodeltook60%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 chapter, we will detail thenext stepin thesystemdesignprocess,thedesign

spaceexploration.
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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

Table3.3: Developmenttime for eachdesignstep.
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Chapter 4

DesignSpaceExploration and

Implementation

In thischapter, wewill look at thenext stepin thesystemlevel designprocess,theDesign

SpaceExploration. Becauseof the complexity involved, arriving at the detailedimplementation

modelfrom anabstractspeci�cationinvolvesmultipleexplorationandsynthesisdesignsteps.Each

designstepresultsin an executabledesignmodel converting the abstractspeci�cation modelof

the input designinto an concreteimplementationmodel. The resultingexecutablemodel from a

designstepcanbesimulatedto verify thefunctionalityandthetiming asindicatedin theintroduc-

tion. We usedtheSystemon Chip Environment(SCE)[1] for performingthedesign.TheDesign

�o w adoptedby SCEcanbebroadlydividedinto threedesignsteps,architectureexploration, com-

municationsynthesisandimplementationsynthesis. Thesere�nementstepswerediscussedin the

introductionsectionof this thesisandthey 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
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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.

For our designexample,we performedthe above discussedre�nement stepsand explored few

designpossibilities.Foursuchdesignexplorationsaredescribedin thefollowing sections.

4.1 CompleteSoftwareSolution

In thisexploration,wechooseto havetheentiredesignimplementedononesinglegeneral

purposeprocessor. Suchanimplementationis oftena goodstartingpoint for theembeddedsystem

design,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
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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

SincethesinglesoftwarePEsolutioncouldnotmeetour timing requirement,wedecided

to have hardwareaccelerationfor the time critical blocksof the design. For this exploration,we

choosecold�r e processorwith a clock frequency of 66MHz anda hardwarePE with a clock fre-

quency of 66MHz.

4.2.1 Hardware-SoftwarePartitioning-1: Ar chitectureRe�nement

Similar to thesinglesoftwarepartitioning,in this exploration,theentirefunctionalityof

the decoderwasmappedonto the cold�r e processor. The Talk2Monitor behavior, responsiblefor

transferringthe decodedaudio datato the outsideworld, was mappedonto hardware PE, HW0

with a clock frequency of 66 MHz (sameasthat of cold�r e processor).This wasdoneto isolate

the decodingfunctionality andthe datatransferlogic. The modelafter architecturere�nement is

shown in Figure4.1. As shown in the �gure, thereareonly two componentsin this architecture
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with cold�r e implementingmostof thefunctionalities,includingthecomputeintensive behaviors,

SynthesisFilter, AliasReduction, andIMDCT. For simplicity, the architecturemodelomits minor

details. It shows only symbolicchannelsbetweenPEsandomits thePEsimplementingthequeue

channels.

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 thecommunicationbetween

cold�r e andHW0wasmappedonto thesystembusof thecold�r e processor. Thecommunication

modelfor thispartitionis shown in Figure4.2. Thecold�r eactsasthemasterandHW0is theslave

of thebus.

Thecommunicationmodelwassimulatedandthefunctionalityandtiming wereveri�ed.

4.2.3 Hardware-SoftwarePartitioning-1 : Implementation Synthesis

After the communicationre�nement, the next designstepis the RTL synthesisof the

hardwarePEs. We consideredthe RTL implementationof the Talk2Monitor behavior which was

mappedto thehardwarePE,HW0, duringarchitecturere�nement.As discussedin theSection3.3,

theTalk2Monitorhas3 child behaviors, Listen2Decoder, ComputeTimeandDataTransfer. To per-

form theRTL implementationof theComputeTimebehavior, weallocatedone32bit 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, we couldnot synthesizetheListen2DecoderandDataTransferbehav-

ior. Next, thesoftwaresynthesisfor thecold�r e processorwasperformedandresultantmodelwas

simulatedto verify thefunctionalityandtiming.
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Figure4.1: Hardware-softwarepartitioning-1:Architecturemodelof MP3decoder

