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Chapter 1

Intr oduction

In thisthesis we describahesystemevel designprocessaidoptedo designaMP3 Audio
decoderWe adoptedhe SpecCdesignmethodologyanddevelopeda speci cationmodelof aMP3
audiodecodelin SpecCanguageandusedthe SystemOn a Chip Environment(SCE)developedat
Centerfor EmbeddedomputelSystemgCECS) to arriveatthe nal implementatiorof thedesign.
First, we give a brief overview of SoCdesignchallengesfollowed by introductionto speci cation
modelingandSpecCanguagend nally , we introduceSpecChasedsoCdesignmethodology

1.1 Challengesof SoCDesign

The systemdesignprocesss elaborateandinvolveswriting variousmodelsof the design
at differentlevels of abstraction Figure'1.1 shavs the variousabstractiorlevels. Fromthe gure,
we seeanincreasdn the numberof componentandhencethe compleity aswe go lower in the
level of abstractionAt thelowestlevel, anembeddedystemconsistof millions of transistors At
RagisterTransferLevel (RTL), thenumberof componentseducedo thousandef componentand

nally, at the systemlevel, the systemis composedf very few componentdik e generalpurpose
processorsspecializedhardwareprocessoranemoriesandbussesThecompleity of thesystemat

the systemlevel is far lesserthanat the lower levels. However, theincreasan thelevel abstraction
is atthecostof reducedhccurayg. Foranembeddedystermdesignerit is easietto handlethedesign
at the higherlevels of abstraction.Writing andverifying eachof thesemodelsis challengingand

time consuming.

The goal of the SoC designmethodologyis to take an abstractsystemlevel descriptiondown to

its realimplementatiorusingseveral re nementsteps. The designemwill specifythe designusing
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Figurel.1l: Abstractionlevelsin SOCdesign[13]

highly abstracspeci cationmodelandusingautomatiorwill arrive atanaccuratémplementation
model.In thenext sectionwe will introducethe speci cationmodelingusingSpecCanguage.

1.2 Speci cation Modeling and SpecC

The SoC designprocessstartsfrom a highly abstractsystemlevel model called speci-
cation model. It is a pure functional, abstractmodel, andis free of ary implementationdetail.
The modelrunsin zero simulationtime and hencehasno notion of time. It forms the input to
architecturexploration,the rst stepin the systemdesignprocessaindhenceformsthebasisfor all

thefuture synthesisandexploration.

Speci cation models are written in System-Leel Design Languages(SLDLs) [13].
Languagesisedto modelcomple systemsconsistingof hardware and software componentsare
classi edasSLDLs. Thoughit is possibleto modeldesignsn arny of the programmindganguages,
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
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foundin embeddedystemdesigns.A goodSLDL providesnative supportto modelconcurreny,
pipelining, structuralhierarcly, interruptsandsynchronizatiorprimitives. They alsoprovide natve
supportto implementcomputationmodelslike Sequential FSM, FSMD and so on, apartfrom

providing all thetypical featuregrovided by otherprogrammindanguages.

Following languagesare popularchoicesfor writing speci cation model: VHDL [9],
Verilog[19], HardwareC[17], SpecChart§29], SystemJ14], andSpec(11]. VHDL andVerilog
areprimarily HardwareDescriptionLanguage$HDLSs) andhencearenotsuitableto modelsoftware
components HardwareCis an HDL with C like syntax. It supportsmodelinghardware concepts
but, lacks native supportto model pipelinedconcurreng, timing and not suitablefor modeling
softwarecomponentsSpecChartss anextensionof VHDL for systemdesignandis orientedmore
towardshardwaredesignandlimited in termsof supportingcomplex embeddedoftware. SystemC
implementssystemlevel modelingconceptsn theform of C++ library. It canmodelbothhardware
andsoftwareconceptsaindthusis agoodcandidatdor systemlevel design.

SpecCis anothermajor candidatefor systemdesign. Being a true supersebf ANSI-C, it hasa
naturalsuitability to describesoftwarecomponentsit hasaddedfeaturedik e signals,wait, notify

etc. to supporthardwaredescription.It alsoincludesconstructdo supporthierarchicaldescription
of systemcomponentslt alsoprovidesnative supportto describeparalleland pipelineexecution.
With all thesefeaturesthe designerhasthe e xibility to chooseand describethe systemat ary

desiredevel of abstraction.

Apart from its capability the easyavailability of SpecCcompiler and simulatorand the SpecC
basedSystemdesigntool set, Systemon Chip Ervironment(SCE) madeSpecCa obvious choice
for developingour speci cationmodel.

In thenext sectionwe will describehe SoCdesignmethodology

1.3 SoCDesignMethodology

The SoC designmethodologyis shavn in Figure/1.2 It tries to formalize individual
re nements stepsand gives the designerguidelineson how to handleefciently the immense
designspace. The SoCdesignstartswith the speci cation modelthat captureghe algorithmic
behaior andallows a functionalvalidationof the description.The modelis untimed,unlessthere
aretiming constraintintroducedby the designer Oncethe speci cationmodelis nished, it will

sene asa goldenmodel,to compareto duringthe designprocess.The speci cationmodelingand
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Figurel.2: SOCdesignmethodology{ 13]

the languageusedto capturethe modelwere discussedn the previous section. In the following

sectionsve will detaileachof there nementstepsandtheresultingmodelshavn in Figurel1.2

1.3.1 Architecture Exploration and Re nement

Architectureexploration[24] determineghe systemarchitectureconsistingof a set of
ProcessindelementgPESs).In this step,the behaiors of the speci cationmodelaremappedo the
component®f the systemarchitecture.This processnvolvesthreemajortasks,Allocation, Parti-
tioning and Sceduling Allocation, allocatesSW, HW andmemorycomponentgrom thelibrary.
The decisionof choosinga componenis madeby the designer Partitioning dividesthe input sys-
tem speci cationandmapsthemontothe allocatedcomponentsAlso, the variablesin the design
aremappecdntothememory
Scheduling scheduleshe executionwithin hardware and software components.Partitioning and
schedulingasksareautomatedndrequireleastdesignetinterferenceThis procesof architecture

4



CHAPTER1. INTRODUCTION

re nementresultsin anarchitecturenodel,in which all thecomputatiorblocksof theinputspeci -
cationaremappedo the systemcomponentsHowever, communications still on anabstractevel,
andsystemcomponent€ommunicatevia abstracthannels.

1.3.2 Communication Exploration and Re nement

In communicationexploration[2], abstractcommunicationbetweencomponentss re-
ned into anactualimplementatiorover wiresandprotocolsof systembussesThis designstepcan
be further divided into threemajor tasks,Busallocation Transducelinsertionand Channelmap-
ping. During busallocation,bussesareallocatedbetweenPEs,andmoreoftenthe main bus of the
softwareprocessois choserasthe systembus. Transducemsertionintroducedransducebetween
bussesf incompatibleprotocols(example,Parallelto Serial Protocol). During channelmapping,
the abstractchannelsbetweencomponentsare mappedto allocatedbusses. The communication
synthesigesultsin the busfunctionalmodelwhich de nesthe structureof the systemarchitecture
in termsof bothcomponentandconnectionsJustlik e thearchitecturanodel,busfunctionalmodel

is fully executableandcanbe simulatedandveri ed for properfunctionalityandtiming.

1.3.3 Implementation Synthesis

Implementationsynthesistakes the bus functional model as input and synthesizeshe
softwareandthe hardware componentslt is composedf two majorindependentasks,softwae
synthesi$31] andhardware synthesi$26]. The softwaresynthesigaskgeneratethemachinecode
for the programmablgrocessorn the architecture.As anintermediatestep,the communication
modelis rst translatedo C languageAlso, ary concurrentasksin thedesignwill bedynamically
scheduledy insertingarealtime operatingsystem.TheresultingC codeis compiledinto machine
codesof the processorsising the crosscompilerfor the processar The hardware synthesigask
is performedusingthe classicalbehaior synthesismethods.This taskcanbe dividedinto 3 sub-
tasksallocation, binding andscheduling Allocationis allocationof componenttik e multiplexers,
adders registers. Binding bindsthe operationsdataand datatransfersto allocatedcomponents.
Sdedulingdeterminesheorderin whichthe operationsareperformed.The outputof the hardware
synthesigs a structuralRTL descriptionof the component.implementatiormodelis the resultof
bothhardwareandsoftwaresynthesisaindis the endresultof the entiresystemlevel design.
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1.4 RelatedWork

1.4.1 DesignMethodologies

SoCdesignmethodologiesanbe basedon eithertop-davn approachor bottom-upap-
proach.In top-dovn approachthe designstartswith the speci cationof the systemat an abstract
level andmavesdown in the level of abstractiorby mappingthe functionalitiesonto components
makingtheimplementatiormoreaccurateat eachlevel. The designat the systemlevel is split into
smallfunctionalitiesandarecomposedierarchically The requiredcomponentareaddedandthe
functionalitiesare mappedonto the components.Oncethe architectureof the designis nalized,
the designis synthesizedo arrive atthe nal implementation.This approachs easierto manage
andthe designegetsthefreedomto choosahealgorithmandarchitecturéoasedn thedesigncon-
straints. Hardware-Softvare co-designervironments,POLIS system[5] and COSYMA [22] use
top-davn designmethodology
In the bottom-updesignmethodologydesignmovesfrom lowestlevel of abstractiorto the system
level by puttingtogethepreviously designedcomponentsuchthatthedesiredbehaior is achieved
at eachlevel. The designwill startby building the gatesin a given technology Basicunits are
built usingthe gatesandthe basicunitsareputtogethetto make moduleswith desiredfunctionality.
Finally, the modulesare assembledo arrive at an architecture.In this approachthe freedomof
choosingthe architecturds restricted. However, this approachthassomeadwantages.Sinceeach
moduleis compiledseparatelya designchangein one of the modulesrequiresre-compilationof
only thatmodule. [7] introduceshigh-level component-baselottom-upmethodologyanddesign
ervironmentfor application-speci cmulti-core SoCarchitecturesThis approactdoesnot provide
muchhelpon automatinghearchitecturesxploration.