4.3 Hardware-SoftwareSolution-2

In the previous exploration,we presenteda workableimplementationof our designex-

ample. In this section,we will discussanotherhardware/softwarearchitecturewhich exploits the

parallelismin thespeci�cationmodelandderivesa differentarchitecturefor theMP3 decoder. For

this exploration,we usedcold�r e processorandthreehardwarePEswith operatingfrequency of

66MHz.
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Talk2Monitor

HW0

PCM out

Decodemp3_1

Decodemp3_2

do_layer3

decodeMP3

dolayer3_1

sideinfo1

sideinfo2

setptr

granule1

granule2

Coldfire

ColdFire Main Bus

Figure4.2: Hardware-softwarepartitioning-1:Communicationmodelof MP3decoder

4.3.1 Hardware-SoftwarePartitioning-2: Ar chitectureRe�nement

In thisexploration,thecomputationalhot-spotbehavior, s�lter wastargetedfor hardware

accelaration.s�lter is a parallelcompositionof two instancesof FilterCore behavior asshown in

Figure3.10. Eachconcurrentinstanceof FilterCore, �lter core ch0and�lter core ch1weremapped

to hardwarePEs,HW0,HW1. To make thedecodingfunctionalityindependentof thedatatransfer

functionality, the Talk2Monitor behavior wasmappedto anotherhardwarePE,HW2. The restof

the functionality wasmappedto the cold�r e processor. The architecturemodelgeneratedby the

architecturere�nement tool is shown in Figure4.3. Note that, in the �gure, not all the channels

in the real model are depicted. Only the user introducedchannelsand few importantchannels

that representthe communicationbetweenvariousPEsare shown. Cold�r e communicateswith
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HW0, HW1, and HW2 communicateswith HW0, HW1. The architecturemodel in the �gure is

beforeperformingthe schedulingre�nement. The pipelinedexecutionin the PEs,HW0, HW1 is

sequentiallyscheduledandtheschedulingre�nementis performedusingtheschedulingre�nement

tool. Theresultof schedulingcanbeseenin Figure4.3.

The architecturemodelwassimulatedto verify the functionality andtiming andthis exploration

wasableto meetour timing constraint.
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Figure4.3: Hardware-softwarepartitioning-2:Architecturemodelof MP3decoder

4.3.2 Hardware-SoftwarePartitioning-2: Communication Re�nement

Similar to the previous exploration, all the communicationbetweenthe hardware PEs

andthecold�r e aremappedonto thecold�r e's mainbus. Two bussesbasedon doublehandshake

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 4.4. Also, note that the executionwithin HW0, HW1

is nolongerpipelinedasthosebehaviorsweresequentiallyscheduledduringschedulingre�nement.
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Thecommunicationmodelwassimulatedto verify the functionalityandtiming andthis

explorationalsosatis�edour timing requirement.
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Figure4.4: Hardware-softwarepartitioning-2:Communicationmodelof MP3decoder

4.3.3 Hardware-SoftwarePartitioning-2 : Implementation Synthesis

Due to the lack of few library componentsfor performingthe �oating point operations

anddueto certainlimitations in the RTL synthesistool to handleportsof interfacetype this step

couldnot beperformed.Sowe have to stopat thecommunicationmodel. However, thesoftware

synthesisfor thecold�r e processorwasperformedandresultantmodelwassimulatedto verify the

functionalityandtiming.

4.4 Hardware-SoftwareSolution-3

In this section,we will discussyet anotherexplorationbasedon hardware-softwarepar-

titioning. In this partitioning,theparallelismandthepipeliningexposedin thespeci�cationmodel
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areutilized to derive a different,interestingarchitecturefor theMP3 decoder. For this exploration,

weusedcold�r eprocessorand5 hardwarePEswith operatingfrequency of 66MHz.

4.4.1 Hardware-SoftwarePartitioning-3: Ar chitectureRe�nement

The computationalhot-spotsin the design were identi�ed by running the pro�ler.

The pro�le resultsare shown in the Figure 4.5 for few critical behaviors. The four behaviors

setbuffer1,Bdct64,dctoutstage, windowopwerethepipelinestagesof theSynthesisFilter behavior.

Collectively, SynthesisFilter wassinglemostcomputeintensivebehavior. Wedecidedto mapeach

pipelinestageof SynthesisFilter behavior ontoindependenthardwareunits.Since,thecomputation

in the two stages,setbuffer1, DCTOutStage was very lesscomparedto Bdct64,and windowop

stages,wedecidedto mapsetbuffer1,Bdct64ontoonePEanddctoutstage, windowopontoanother

hardware PE. The partitioning of the input designand the mappingof eachpartitionsonto the

systemcomponentsis shown in the architecturemodel in Figure 4.6. In this partition, general

purposeprocessor, Motorola Cold�r e is assignedonly a partial part of the decodingalgorithm

and the most computeintensive part which was representedby the behavior SynthesisFilter is

distributed to 4 hardware PEs(HW0, HW1, HW2, HW3). HW0, HW1 processthe �rst stereo

channelandHW2, HW3 processthesecondstereochannel.Thebehavior Talk2Monitor, which is

responsiblefor combiningtheoutputsof two channelsandwrite to theexternaldevice, is mapped

to anotherhardwarePE,HW4. Even though,Talk2Monitor wasnot computationallyintensive, it

wasmappedontoan independentunit to separateandparallelizethedecodingactivity andoutput

datatransferactivity. By this partitioning,all the parallelismandpipelining that wasexposedin

thespeci�cationmodelwereutilized. In this �gure, to avoid clutteringandconfusion,not all the

channelsin the real modelaredepicted.However, all the userde�ned channels(channelsin the

speci�cation model) and important channelsshowing communicationbetweenvarious PEs are

shown.

4.4.2 Hardware-SoftwarePartitioning-3: Communication Re�nement

After architecturere�nement,busseswereallocated.Themainbusof thecold�r eproces-

sorservedasthesystembus. Thefour hardwarePEs(HW0-HW3) communicatewith thecold�r e

usingthis systembus. 4 Bussesbasedon doublehandshake protocolsHW0 2 HW1,HW1 2 HW4,

HW2 2 HW3,HW3 2 HW4wereallocatedfor thecommunicationbetweenhardwarePEs.All the
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Synthesis filter core 
partitions in pipeline

Figure4.5: Relative computationcomplexity of the few behaviors of MP3 decoderspeci�cation

model

channelsin the correspondingpathsweremappedonto the respective bussesandcommunication

re�nementwasperformed.Theresultingcommunicationmodelis shown in Figure4.7. 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 thehard-

warePEs.Dueto thelack of few library componentsfor performingthe�oating point operations,

this stepcouldnot beperformed.Sowe have to stopat thecommunicationmodel. However, the

softwaresynthesisfor thecold�r e processorwasperformedandresultantmodelwassimulatedto

verify thefunctionality.
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Figure4.6: Hardware-softwarepartitioning-3:Architecturemodelof MP3decoder(beforeschedul-

ing re�nement)

4.5 Summary and Conclusions

In this chapter, we discussedthevariousexplorationswe performedusingSCE.We dis-

cussed4 designimplementations,3 of them basedon hardware/software partitioning. The key

featuresof the4 explorationsaregivenin theTable4.1. Thetablelists thenumberof softwarePEs,

numberof hardwarePEs,operatingfrequency andthenumberof channelsin eachexploration.The

performanceof the variousmodelsin eachdesignexplorationis discussedin the next chapterin

detail. Theautomationprovidedby SCEmakesit possibleto performmany explorationswithin a

shortamountof time. Early feedbackabouttheperformanceof thedesigncanbeobtainedby sim-

ulatingthemodelsathigherabstractionlevels.Dueto few limitationsin theRTL synthesistool, we

couldsynthesizeonly apartof ourdesign.In anutshell,usingSCEdesignenvironment,optimized

architectures,satisfyingthedesignconstraints,canbeobtainedin ashorttime.
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Figure4.7: Hardware-softwarepartitioning-3:Communicationmodelof MP3decoder

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

Table4.1: Key featuresof thedifferentexplorations.
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Chapter 5

Experimental Results

Thischaptersummarizestheexperimentsandresults.Therearetwo aspectsof themodel

to be tested. First, the functionality of the design,and second,the timing of the MP3 decode

operation.