A mix of bothtop-davn/bottom-upapproacheso take advantageof both the approachearealso
possible. Suchan hybrid approachis adoptedin [27] to reducethe designcycle time in FPGA
designmethodologyby eliminatingthe needfor completedesignre-synthesisandre-layoutwhen

accommodatingmallfunctionalchanges.

1.4.2 Speci cation Languages

A numberof systemlevel languagegSLDLS) have beendevelopedin the recentyears
with anintentto capturedesignscontainingboth hardwareandsoftwarecomponentstall levelsin
the design o w. Out of all the languagestwo languagesieedmentionbecausef their prevalent
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use,System14] andSpecC[11]. Boththelanguagesrebasedn C language SystemGmple-
mentssystemlevel modelingconceptextendingC++ classlibrary. SpecC.ontheotherhand,is a
new languagewith a new compilerandsimulator Its an ANSI-C extensionwith new constructdo

supportsystemlevel modeling.

For ourproject,SpecCwvaschoserasthe SLDL for its simplicity andcompletenessThe easyavail-

ability of the SpecCcompilerandsimulatorandthe SpecChasedautomatedsoCdesignmethodol-

ogy, SCEmadethe decisioneasier

1.4.3 SoCDesignFlow Examples

In this sectionwe will discusgwo relatedworks,thatapplythe SoCdesignmethodology

ontwo reallife examples.

1.4.3.1 DesignExploration and Implementation of Digital Camera

A top-davn designmethodologywith digital cameraasan exampleis discussedn [28].

The designprocessof this examplestartswith aninformal speci cationin the form of an English
document. This speci cationis re ned anda completeexecutablespeci cationin C languageis
written with 5 differentfunctionalblocks. First, animplementatioron an single generalpurpose
microcontrolleris consideredand basedon manualanalysisof the computationcompleity, the
possibility of a competitve designsolutionwith this partitionis ruled out. Further threemoreex-
plorationsbhasedon hardware/softvare partitioning are discussedto improve the designin terms
performancepower andgatecount. Thedesignis manuallypartitionedinto hardwareandsoftware
partitionsbasedn manualanalysisanddesigners experience.

ImplementationstartsatRTL. Synthesizabl&®TL descriptiorof thegenerapurposegyrocessocore
is availablefor the project. The specialpurposeprocessorsor the hardware partitionsare written
in synthesizabl&RTL description.For the software partitions,majority of the codeis derived from
the speci cationmodelandis modi ed to communicatevith the hardware partitionsat necessary
places. Theresultingsoftwarein C is compiledandlinked to produce nal executable.The exe-
cutableis thentranslatednto the VHDL representationf the ROM usinga ROM generatarAfter
thesestepstheentireSoCis simulatedusinga VHDL simulatorvalidatingfunctionalityandtiming.
Using commerciallyavailablesynthesigools,the VHDL RTL is synthesizednto gates.Fromthe
gatelevel simulation,necessargatato computepower is obtained.Gatecountis usedto compute
theareaof the chip. The sameprocesss repeatedor differentexplorationstill theimplementation
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matchingthe designconstraintss obtained.
In this methodologysincethe implementations manualat RTL, its time consumingio
designhardwarefor eachpartitionandfor eachexploration. Thelack of designautomatiorrestricts

the numberof explorationsandmakesthe designprocedurenot suitablefor complec applications.

1.4.3.2 DesignExploration and Implementation of Vocoder

A completesystemlevel modelinganddesignspaceexploration,usingtop-davn SpecC
designmethodology of an GSM EnhancedrFull-Rate speechvocoder standardis presentedn
[1]. This was a medium sized applicationand was intendedto demonstrateand evaluatethe
effectivenessof SpecCdesignmethodology The completespeci cation modelof the vocoderis
capturedn SpecC SoCEnvironment(SCE)wasusedfor designspaceexploration.

First, computationalhot-spotsare identi ed using a retagetablepro ler [6] integratedin SCE.
To startwith, a single software partitionis tried. The entirevocoderfunctionality is mappedo a
Digital SignalProcesso(DSP)availablein the SCEdatabas¢12] andsimulatedusingthe SpecC
simulator Basedon the simulatedtiming results,the single software solutionwasruled out, asit
could not meetthe timing requirement.Next, designbasedon hardware software partitioningis
explored. Basedon the pro ler output, the hot-spotbehaior in the designis mappedto special
purposehardware componentwith a desiredoperatingfrequeng. The restof the functionalities
are mappedto a DSP The automaticarchitecturere nementtool is usedperformthe behaior
partitioning and generatethe architecturemodel. The architecturemodelis simulatedto verify
the functionality andthetiming. If thetiming requirementsaresatis ed, bussesareallocatedand
channelsn the designaremappedonto the bussesandcommunicatiorre nementis performedto
producea busfunctionalmodel. Again, theresultingmodelis simulatedto verify functionalityand
timing. Finally, RTL generatiortool of the SCEis usedto synthesize¢he RTL for the hardware
componentandC codegeneratioriool is usedto generatéhe C codefor the softwarecomponents,
to arrive ata completeimplementatiormodel.

The re nement stepsproposedby the SpecCdesignmethodology Architectuie explo-
ration, Communicatiorexploration, Implementatiorsynthesisreautomatedn the SCE.Designer
dealswith only writing speci cationmodelandis relieved of repeatednanualimplementatiorof
modelsat differentabstractiorievels. This considerablyeduceghe designprocesgime. Designer

candevoteall the attentiontowardswriting a goodspeci cationmodelof the application.Designer
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getsaccuratdeedbackon timing by simulatingeachre ned model. Considerabldime is saved by

runningthe simulationof theabstracmodelsandgettingthe earlyfeedback.

1.4.4 Our Work

In ourwork, we appliedthe SpecCdesignmethodologyon anindustrysizedesignexam-
ple. We implementech MP3 audiodecoderusing SCE.We implementech completespeci cation
modelof MP3 audiodecodeiin SpecCSLDL andusedthe SCEto performthedesignspaceexplo-
ration. As aresultof automatiorprovided by SCE,we exploreddifferentarchitecturen relatively
shortertime. The thesisfocuseson the major designeffort of writing a goodspeci cation model
and at relevant point discusseshe possibility and techniquedo automatethe processof writing
speci cationmodel.

A preliminaryimplementatiorof this designexampleis discussedhn [25]. Thespeci cationmodel
in [25], wasnot completeandbarelyfacilitatedsufcient designspaceexploration. Someof the

de cienciesincluded

Thespeci cationmodeldid not have enoughgranularity Therewerevery few leafbehaiors

thus,restrictingthe extentof designspacesxploration.
Thespeci cationmodeldid not exposetrue parallelismin the application.

Theconcurreng exposedn thespeci cationmodelwasnottruly concurrenasthetwo com-
putationunits composedn parallelcommunicatedn a RemoteProcedureCall (RPC)style

thusmakingthemsequential.

In this work, the speci cation model was re-modeledstartingfrom C implementation
to have sufcient granularity concurreng, and computationaload balanceacrossbehaiors We
were ableto perform designspaceexploration with interestingpartitions, to arrive at a suitable

architecturdor the MP3 audiodecoder
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DesignExample

In this chapterwe will describehe choserdesignexample,a MP3 Audio decoder This
chapteralsogivesanoverview of the compressiomlgorithm.

Digital compressiorf audiodatais importantdueto the bandwidthand storagdimita-
tionsinherentin networks andcomputers.The mostcommoncompressioralgorithmis the ubig-
uitousMP3 alongwith the othercontenderdik e, Windows Media Audio (WMA), Ogg, Advanced
Audio Coding(AAC) andDolby digital (AC-3). A brief descriptionof theseformatsis availablein
[4]. All of theseuseavarietyof clevertricksto compressnusic les by 90%or more.Eventhough,
standardsike AAC andMP3PRO promisebetterquality at lower bitrates,at this stage MP3 is an
undisputedeaderbecaus®f its wide spreaduse.

MP3[16] providessigni cant compressiotthroughlossycompressionapplyingthe perceptuasci-

enceof psychoacoustics Psychoacousticmodelimplementedy MP3 algorithmtakesadwvantage
of the factthatthe exactinput signaldoesnot needto be retained. Sincethe humanearcanonly

distinguisha certainamountof detail, it is sufcient thatthe outputsignalsoundsdenticalto the

humanears.In thefollowing section the genericstructureof anMP3 decodeiis presented.

2.1 Description of MP3 Decoder

The MP3 decoderfor our designwill usea completeMP3 streamasinput. Before pre-
sentingmoredetailsaboutthe actualdecodingprocessa shortoverview of the MP3 bit streamis

given.

10
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2.1.1 Structureof an MP3 Audio Frame

The MP3 streamis organizedin framesof bits. Eachframecontainsl152encoded®CM
samples.The framelengthdepend®n the bit rate( quality) of the encodediata. Sincethe bit rate
may vary in variablerate encodedstreamsthe frame size may also vary within a single stream.
Thereforethe frame headercontainsinformationfor the frame detection. Eachencodedrameis
dividedinto logical sectionsandthesecanbeviewedhierarchicallyasshavn in Figure2.1

Thevarious elds in aframeof audiodataarediscussedbelow.