5.1 Functionality Veri�cation

To testthe functionality, we usedthe testbenchdescribedin theSection3.2. Theoutput

PCM �le generatedby themonitorwascomparedwith theonegeneratedby thereferencedecoder

for verifying thefunctionality.

5.1.1 TestSuite

For verifying eachof themodels,a setof teststreamsobtainedfrom FraunhoferInstitute

[10] wereused.Thesestreamsandtheir key propertiesaregiven in theTable5.1. The tablelists

the samplingfrequency, bitrateat which the streamswereencoded,real time lengthandthe type

of stream(Stereo/Mono).Thesamplingfrequency is thefrequency at which theanalogsignalwas

sampledandthe bitrate indicatesthe extent of compression.For example,streamsclassic1.mp3,

classic2.mp3have thesamesamplingfrequency but, classic1is codedat a higherbitratethanclas-

sic2. This indicatesthatclassic1is lesscompressedthanclassic2andhenceof betterquality.
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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

Table5.1: Propertiesof teststreams.

5.2 Timing Veri�cation

Apart from decodingcorrectlyto producebit accurateresults,thedecoderis expectedto

deliver theoutputPCMsamplesat thecorrectbitrate.This ratedependson thesamplingfrequency

of the input MP3 streamandputsa timing constrainton the decoder. The decoderis requiredto

decodeandoutputexactly at this rate. If the outputratecontrol logic is not part of the decoder,

thenthe decodercangenerateoutput fasterandexpect the external logic to take careof the rate

control. However, in our design,as this logic was part of the designthe decoderwas expected

to deliver the decodeddataexactly at this rate. The speci�cationmodel is untimedandwill run

in zerosimulationtime. Since,our designincludedthis outputratecontrol logic, the delivery of

the decodedsamplesto the outputdevice would happenat a controlledrateandhenceeven the

speci�cation model would take �nite non-zerosimulationtime to run. In order to measurethe

actualtime to decodewithout consideringthe explicit delay introducedby ratecontrol logic, we

disabledthedelaysin theratecontrollogic. Thischangein themodelwasdoneonly for thetiming

measurement.As we go down theabstractionlevel performingeachre�nementsteps,thedecode

operationtakesnon-zero�nite time.

Theaverageestimateddecodetimeperframeof audiodatafor eachpartitiondiscussedin Chapter4

andfor eachre�ned model is given in the tablesTable5.2, tablesTable5.3, Table5.4, Table5.5

andTable 5.6. The resultsareobtainedby simulatingeachmodelwith oneof 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
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valueof greaterthan100%impliesthatthemodelcouldnotmeettheperformancerequirement.

For thesinglesoftwaresolution,two tablesaregiven,tableTable5.2givesthedecodetimeswhen

the clock frequency of the cold�r e processoris 66 MHz. Clearly, this single software design

solution could not meet the stipulateddeadlinetaking 27.15 msecsto completethe decodeof

single frame. The secondtable,Table 5.3 is obtainedwith cold�r e processorat 80 MHz and it

meetsthestipulateddeadlineby taking22.41msecsto decodea frame. In general,thesimulation

time increaseswith eachmodel. However, since thereexists no communicationoverhead,the

communicationmodel in this case,doesnot show increasein execution time comparedto the

architecturemodel.

The Table5.4 givestimings for the partition in Figure4.1. This architecturemeetsthe

stipulateddeadlineandits estimateddecodingtimesaresameasthat of the puresoftwareexplo-

ration.Theimplementationmodelfor thisarchitecturecontainssynthesizedsoftwarein C andRTL

implementationof only asubsetof thefunctionalitymappedto hardwarePE.