Header Error Check Audio Data Ancillary Data

Side Info Main Data

Scale factors Huffman code bits

Figure2.1: MPEG 1 Layer 3 frameformat

Header is 4 byteslong and containssyncword to indicatethe startof frame. Headercontains
Layer information (MPEG Layer |, Il or 1), bitrate information, samplingfrequeng and

modeinformationto indicateif the streams monoor stereo.

Error Check This elds containsa 16 bit parity checkword for optionalerrordetectionwith in the

encodedstream.

Sideinformation Containsinformationto decodeMain data Someof the elds in sideinforma-

tion arelistedbelowv

It containsscalefactor selectioninformation, thatindicatethe numberof scalefictors
transferredoer eachsubbandand eachchannel. Scalefctorsindicatethe amountby
which anaudiosampleneedsto be scaled. Since,humanearresponsas differentfor

signalsat differentfrequenciesthe entireaudiospectrunis dividedinto subbandsThe

11
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samplesn the moresensitve bandsarescaledmorethanthe samplesn the lessersen-

sitive region of the spectrum.
It containsglobalgain which needgo beappliedto all thesamplesn theframe.

Informationregarding the numberof bits usedto encodethe scaleéctors. To achieve
compressioneventhe scalefictorsareencodedo save thebits. Thisinformationin the

sideinfowill indicatethe numberof bitsto encodea particularscale&ctor

Informationregardingthe huffmantableto be selectedo decodea setof samplesThis
informationspeci esoneof the 32 huffmantablesusedfor huffmandecoding.

Main data Themaindatacontainghe codedscalefactorsandthe Huffmancodedbits.

Scalefctorsareusedin thedecodeto getdivision factorsfor a groupof values.These
groupsarecalledscalefictorbandsandthe groupstretchesver severalfrequeny lines.
The groupsare selectedbasedon the non-uniformresponsef humanearfor various

frequencies.

The quantizedvaluesareencodedisinghuffmancodes.The huffmanencodingis used
to codethe mostlikely valueswith lessernumberof bits andrarely occurringvalues
with largernumberof bits. The huffmancodesaredecodedo getthe quantizedvalues

usingthetableselectinformationin the sideinfosectionof theframe.

Ancillary data This eld is the private dataandthe encodercansendextra informationlike ID3

tagcontainingartistinformationandnameof the song.

2.1.2 MP3 DecoderOperation

The block diagramin Figure 2.2 shavs the data o w within the MP3 decoder Thein-
comingdatastreamis rst split up into individual framesandthe correctnes®f thoseframesis
checledusingCyclic Redundang Code(CRC)in the syncandthe error chedking block shavn in
Figure2.2 Furtherusingthescalefactorselectioninformationin thesideinformation,scalefactors
aredecodedn the Scalefactodecodingblock. Scalefactorsareusedto scaleup the re-quantized
samplef asubbandSubbands aseggmentof thefrequeng spectrum.Subbandareintroducedn
theencodeto selectvely compresshe signalsat differentfrequenciesThesesubbandsrechosen
to matchthe responsef humanear The main dataof the frameis encodedasa Huffman codes

The quantizedsamplesare derived from the huffman codesin the Huffmandecodingblock. The

12
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Magnitude &
Sign
Huffman code DCT
bits > Huffman Requantization Reordering
Decoding .
Sync
. A?:]d Huffman DCT
Bitstream £ Information Huffman Info
RN rror > .
checking Decoding
Scalefactor
Decoding Scalefactor
Decoding
Synthesis Right
- Polyphase [
> Allas —»  IMDCT »| Frequency / FilterBank
Joint Reduction Inversion
» Stereo PCM
Decodin
g Alias Frequency Synthesis Left
Reduction IMDCT Inversion | ———»| Polyphase (—
FilterBank

Figure2.2: Block diagramof MP3 decodelff 18]

necessargideinformationneededor huffman decodingis obtainedfrom Huffmaninfo decoding
block. Sincethe huffman codesarevariablelengthcodes the huffman encodingof the quantized
samplegesultsin a variableframesize. In orderto optimizethe spaceusagein aframe,the data
from the adjacentframesare pacled together So, the Huffman Decodingstagerefersto the pre-
vious framesdatafor its decoding. The next stepafter Huffman decoding,is the re-quantization.
There-quantizere-quantizeshehuffmandecodeoutputusingthe scalefctorsandtheglobalgain
factors.There-quantizediatais reorderedor thescaleictorbands.There-quantizeautputis fed
to the stereodecoderwhich supportshoth MS sterecaswell asintensitystereaformats. The alias
reductionblock is usedto reducethe unavoidablealiasingeffectsof the encodingpolyphaselter
bank. The IMDCT block convertsthe frequeny domainsampledo frequeny subbandsamples.
Thefrequeny subbandsvereintroducedby theencoderThis allows treatingsamplesn eachsub-
banddifferentlyaccordingo thedifferentabilitiesof thehumanearover differentfrequenciesThis
techniqueallows a highercompressiomatio. Finally, the polyphaselter banktransformghe data
from theindividual frequeny subbandénto PCM samplesThe PCM samplesannow befedto a
loudspeakr or ary otheroutputdevice throughappropriatenterface.

A comprehensk literatureaboutthe MP3 audiocompressiostandards availablein [15] [23] [18].

13



Chapter 3

Speci cation Model

Speci cationmodelis the startingpointin the systemdesignprocessandformstheinput
to thearchitecturexplorationtool. Speci cationmodelis theresultof capturingthefunctionality of
the designin SystemLevel DescriptionLanguaggSLDL). It is a purefunctional,abstracimodel,
andis free of ary 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 cationmodelshouldclearlyseparat¢he
communicatiorblocksfrom the computationblocks. This enablesapid explorationby fa-
cilitating easyplug-n-playof modules. Abstractionof communicatiorand synchronization
functionality is a key for efcient synthesisand rapid designspaceexploration. In SpecC
SLDL, computatiorunits canbe modeledusingbehaiors andcommunicatiorelementaus-

ing channels.

Modularity: Modularity is requiredin the form of structuraland behaioral hierarcly allowing
hierarchicaldecompositiorof the system. The hierarcly of behaiors in the speci cation
modelsolely, re ects the systemfunctionality without implying anything aboutthe system

architecturego beimplemented.

Granularity: Thesizeof theleaf behaiors determineghe granularityof the designspaceexplo-
ration. More thenumberof leafbehaiors greaterarethenumberof the possibleexplorations.
Granularitydepend®n the userandthe problemsize. Thereis awide rangeof possibilities:

On oneextreme,every instructioncanbe a behaior andon the otherextreme,entiredesign

14
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could bein onebehaior. The former meanscomplex designspaceexploration becausef
too mary componentsso it is not practical. The later resultsin reduceddesignspaceex-
ploration. Granularityat subroutindevel is usuallybetter asthe numberof componentsre

manageable.

Implementation details: Speci cationmodelshouldnot have ary implicit or explicit implemen-
tationdetail. Having implementatiordetailswould restrictthe designspacesxploration. For
example,describingthe functionality of a behaior at RTL would resultin aninef cient so-

lution, atalaterstagejf the behaior is implementedn software.

Concurrency: Any parallelfunctionalityin the algorithmmustbe madeinto concurrentmodules.

Thiswould enableexplorationof fasterarchitectures.

Speci cationmodelof thedesigncouldbewritten from scratchwhich requiresextensie
knowledgeof the algorithmbeingimplemented.n this case usercandecidethe granularity hier-
archy andconcurreng of thedesignbasedn the knowledgeof thealgorithm. This approachmight
be time consumingas oneis startingfrom scratchandthe resultingspeci cation modelrequires
considerablamountof veri cation beforeconsideringt for restof the designprocessMore than
often,in theembeddedystendevelopmentspeci cationmodelneedgo bedevelopedfrom anex-
isting referenceC codewhich implementgshealgorithm. This approachis fasterthantheformeras
the signi cant amountof effort hasalreadybeeninvestedn makingthe referencecode.Moreover,
sincethe SpecCSLDL is justa supersebf C languagat would requirelessereffort to corvert the
C referencecodeinto SpecCspeci cationmodelthanwriting the speci cationmodelfrom scratch.
Therestof this chapterwill describethe developmentof the speci cationmodelstartingfrom ref-

erenceC-codeof aMP3 Audio decoder

3.1 ReferenceC Implementation of MP3 Decoder

To develop the speci cationmodelwe referredto the C implementatiorof the MP3 de-
coderavailablefrom MPG123[21]. MPG123is a realtime MPEG Audio Playerfor Layers1,2
and 3. The playerprovides,both, the core decodingfunctionality andinteractve GraphicalUser
Interface (GUI). This referencedecoderis designedor andtestedto work on Linux, FreeBSD,
Sun0S4.1.3Solaris2.5, HPUX 9.x and SGlI Irix machines.It requiresAMD/486 machinesun-
ning atatleast120MHz or fastermachineto decodestereoMP3 streamsn realtime.