Thetiming of thethird architecture(Figure4.3), composedof 1 cold�r e processorand3 hardware

PEsat66MHz, is givenin Table5.5. Thisarchitecturemeetstheperformancerequirementevenata

lowerclockfrequency of 66MHz becauseof thehardwareaccelarationof thecritical computational

blocks.

The�nal architectureof Figure4.6hasthemostcomplex architecturewith 1 cold�r eprocessorand

5 hardwarePEs,eachoperatingat 66 MHz. This architectureexploits boththeparallelismandthe

pipelining in the application. Though,it meetsthe stipulateddeadline,its performanceis not as

goodasthethird architecture(Figure4.3).

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%

Table5.2: Timing of variousmodelsof Softwarepartition.
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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%

Table5.3: 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%

Table5.4: Timing of variousmodelsof Hardware-Softwarepartition-1.

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)

Table5.5: Timing of variousmodelsof Hardware-Softwarepartition-2.
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CHAPTER5. EXPERIMENTAL RESULTS

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)

Table5.6: Timing of variousmodelsof Hardware-Softwarepartition-3.
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Chapter 6

Summary and Conclusions

In this project, we adoptedthe SpecCdesignmethodologyto implementa System

on a Chip MP3 decoder. We usedthe SpecCbasedSystemon a Chip Environment(SCE) tool

for performingthe designexplorationand implementation.We chooseSpecC,asa languageto

implementthespeci�cationmodel,asit bestsuitsfor describingsystemsinvolving bothhardware

andsoftwarecomponents.Beinga truesupersetof ANSI-C, it hasa naturalsuitability to describe

software components. It has addedfeaturesto supporthardware description. It also includes

constructsto supporthierarchicaldescriptionof systemcomponents. With all thesefeatures,

the designerhas�e xibility to chooseanddescribethe systemat any desiredlevel of abstraction.

SpecCis easyto learnanda cleanlanguage.Anyonewith backgroundknowledgeof C canlearn

SpecCquickly. Theavailability of SpecCbasedSCEfor performingdesignspaceexplorationand

synthesiswasanothermainreasonfor choosingSpecCasthespeci�cationlanguage.

As aninput to theSCE,weprovidedtheSpeci�cationmodelof theMP3decoderwritten

in SpecCSLDL. SCEprovidesdesignera way to dealwith thecomplexity of thedesignby having

the designerhandlethe designcomplexity at a higher level of abstraction.It providescomplete

designautomationwith occasionalmanualintervention for decisionmaking and controllability.

The userinterventionis restrictedto the allocationof processingelements,busses,memoriesand

mappingof the behaviors andchannelsonto the allocatedcomponents.The tool allows an easy

designspaceexploration.It enablesthedesignerto estimateperformanceduringtheearlystagesof

thedesignandadditionallyallows theearlypruningof thedesignspace.

With SCEtool availablefor doing all the explorationandre�nement, the main respon-
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sibility of the designeris to write a good,cleanspeci�cationmodel. We spent13 man-weeksto

convert an C codeinto the Speci�cation model. Thoughthe startingC speci�cation was good

enoughto bea generalsoftwareprogramto run on serversanddesktopsystems,it wasnot suitable

to be a SoC speci�cation. A noticeableeffort had to be spentin writing a speci�cation model

to eliminatethe issueslike usageof global variables,lack of separationof communicationand

computationblocks,lackof behavioral hierarchy. Weintroducedsuf�cient granularityin themodel

to facilitate good numberof explorations. We separatedthe computationand communication

blocksby having all thecomputationcapturedin behaviors andall communicationusingchannels.

Weexposedtheconcurrency in thedesignby having parallelandpipelinedexecutionof behaviors.

In this thesis,we also proved the power and usefulnessof automatedSoC designmethodology,

SCE.SCEletsdesignerto focusonthedevelopmentof thespeci�cationmodelby takingcareof all

there�nementstepsthroughanautomatedtool set.

In this thesis,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

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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