15
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Propertieof thereferenceC implementation

Total numberof sourceles 66
Total numberof linesof code 12K
Numberof sourceles in thecore
MP3 algorithmimplementation 10

Numberof linesof codein thecore
MP3algorithmimplementation 3K
Numberof functionsin the core
MP3 algorithmimplementation 30

Table3.1: Propertief thereferencémplementatiorof MP3 decoder

3.1.1 Propertiesof the Source of Referencelmplementation

The propertiesof the referencemplementationare givenin Table 3.1 The tablelists
someof the physical propertiesof the C codeimplementationof MP3123. The sourcearchive
containedoating pointimplementatiorof the MP3 Audio decoderTheimplementatiorcontained
66 source les, which includedthe actualdecodingalgorithmaswell assupportinguserinterface
code,contrituting to 12K lines of code. For developingour speci cationmodelwe only focused
on the coredecodingalgorithmwith a simplel/O spreadover 10 source les, andcomprising3K
lines of code. The sourcewassplit into 30 functions. A call graphof the majorfunctionsis shavn
in Figure3.1

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

typical codingissuesthatneedto be remodeled Someof thesearelisted below:

The implementationrmajorly composedf pointer operations. Since pointersare not sup-
portedby the hardware synthesidools, the presencef pointersin the sectionof codethat

would getmappedo a hardwarePEis discouraged.

Usageof datastructureswith pointermembers.

Lack of behaioral hierarcly.

Lack of separatiorof computatiorandcommunicatiorblocks.
Excessie usageof globalvariables.

Absenceof adistincttestbencltandalgorithmimplementation.

16
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Figure3.1: Call graphof majorfunctionsin thereferenceC implementation

To addresghese,a stepby stepapproachwas adoptedto arrive at the nal cleanspeci cation
model. Thesearemanualstepsandaredescribedn the subsequergectionsandwherever possible,
we discusghe possibility of automation.

3.2 Initial Testbench

In this designstep, we separatedhe core functionality of the MP3 decoderfrom the
restof the codein the referencemplementationand built a testbencharoundit. The testbench
remainsunchangedhroughout the designprocessand providesthe testingervironmentfor our
DesignUnderTest(DUT). Thisstepinvolvesfew smallertaskswhich arediscussedh thefollowing
sections.

3.2.1 Making C Code SpecCCompliant

Asa rst steptheentiremainfunctionof thedecodemwaswrappedn onebehaior, Main.
In SpecC.the root behaior is identi ed by Main behaior andis the startingpoint of execution
of a SpecCprogram. The modelwas compiledusing the SpecCcompiler Sincethe reference
implementatiorwas not ANSI-C compliantand due to somelimitations in the SpecCcompilet
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therewere compilationissueswhich requiredchangesn the C codeto make it SpecCcompliant.

Someof theissuesencounterearelistedbelow.

In SpecC nitialization of variablesat the time of declarations restrictedonly to constants.
The C referencamplementatiorhadvariableinitialization with non-constantsuchas, pre-
viously declaredvariablesor addresf variables. Suchvariablede nitions were manually

changedo separat¢he de nitions from initializations.

Certainvariablenamesin the C implementatiorlike, in, out are keywordsin SpecC.Such

variableswererenamedo somenon-interferingnames.

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

changedvithouthamperinghe normalfunctionality.

After theabore changeswe wereableto compileandsimulatethereferenceC codeusing

SpecCcompilerandsimulator

3.2.2 Building the Testbench

The coredecodingfunctionality of the decodemwasseparatedrom the restof codeand
waswrappedn abehaior mp3decoderThisnew behaior istheDUT. Two leafbehaiors, stimulus
andmonitor wereintroducedto implementthe functionality of the testbench The threebehaiors
were instantiatedn the Main behaior. The communicationbetweenthesethree behaiors was
establishedusingthe queuechannelsx andy. Readonly informationlike, buffer size andtype
of streambeingprocessedveresharedacrosghe behaiors usingvariables.The structureandthe
connectvity of thetestbenchs shavn in Figure3.2 Thestimulusreadgheinput MP3 streanmfrom
thebinaryMP3 les (*.mp3) andsendst to mp3decodein chunks.mp3decodebehaior decodes
theinputdataandsendst to monitor. The monitor behaior recevestheincomingdataandwrites
it into anoutput le (*.pcm). It alsocompareshereceveddatawith referenceoutputgeneratedby

thereferencéamplementation.

3.2.3 Timing of the Testbench

In this section,we describethetiming of the stimulusandmonitor behaiors to transmit
andreceve datarespectiely, at a correctrate. We alsolook at designof the buffer capacityin the

testbench.
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Figure3.2: Top level testbench

The stimulusis designedo feedthe datainto the mp3decodem chunksof 256 bytes. In orderto
sendthedataat a correctrate,stimuluswaitsfor waittimebeforeevery transfer For a givenbitrate,
streamtype (monoor stereo),andwith the transfersize of 256 bytes, waittime for stimuluswas
computedasbelow.

numberof chunks persecond= (bitrate stereomo@=8)=(256)
waittime= (1=numberof chunks persecond 100000000(s

Since we are calculatingthe wait period after every transferof 256 bytes, we rst
computenumberof chunksper secondusingthe bitrate andstereo modeparametersThe inverse
of thenumberof chunksper secondyivesthewaittime Theabove calculationgivesthewaittimein
nano-secondsThe above timing detailis shavn in Figure 3.3(a). The x-axisis thetime line and
y-axisindicatesactiity in bursts. The gure shaws thatthereis a datatransferfrom stimulusto
monitorin burstsof 256 bytesevery waittimens.
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A

256 byte bursts of MP3 stream

—r .
N Time
waittime

(a) Stimulus to Decoder data transfer activity

I 2 byte bursts of decoded PCM samples

— .
. Time
Deadline per sample

(b) Decoder to Monitor data transfer activity

Figure3.3: Timing of testbench

The monitor checksif the samplesfrom the decoderare receved in a stipulatedtime.
Monitor computeghis stipulatedtime or deadlineusingsamplingfrequencyandstereo mode(This
parameteis 1 for monoand2 for stereocencoding)information. At the startof every frame,mon-
itor checksif the framewasreceved within the stipulatedtime. This checkwill determineif the
decodeiis too slow to meetthe necessaryiming requirement.The deadlineper frameof samples

is computedas

deadine persanple = (1=(stereomode sanpling frequency 100000000M) ns

deadine = deadine persanple sanplesper frame

where
sanplesper frame= 1152 stereomoce

In theabove calculationsdeadlineis thetime in nano-second® decodea frameof audio

data. We rst computethe deadlineper sampleusing the stereo modeand samplingfrequency
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parametern termsnano-seconddJsing, numberof sampleger frame we arrive at the deadline
for theentireframe. The above timing detailis shavn in Figure3.3(b). The gure shavsthatthere

is a datatransferin burstsof 2 bytesevery deadlineper samplens.

Now, we will look at the computationof the buffer capacityfor the two channelsn the
testbenchThestimulusto mp3decodequeuemustbe designedo accommodatdataworth atleast

oneworstcaseframesize. Theworstcaseframesizeis computedasbelow:
MaximumAverage FrameSze = sanplesper frame Max possibebitrate=sanpling frequency

= (1152 320Kbits=seq=48KHz = 7680bits
= 960Bytes

To meetthis requirementa queuesizeof 1024byteswaschosen.
Sincethe output from the decoderis written to the monitor one sample(2Bytes) at a time, the

mp3decodeto monitorqueuecouldbe of 2 bytessize.

3.3 Parallelization of the Designat the Top Level of the Hierar chy

In our speci cationmodel,therewasno concurreng at the very top level of thedecoder
So, theinterfaceof the decodemith the monitor wassequential. As the monitor wasdesignedo
accepthedataataspeci c ratethewholedecodemvould bestalledtill thedecodedlatawasdeliv-
eredto themonitor. This obviously wasnot desiredasit meantwastageof resourcesn thedecoder
waiting for the datatransferto complete. Anotherissuewith the modelwasthat, the outputdata
transferratewas controlledby the monitor which requiredthatin the real ervironmentthe output
device beknowledgeableboutthesamplingfrequeng andstereanodewhichis notpracticalwhen
the outputdevice is a simplespealer system.So, we moved this rate controlintelligenceinto the
decoder
To meettheabove requirementsve modi ed thetop level of thedesignto separatéhedecodercore
functionalityfrom the datatransferlogic. Theresultantierarcly is shovn in Figure3.4.

The newly introducedbehaior Talk2ZMonitor runs concurrentlywith the core behaior
decodeMP3and consistsof 3 child behaiors, Listen2DecoderComputeime and DataTransfer
composedn FSM. DataTransferis responsibldor gettingthe decodeddatafrom the decodeMP3
in chunksof 32 samplesand write it to monitor at a properrate. This rateis calculatedfrom
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Figure3.4: Top level parallelhierarcly of thedecoder

the samplingfrequeng and stereomodeinformationby Computeime behaior. Listen2Decoder
is responsiblefor receving this information from decodeMP3using double handshak channels
ch_sfreq, ch_steeomode Queuechannelsgranulech0 andgranule chl areusedfor communicat-
ing decodedsampledrom decodeMP3o DataTransferbehaior. The variouschannelsusedfor
communicatiorareshavn in the Figure 3.4.

3.4 Intr oducing Granularity

SpecObehaiorsform thebasicunitsof granularityfor designspacesxploration. Theleaf
behaiors, behaiors at the bottomof the hierarcly, containthe algorithmimplementationn the
form of C code.Sofar, our DesignUnderTest(DUT) hasjust onebehaior providing no scopefor
designspaceexploration. We needto introducemorebehaiors into this designto make sufcient
designspaceexploration. One easyway to do this is to convert all the major C functionsin the
designinto behaiors. Basedon the preliminarypro le resultobtainedfrom GNU pro ler, gprof

andbasedon codeobsenation a list of functionsthat needsto be corvertedinto behaiors were
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identi ed. Thebehaiors wereintroducedbasedn the corventionslisted belov. TheFigure-3.5is
usedto explainthis procedure.

Behavior before - . .
T Modified Behavior Newly Introduced Behavior
Behavior B1
(in int p1, in int p2, out int result) .
( Behavior B1 Behavior B1_fi(in int i1,
FETEr G (inint p1, in int p2, outint result) in int i2, in struct S s1, out int result)
int f1(int, int*, int); { {
void main() intil, i2; //member function
{ struct S s1; int f(int, int, int);
intil, i2, *p_i2; /linstantiate child behavior here void main()
struct S s1, *p_s1; B_f1(i1, i2, s1,result); {
ML = iz void main() result = f1(i1, &2, s1.member);
i2 = pl-p2; >
p_i2 = &i2; { }
- ' int *p_i2; int f1(int i1, int* p_i2, int member)
struct S *p_s1; {
result = f1(i1, p_i2, s1.member); .
i1 =pl+p2; int vard;
} i2 = pl-p2; varl = i1+*p_i2+member;
int f1(int i1, int* p_i2, int member) B =tk return varl;
{ ..... }
int varl; B_fl.main(); e
varl = il+*p_i2+member;, | | .o
return varl; }
} b
i

Figure3.5: Exampledescribingcorversionof a C functionto a SpecCbehaior

3.4.1 Procedure

We will now describethe procedureusedto corvert functionsto behaiors. Figure 3.5
shawvs an examplefor corverting a function into behaior.In the gure, the codebox on the left
shavs behaior B1 encapsulatinghefunctionfl. Thefunctionreturnstheresultwhichis writtento

theoutport, result Thecodeboxontheright shavsthefunctionfl encapsulateth anew behaior
B1fl.

1. Functionsare corvertedto behaiors one by one using top-dovn approachfollowing the
functional hierarcly. This meansthat a function is never corvertedto behaior, unlessits

calling function (parentfunction)is corvertedto behaior.
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2. The function to be corvertedis encapsulateéh a behaior body andthe function body is
eitherinlined into themainof thenew behaior or thefunctionis madea membeiof this new
behaior with the main of this new behaior containinga single call to this function. This

secondscenarids shavn in the Figure-3.5 andthe nameof this new behaior is B1 f1.

3. The new behaior is instantiatedn its parentbehaior For example,in the gure the new
behaior B1 fl is instantiatedn B1. The portsof this newv behaior are determinedoy the
original function parameters.The necessaryunction agumentsare madethe membersof
the parentbehaior. For example,in the gure, i1, i2 and s1 are mademembersof the
behaiors B1 Duringlaterre nementstagestheseportsmightchangeor new portsmightbe
introduced.

4. If ary of thefunctionparameterarepointersthenthey arereplacedvith anactuallocationor
anarray dependingnits type(noticethati2 is mappedo thesecondortof B1 f1). Thetype
of the port(in, out, inout) is determinedasedon how thatparameteis usedwithin the new
behaior. If thefunctionparameteraremembersf a compositestructure(includingrrays),
thenit hasto bereplacedwith the entirestructure.Thisis the casewith thevariableslin the
Figure3.5.

5. Thereturnresultof the functionis assignedo anout port. In the example,noticethatthere
is onemore port(outport result)for the new behaior, thanthe numberof parameterso the
original function.

3.4.2 Summary

All of the abore stepsexceptpointercorversionare pure mechanicaendhencecanbe
automatedHowever, the decisionof choosingthe functionto be corvertedinto behaior hasto be
madeby thedesignerDeterminingthetypefor eachportof thenewly introducedoehaior, requires
manualanalysis.Eachfunctionparametehasto beanalysedio nd if its read-onlywrite-only, or
read-writeparameter

Using abore steps,mostof the major functionswere corvertedto behaiors. After this
major stepwe arrived at a SpecCimplementatiorof the MP3 decodemwith 18 behaiors and 31
behaior instancesSofar, we hadcorvertedonly few functionsto behaiors but mostof the C code
betweenfunction calls still exists betweenthe behaiors. So, we now have behaiors interleared
with lots of C code.But in a”good” speci cationmodel,C codeis allowedonly in theleafbeha-
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iors ( behaiors which containno otherbehaiors). For writing good speci cation model, which
canbe understoodyy the SCEtool, it is required,thatat ary level of hierarcly, all the behaiors
are composeckither sequentially or in Finite StatementMachinestyle, or concurrently or in a
pipelinedfashion. This canbe achiezed rst by eliminatingthe stray codebetweenthe behaior
calls. Apartfrom this issue therewasonemoreissueto be solved, the globalvariables.Sinceeach
behaior representpotentiallyanindependenprocessinglementabehaior hasto communicate
with the externalworld only throughits ports. Soit is importantto eliminatethe global variable
communicatiorof the behaiors. We rst addressethe problemof globalvariable,beforetaking

up the problemof eliminatingthe straycode,astheformerwill in uence thelaterprocedure.

3.5 Elimination of Global Variables

Globalvariableshide the communicatiorbetweerfunctions,in a programbecausehey
don't appearas function parameterr return resultsof functions. Sincethey becomeglobally
available to all the functionsin the program, programmeraise this featurefor corvenienceto
declarevariablesusedacrossmary functionsas globals. However, a good speci cation model
requiresthe communicatiorto be separatedrom the computation.So, the hiddencommunication
throughglobalvariablesmustbe exposed.Dependingon the scenariothe communicatiorthrough
globalvariablescanbe removedusingoneof the proceduregjivenbelow.

3.5.1 Procedurel

If the usageof the global variableis restrictedto only one behaior thenthe following
procedurds used.

1. Globalvariablesvhoseusage(readndwrites)is restrictedto only onebehaior canbemoved
into that behaior makingit a memberof that behaior. In the Listing 3.1(a) the usageof
global variablegl is restrictedto behaior bl aloneandhencehasbeenmoved all the way
into b1 asshavn in Listing 3.1(b)

3.5.2 Procedure?2

If the usageof the globalvariableis spreadacrossmultiple behaiors thenthefollowing
procedurds used.

25



CHAPTER3. SPECIFICAION MODEL

int g1, g2; behavior Main()

f
int varl, var2, var3;
5 int g2;

behavior Main()
f
5 int varl, var2, var3;

bl Bl(varl, var2, g2);

bl Bl(varl, var2); b2 B2(var2, var3, g2);

b2 B2(var2, var3);

10 int main(void) oo main(void)
f .
. Bl.main();
Bl.main(); ; !
B2.main(); 9 B2. main ();
9 .
15 g; 59
behavior bl(in int i1, out int ol) fbehawor bl(in int il, out int ol, out int g2)
f .
. . . int g1,
20 ]yo'd main(void) 20 void main(void)
. f
gl = gl+il; — 09
: 1 = gl+il;
g2 = il++; 82 - igl++'
ol = i1; ol = i1;
9 ;
25 Q; 25 9

g9;
behavior b2(in int i1, out int ol)

f behavior b2(in int i1, out int ol, inout int g2)

f

20 ;/0|d main(void) 30 void main(void)
f

g2 = g2++;
ol il;
g
g 35 g,

g2++;
il;

g2
ol

g

(a) Speci cationmodelwith globalvariables (b) Speci cationmodelwithout globalvariables

Listing 3.1: Eliminatingglobalvariables.

1. Globalvariableswhoseusagés spreadacrossmorethanonebehaior aremovedinto thein-
nermostehaior in the hierarcly which encompasseall the behaiors accessinghatglobal
variable.In theListing 3.1(a) theglobalvariableg2 is usedacrosswo behaiors b1 andb2.
As shown in Listing 3.1(b) g2 is movedinto the Main behaior asMain is the inner most

behaior encompassingothbl andb2.

2. Moving the globalvariablesinto the innermostbehaior will introducenew portsin the be-
haviors accessinghe global variableandthe type of the portis determinedoy the natureof
theacces®of thevariables.In Listing 3.1(b)therearenew portsfor the behaiors b1 andb2.
b1whichonly writesg2 getsanextra out portandb2 which bothreadsandwritesg2 getsan

inout port.
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3.5.3 Summary

Theabore mentionede nementstepsaremechanicahndcanbeautomatedThethenec-
essanjinformationregardingthe usageof the variablesareavailablein the compilerdatastructure
andcanbeusedto determinewvherethevariableis de ned andwhereall it is beingused.However,
determiningthe porttypesof the new ports,introduceddueto motion of globalvariablesrequires
manualanalysisf theseglobalvariablesareaccessedsingpointerswithin thebehaiors.

3.6 Arri ving at a Clean Speci cation Model

As describeckarlier a cleanspeci cationmodelis onein which only the leaf behaiors
containthe C codeandall thechild behaiorsarecomposeactitherin parallel (usingpar statement),
or in pipeline (usingpipe statement)pr in Finite StateMachine(FSM)style(usingfsmstatement),
or sequentiallyBut, atthis stage pur speci cationmodelis composeaf behaior callsinterleared
with C code.The SpecUanguageaeferencananual 8] describegachof this compositionstylesin
detail.

In this sectionwe describehe procedureadoptedo cleanthe speci cationmodel.

3.6.1 Procedure

Theinterleaving C codebetweerbehaiors canbe wrappedinto separatéehaiors and
thesebehaiors canbe composedn eitherof the 4 waysmentionedabove to geta cleanspeci ca-
tion model. The possibilityof concurrentompositiorusingpar andpipe statementareconsidered
later, asthey arecomplex andrequiredependenganalysisacrossbehaiors to checkif thereexist
ary parallelismbetweenthem. At this stage,we look at composingthe behaiors eitherin pure
sequentiafashionor in FSM style. Behaviors composedsequentiallyexecuteone after the other
in the orderspeci ed. Similar to puresequentiatompositionjn FSM compositionthe behaiors
are executedone after the othersequentially However, in addition, FSM compositionfacilitates
conditionalexecutionof behaiors. The conditionsarespeci ed next to the behaior andareeval-
uatedafter executingthe behaior. The next behaior to be executeddependson the resultof the
conditionevaluation.In theabsencef arny condition,the execution o w will fall through.

In our case sincesomeof thestrayC codebetweerbehaior callswereconditionalstate-
mentsin uencing the executionof behaiors, it wasconducve to composeéhesebehaiorsin FSM

style by having the conditionalC codecorvertedinto conditionalstatement®f the FSM. Straight
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line strayC codewerewrappednto separatdehaiors. Wheneer possible jnsteadof introducing
new behaiors, we pushedheseinstructionsinto the alreadyexisting neighboringbehaiors. This
lateroperatiorrequireghattheexisting behaior's portshe changedo accommodateen changes.
Theabove describedjyeneramethodologyis adoptedn theexamplesshovn in Figure 3.6
andFigure3.7. Figure3.6 depictsthewayto corvertanif statemeninto anFSM. In this example,
a new behaior newB is introducedencompassinthe straightline C instructionsa = 1; var = 2;.
The conditionalexecutionof behaiors B1 andB2 is madepossibleby absorbingheif condition
into the FSM. TheseconditionalC instructionsappeaiin a differentform next to the behaior call
newB.
Figure3.7 shavs awayto convertafor loopinto aFSM. In caseof for loops,the strayinstructions
includetheloopinitialization statementdpop conditionandloop parametetupdatestatementsThe
new behaior, LOOP_CTRLIs introducedo updatetheloop parameter with anincrementinstruc-
tion. The loop parameteinitialization is moved to the precedingbehaior, START andthe loop
conditionevaluationis absorbednto the FSM body next to the LOOP_.CTRL behaior call. The
unconditionalgoto in the FSM body, next to the behaior call B3, forms a loop of LOOP.CTRL,
B1,B2,B3. Thisloopis terminatedvhenthe conditionalstatementén the FSM body next to the
behaior call LOOP_CTRL evaluatesto false. A similar stratgy of codecleaningis discussedn
[3].

3.6.2 Summary

Theabove mentionedyenerabproceduravasusedto cleanup the MP3 decodesspeci ca-
tion model. As anexample,the entiregranuleprocessingunit of the MP3 decodelis shavn in the
Listing 3.2 If you notice,this sectionof the speci cationmodelhaslots of C codein betweerthe
behaior calls. A cleanFSM versionis shavn in Listing 3.3

Thegeneralprocedureadoptedo cleanthe speci cationmodelinvolvespurely mechan-
ical stepsandcanbe automated.With limited userinputsaboutthe type of compositiondesired,
wrappingof the C instructionsin behaiors and converting conditionalstatementsnd loopsinto

FSM canbeachiezedthroughautomation.
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behavior dogranule(/ list of ports /)

f
/' Instantiation of child behaviors and data structures /
void main()
5 f
dolayer3_1.main();
if (fr.lsf)
sideinfo2.main();
10 else
sideinfol.main();
setptr.main();
15 if (ret==MP3_ERR)
return;
for (gr=0;gr<granules;gr++)
f
20 f
setparaml.main();
if (fr.lsf)
f
25 scalefac2.main();
g
else f
scalefacl.main();
30 g
Dequant.main();
if (dequant_ret) return;
if (stereo == 2) f
35 setparam2.main();
if (fr.lsf)
f
scalefac2.main();
g
40 else f
scalefacl.main();
g
Dequant.main();
if (dequant_ret) return;
45 msstereo.main();
iStereo.main();
dolayer3_2.main();
50 g
for (ch=0;ch< stereol;ch++) f
antialias.main();
Hybrid.main ();
55
sfilter .main();
g
return;
g// main
60 g;

Listing 3.2: Sectionof MP3 decodeispeci cationmodelbeforecleanup.
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10

15

20

25

30

35

40

behavior

f

dogranule(/ List of ports /)

| Instantiation of child behaviors and data structures /
void main()

fsm f
dolayer3_1 : f if (fr.Isf) goto sideinfo2;
goto sideinfol;g
sideinfol: f goto setptr;g
sideinfo2: f goto setptr;g
setptr: f if (ret == MP3_.ERR) break;
goto setparaml;
g
setparaml: f if (fr.lsf) goto scalefac2;
goto scalefacl;
g
scalefacl: f goto Dequant;g
scalefac2: f goto Dequant;g
Dequant : f if (dequant_ret) break;
if (stereo == 2 && dequant_ch == 0) goto setparam2;
if (stereo == 2 && dequant_ch == 1) goto msstereo;
goto antialias;
g
setparam2: f if (fr.lsf) goto scalefac2;
goto scalefacl;
g
msstereo: f goto iStereo;g
iStereo: f goto dolayer3.2;g
dolayer3_2: f goto antialias;g
antialias : f goto Hybrid;g
Hybrid: f if (ch<stereol) goto antialias; //increment ch
goto sfilter;
g
sfilter: f if (gr<granules) goto setparaml; //increment gr
break ;
g//fsm
g// main

Listing 3.3: Sectionof MP3 decoderspeci cationmodelaftercleanup.
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Clean Behavior with FSM
Behavior with C code behavior Top()
between behavior
calls int a, var;
bl B1();
behavior Top() b2 B2();
b3 B3();
int a, var; newb newB( a, var);
bl B1(); void main (void)
b2 B2(); {
b3 B3(); }sm
void main (void) — newB: { if(var) goto B1,;
{ goto B2;}
Ya. B1: {goto B3;}
a=1;var=2;. B2: {goto B3;}
if (var) B3: {break;}
B1.main(); }
else }
B2.main( ); ;
B3.main( ); /* Newly introduced behavior*/
IS ) behavior newb( out int a, out int var)
{
void main(void)
{
Ya.
a=1,
var = 2;
}
i

Figure3.6: Exampledescribingcorversionof uncleanbehaior to a cleanbehaior

3.7 Intr oducing Concurrencyin the Speci cation Model

After all theabove stepsour speci cationmodelwascleanfrom globalvariables;t had
aclearlyseparatedesignandtestbenchthe C codewasrestrictedonly to theleaf behaiors andat
every level of hierarcly all the behaiors werecomposeckithersequentiallyor in FSM style. The
next stepwasto exposeconcurreng in themodel. Any parallelismin thedesignhasto be explicitly
exposedn thespeci cationmodel,sothatit canbe exploitedlaterduringdesignspacesxploration.
In this sectionwe rst talk aboutthe variousconditionsto be satis edto have parallelismbetween

behaiors anddiscusswith examplesthe actualstepstakento introduceconcurreng in thedesign.
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Behavior with FOR Loop

Clean Behavior with FSM

behavior Top()
behavior Top() int count: behavior loop_ctrl
{ int i: (inout int i)
int count; {
bl B1 (); : :
bl B1(); b2 B2 (): void main( )
b2 B2(); b3 B3 (); {
b3 B3(); start START (count, i); i
start START (count); loop_ctrl LOOP_CTRL (i); i++;
. . . void main (void) }
void main (void) {
inti fsm Ji
inti; _ {
START.main(); » START: {goto loop_ctrl;}  /* Modified START behavior*/
for (i=0; i<count; i++) LOOP_CTRL: behavior START
{ ) {if (i<count) goto B1; (outint count, out int i)
B1l.main(); break;}
Bz.ma!n( ); B1: {goto B2;} void main (void)
B3.main(); B2: {goto B3;} {
} B3: {goto loop_ctrl;} Ya.
} } count = 10;
Ko _ } i=0;
behavior START( out int count ) } }

void main(void) ¥
{
Ya.
count = 10;
}
I

Figure3.7: Exampledescribingcorversionof a FOR statemeninto FSM

3.7.1 Conditions for Concurrency

In SpecCtwo typesof concurreniexecutionbetweerbehaiors canbe exposed parallel
executionandthe pipelinedexecution. The formeris explicitly exposedusingpar statementsind
thepipelinedconcurreny is exposedusingthe pipe statements.

Thefollowing conditionsmustbe satis edfor two behaiorsto be composedn parallel.

1. Thebehaiors mustbe atthe sameevel of hierarcly.
2. Thebehaiors mustnotwrite to thesamevariable.

3. Thebehaiors mustnot have accesgo the samevariable,if atleast,oneof thosebehaiors

canwrite to it.

In SpecCparadigm the above conditionscanbe restatedas,”"Behaviors at the samelevel of hier

arcty canbe composedn parallel,without synchronizatioroverheadjf the behaiors don't have
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their portsmappedo the samevariable.If they aremappedo acommonvariable thenthe portsof
all the behaiors mappedo thatcommonvariablemustbein ports’

Thetaskof checkingtheseconditionsis purely mechanicabndhencecanbe automatedo deter
mineif two behaiors canbe composedn parallel. However, undersomecircumstances;omplete
automatioris not possible.If thecommonvariablesacrossbehaiors arecompositevariableslike
arraysandstructuresthen,dependingon just above conditionswould resultin conserative result,
becausehaving a compositevariablein commonacrossbehaiors doesnt necessarilymeanthe
behaiors areaccessinghe same eld of the compositestructure. In suchcasesfurther analysis
within the behaiors needsto be doneto checkif the behaiors areinterferingwith eachotherby
writing to thesame eld of the compositevariable. Again, this requiresmanualattentionandcan-
not be automated@ompletely The otherpossibilityis to introduceanothere nementstepto break
the compositevariablesinto normalvariables for example,unwindingthe arrayto individual ele-
ments splitting the structureinto individual elements But this requiresmodi cation of the C code
to changeall theaccesso thecompositevariableso simplevariables.Thoughthisis possibleunder
certaincircumstancest is not possiblewhenpointersandindicesareusedto accesshecomposite
variableastheir valuesarenotknown at statictime.

More thanoften, the parallelismbetweerbehaiors might be hidden,andrelying on justtheabove
conditionswill not detectthat parallelism. Detectingsucha parallelismrequiresdesigners inter

vention.

3.7.2 Conditions for Pipelined Concurrency

Now, we will look at the conditionsto be satis ed to composebehaiors in pipelined
fashion.Pipelinedexecutionis possiblein applicationswvhich performa seriesof operationsnthe
inputdatasetto produceoutputdatasetwith theoutputof eachstageservingastheinputto thenext
stageof operation If thespeci cationmodelhasall thoseoperationsapturedn separatdehaiors
thenpipeliningis possiblejf following additionalconditionsaremet.

1. Thesetof behaiorsto becomposedn pipelinedfashionmustbecomposeghuresequentially

2. Theinputof eachbehaior is from the precedingoehaior's outputandso on. Basically the

datamust o w only in onedirectionfrom the headof the pipelineto tail.

3. Two behaiors should not write to the samevariable. That is, therecan be only be one

behaior writing to acommonvariable.
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To getthe full bene t of pipelining, the pipeline shouldrun continuously For ef cient
utilization of the pipeline,theremustbe continuousnputatthe mouthof the pipeline.For example,
thereis no real bene t in having a pipelinethat gets ushed after every run. Also, pipeliningis
usefulwhenthe computationload is balancedacrossall the behaiors in the pipeline, otherwise,
the pipelinewill beasfastasthe slowestbehaior (the mostcomputeintensve behaior). Because
of theserequirementschoosingthe behaiors to be pipelinedwill have to be a resultof manual
analysis.So,only the mechanicataskslisted abose canbe automatecindthe decisionmakinghas

to betakencareby thedesigner

3.7.3 Procedurefor Intr oducing Concurrency

Letslook at the hierarcly startingfrom the behaior DoLayer3 The hierarcly captured
usingthe SCEtool is shavn in the Figure 3.8. We rst exploredthe possibility of parallelizing
the two granules granulel,granule2in Figure 3.8, but dueto datadependeny it wasnecessary
that granule2operationsare performedafter granulel Sowe focusedour attentionto parallelize
operationswithin eachgranule. The function of operationin a granuleare capturedin behaior,
DoGranule DoGranuleshavn in Figure 3.8 is an FSM of mary behaiors. Of thesebehaiors,
we narraved our focus to 3 behaiors alias_reduction imdct and slter. We rst chooseto
parallelizethe lesscomplex behaior, alias_reduction This behaior did sequentialprocessing
on independeninput datasetbelongingto two audiochannels.The behaior implementedalias
reductionalgorithmfor the two audio channels. Analysis of the coderevealedthat the function
[l _antialias ( ) implementedthe alias reductionalgorithmfor a channelof audio dataand was
called twice for processingeachchanneldata. Eachcall operatedon independentiatasetand
hencethere were no datadependeng betweeneachchannelprocessing. The code box on the
left of Figure 3.9 shavs the implementationof AliasReductionbehaior. The behaior calls
Il _antialias () function in a for loop which loops as mary times as the numberof channels.
This computationon eachchanneldatawaswrappedinto a nev behaior andthis is shavn in the
codebox on the top-right sidein Figure 3.9. Two instancesf this new behaior, antialias chO,
antialias.chl were instantiatedin the parentbehaior, AliasReduction and the for loop was
removed and the behaior calls were encapsulatedn the par constructto make the parent
behaior a cleanparallelbehaior asshavn in the bottom-rightcodebox in Figure 3.9. The new
behaior instancegyet the informationregarding the channelnumberto index into the right data
setandthenumberof actve channelsvhich actsasanenableor thesecondnstanceantialias.chl.
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After parallelizingAliasReductionwe focusedour attentiontowardsmore comple be-
haviors imdct, s lter. In thesebehaiors, we identi ed dataindependencédetweentwo audio
channelgust like the AliasReductiorbehaior, and hence,using similar approachwe introduced
concurreng at channellevel processingnto thesebehaiors. Theseconcurrenciesre shovn in

Figure3.10
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Figure3.8: Hierarcly within DoLayer3behaior in the MP3 decoderspeci cationmodel
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behavior llI_AntiAlias

(inout real xr[2][SBLIMIT][SSLIMIT],

in struct Ill_sideinfo sideinfo, in int ch, inint gr,
in int stereol)

void main()

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

gr_info = &sideinfo.ch [ch].gr[gr];

Ill_antialias (xr [ch], gr_info);
behavior AliasReduction ) }
(inout real xr[2][SBLIMIT][SSLIMIT], ¥
in struct lll_sideinfo sideinfo, in int gr, in int '
stereol)
{
void main (void) First, the function Ill_antialias is converted to behavior
{
int ch; . ) .
L. . behavior AliasReduction
?" (&N = CRe =S ) (inout real xr2][SBLIMIT][SSLIMIT],
struct gr_info_s *gr_info: {ln struct Ill_sideinfo sideinfo, in int gr, in int stereol)
gr_info = &(sideinfo.ch [ch] grlgr); / /* List of variable instances */
Ill_antialias(hybridin[ch],gr_info); | Vo o o
y IlI_AntiAlias antialias_chO (xr, sideinfo, 0, gr, stereol);
} IlI_AntiAlias antialias_ch1 (xr, sideinfo, 1, gr, stereol);
¥ void main (void)

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

}

Second, the AliasReduction behavior is modified

}

/* New behavior */

Parallel AliasReduction behavior

Figure3.9: Exampleshaving the corversionof a sequentiabehaior into concurrenbehaior
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Figure3.10: Parallelsmin the MP3 decoderspeci cationmodel
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3.7.4 Procedurefor Intr oducing Pipeline Concurrency

At this stage,the speci cation model had enoughgranularity it had 39 behaiors and
122 behaior instances. Out of the 39 behaiors, 31 were leaf behaiors providing good scope
for exploration. The parallelismwas explicitly exposed,openingthe possibility of exploring
fasterarchitectures. With an intent to checkthe computationload distribution acrossvarious
behaiors, we pro led all the behaiors using SCE. Consideringonly the mostcomputeintensve
behaiors, we narroved our focus to three most computeintensve behaiors. The graphin
Figure 3.11 shawvs the relatve computationcompleity of behaiors, alias reduction imdct
and s Iter. From the graph, its clear that s Iter behaior is the single most computationally
intensve behaior. It is 70-75% more expensve than the other behaiors. Since, unbalanced
computatiorfoadwill notresultin goodpartitioningwe decidedo breakthes Iter behaior further

Figure 3.11: Relative computationcompleity of the three mostcomputeintensive behaiors of

MP3decodesspeci cationmodel

We identi ed two logical partitionsin the synthesislter. A rst stagewasthe compu-
tation of the 64 point DCT andthe secondstagewasthe extensie window overlap-addoperation.
Theseoperationsvere performedin aloop runningfor 18 timesfor eachaudiochannel.We rst
separatedhe modelinto two behaiors, DCT64andWndowOp usingthetechniquesliscussedn

Section3.4. Further we introducedwo morebehaiors, sethufferl andDCTOutStage which actas
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helperstagedy reorderingdatafor DCT64andWindowOp Thisresultedn 4 behaiors, sethufferl,
DCT64,DCTOutStae, WindowOpin afor loop executingl8timesin thatorder Eachbehaior re-
ceivedits input from the precedingoehaior's outputandall the variableswere at mostwritten by
onebehaior satisfyingall the conditionsfor pipeliningdiscussedn Section3.7.2 The4 behaiors
werepipelinedusingthe pipe construct.n addition,following changesverenecessaryo complete
the pipelining.

1. All thevariablesusedfor datatransfetbetweerthebehaiorsin thepipelinemustbebuffered.
In otherwords,all the variablesmappedo the out or theinout portsof the pipelinedbeha-
iors mustbe buffered. In SpecCthis canbe doneusingautomaticcommunicatiorbuffering
featureof pipedvariables.Thenumberof buffer stagedor thevariableis equalto thedistance
betweerthewriter andthereadembehaior.

2. Variableswith onewriter and morethanonereaderrequireextra attention. Suchvariables
mustbe duplicatedto createasmary copiesasthe numberof readers.The duplicatedvari-
ablesalsoneedto be buffered using piped variables. Eachvariablemustbe pipedasmary
timesasthe numberof buffer stagegequired.Thewriter behaior mustbe modi ed to have
extraout port. This portis mappedo theduplicatevariable. The body of thewriter behaior
mustbemodi ed to write thesamevalueto this new out portasthevaluebeingwrittento the
original variable.The port of the secondreadefreadingthis variable,mustbe mappedo the
duplicatevariable.

The result of pipelining is shavn in the Figure 3.12 After pipelining, the computationload
looked more balancedas the computationload of s lter is now distributed across4 behaiors
SetBufiel,DCT64,DCTOutStage andwindowop Therelatve comparisonis shovn in Figure3.13
The shadedextensionsin the bar graphindicatethe result after scaling. Behaviors, SetBufierl,

DCTOutStae, arenotshavn in the gure astheir computatioris neglible comparedo the others.
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Figure3.12: Pipeliningin the MP3 decoderspeci cationmodel
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Two major pipeline stages
of synthesis filter core

N

Figure3.13: Relative computatiorcompleity of 4 mostcomputeintensve behaiors afterpipelin-
ing the synthesislter behaior
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3.7.5 Summary

At this stagethegranularityin the speci cationmodelwassatisfictory promisingwider
designspaceexploration. Therewere 43 behaiors which included33 leaf behaiors and a total
of 130 behaior instances.Granularityalonedoesnot meangood partitioning of the computation
load. So, usingthe pro led result,weidenti ed the computationallyexpensve behaior andsliced
it furtherinto smallerbehaiorsto getreasonableomputationaloadbalanceacrossehaiors. The
explicitly exposedparallelismand pipelining enablesexploration of fasterarchitectures.So, we
decidedto concludethe speci cation modeldevelopmentat this stageand move on to the design

spacexplorationto arrive atanarchitecturgor our design.

In this section,we discussedhe procedureadoptedo introduceparallelismin the spec-
i cation model. We also discussedhe necessarygonditionsto be satis ed for parallelizingand
pipeliningthe behaiors. Someof the stepsinvolved aremechanicabndcanbe automated How-
ever, identifying parallelismwhich is not apparentequiresintelligent analysisand needsmanual
attention.Otherthantheintelligentanalysisrequiredto detecthiddenparallelism,mostof thecode

modi cation taskscanbe automatedo aid the designer

3.8 Summary and Conclusions

In this chapteywe discussedhe seriesof changegerformedto obtaina "good” speci -
cationmodelstartingfrom a C speci cation. The seriesof stepsstartedwith thedesignof testbench
(Section3.2) which involved separatinghe designfrom the stimulusand monitor functionality.
Interfacesbetweeneachof thesebehaiors wasalsodesignedduring this step. In the secondstep,
we introducedmorebehaiorsin the designby convertingthe majorfunctionsinto behaiors. This
stepwasdiscussedn Section3.4. In Section3.5, we discussedhe taskof eliminatingthe global
variablesthusexposingthe hiddencommunicatiorin the design. In the fourth step(Section3.6),
we cleanedhespeci cationmodelto arrive ata”clean” speci cationmodel,in whichateverylevel
of hierarcly the behaiors arecomposedn eithersequential FSM, parallelor pipelinedfashion,
andall the C coderestrictedto the leaf behaiors. In the fth step(Section3.7), we exposedthe
concurreng in thedesignin theform of parallelandpipelinedbehaiors.

After thesechanges,we arrived at a nal speci cation model ready to be input to the SCE

tool-setfor designspaceexplorationandimplementation.The Table 3.2 givesthe statisticsof the

43



CHAPTER3. SPECIFICAION MODEL

Propertieof the speci cationmodel

Total numberof behaiors 43

Total numberof leaf behaiors 33
Total numberof concurrenbehaiors | 4
Total numberof FSM behaiors 5

Total numberof pipelinedbehaiors 1

Total numberof sequentiabehaiors | 0
Total numberof behaior instances || 130

Numberof channeinstances 6

Table3.2: Propertief speci cationmodel.

speci cation modelin termsof numberof behaiors, numberof behaiors undereachcateyory
(leaf, concurrentFSM, sequentiandpipelined)andnumberof channeinstances.

The stepsinvolved in arriving at a speci cation modelare time consumingmaking the

overall procesf writing the speci cationmodelslow andhard. Eachof thesetasksandtheir de-
velopmentimesarelistedin the Table 3.3, Thetime includesthetime for programmingollowed
by compilationusing SpecCcompiler veri cation by simulationanddelugging. In generalcom-
pilation is not time consuminghowever, makingthe initial C codecompileusingSpecCcompiler
takessomeeffort asdiscussedh Section3.2 Thedevelopmentime shovn in thetableis assuming
5 daysaweekand8 manhoursperday In our case,introducinggranularityandcleaningof the
speci cationmodeltook 60% of the developmentime.
In the proces®f developingthespeci cationmodel,we alsolookedat the possibilityof automating
thesetasks. Someof thesetasksinvolve puremechanicaktepswhich canbe automatedo reduce
thedevelopmentime of the speci cationmodel. Intelligentanalysisdecisionmakingthatarenec-
essanyfor taskslik e, handlingpointers,identifying hiddenparallelismandpipeliningandchoosing
functionsfor convertingto behaiors, determiningport-typesmake the completeautomationchal-
lenging.However, aninteractive tool which automateshe mechanicatasksbhasednthedesigners
decisionswill bevery useful.

In the next chapteywe will detailthe next stepin the systemdesignprocessthe design

spaceexploration.
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\ Designstep | Developmenttime |
Settingup of initial testbench 1.5Weeks
Introducinggranularity 5 Weeks
Eliminationof globalvariables 1.5Weeks
Arriving atcleanspeci cationmodel 3 Weeks
Introducingconcurreng 2 Weeks

\ Total | 13Weeks |

Table3.3: Developmentime for eachdesignstep.
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Chapter 4

DesignSpaceExploration and

Implementation

In this chapterwe will look atthenext stepin thesystenievel designprocesstheDesign
SpaceExploration. Becauseof the complity involved, arriving at the detailedimplementation
modelfrom anabstracspeci cationinvolvesmultiple explorationandsynthesislesignsteps.Each
designstepresultsin an executabledesignmodel corverting the abstractspeci cation model of
the input designinto an concreteimplementatiormodel. The resultingexecutablemodelfrom a
designstepcanbe simulatedto verify the functionality andthetiming asindicatedin theintroduc-
tion. We usedthe Systemon Chip Environment(SCE)[1] for performingthe design. The Design
o w adoptedoy SCEcanbebroadlydividedinto threedesignsteps architectuie exploration, com-
municationsynthesisandimplementatiorsynthesis Thesere nementstepswerediscussedn the

introductionsectionof this thesisandthey arediscussedbelow in the context of SCE.

Ar chitectural exploration and re nement During this step, processingelementsare inserted
into the systemand functional behaiors are mappedonto the processingelements. The
processingelementscan be standardcomponentssuch as genericprocessorcores, DSPs
as well as speci ¢ hardware units chosenby the designerfrom the SCE database. This
processnvolves three major tasks,Allocation, Partitioning and Stheduling The decision
of choosinga componenis madeby the designer The userattentionis limited to system
componentallocation followed by decision making basedon the simulation and pro le
results. All the other stepsare automatedn SCE. This processof architecturere nement

resultsin an architecturemodel, the rst timed model. It takes only computingtime into
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accountall communicatiorbetweerthe processinglementss still on anabstractevel and
systemcomponentgommunicatevia abstracthannels.

Communication Exploration and Synthesis In this step,abstracitommunicatiorbetweencom-
ponentss re ned into anactualimplementatiorover wires and protocolsof systembusses.
This designstepinvolvesthreemajor tasks,Busallocation TransducetinsertionandChan-
nel mapping In SCE,thelasttwo stepsarefully automatedandthe designemeedso make
decisionregardingthe allocationand mappingof the busses.The communicatiorsynthesis
resultsin the bus functionalmodel,which de nesthe structureof the systemarchitecturan
termsof bothcomponentaindconnectionsThe busfunctionalcanbe simulatedandveri ed

for functionalityandtiming.

Implementation Synthesis Implementatiorsynthesidakesthe busfunctionalmodelasinput and
synthesizeshe softwareandthe hardwarecomponentsFor hardwarecomponentsthe RTL
codewill be generatedafter the RTL componentallocation,their functional mappingand
scheduling.As a resultof the hardware synthesisa cycle accuratdmplementatiorof each
hardware-processinglements created Similar actiities take placeduring softwaresynthe-
sis. Herespeci ¢ codefor the selectedRTOS is createdanda targetspeci ¢ assemblycode
is generated.

For our designexample, we performedthe abore discussede nement stepsand explored few

designpossibilities.Four suchdesignexplorationsaredescribedn thefollowing sections.

4.1 Complete Software Solution

In thisexploration,we choosdo have theentiredesignmplementednonesinglegeneral
purposeprocessarSuchanimplementatioris oftena goodstartingpoint for theembeddedystem
design sinceits fasterto designandvery lik ely to satisfychip areaandpower requirement.
Fromthe SCEllibrary, we chooseMotorola Cold r e generalpurposeprocessar Cold re is a 32-
bit oating point processomith a clock frequeny of 66 MHz and 64KB programmemoryand
128KB of datamemory The whole designwas mappedontothe cold r e processoandusingthe
automatedarchitecturae nementtool, architecturanodelwasgeneratedThe architecturenodel

is simulatedto verify the functionality andthe timing. Cold re at 66MHz alonecould not meet
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the computationcompleity of the design. So, therewasno point in continuingfurther with this
exploration. However, out of curiosityto know the nal implementatiortiming andto understand
the designprocesswe continuedfurtherwith the explorationby increasinghe clock frequeng of
thecold reto 80MHz. At this new operatingrequeng, themodelsatis edthetiming requirement.
Theconcurrenbehaiorsin themodelwerescheduledlynamicallyandschedulinge nementwas
performed.Theresultingmodelwascompiledandsimulatedo verify thefunctionalityandtiming.
Theexecutiontime afterthis re nementstepincreasedecausall the parallelbehaiors werenow
serialized.Sincetherewasonly onecomponenin thewhole design,all the communicatiorin the
designwasmappedntothesystenbusof thecold r e processoandcommunicatiome nementwas
performedo generatehe communicatioormodel. Thecommunicatiormodelwassimulated andas
expectedtherewasno changan the executiontime of the design,astherewasno communication
overhead.

In the next step,we performedmplementatiorsynthesidy synthesizinghe C codefor thecold re
processarThe modelwassimulatedto verify the functionality of the design.This C codecannow
be compiledfor thecold r e processousinga cross-compiler

As mentionedbefore,this explorationcould not satisfythe performanceaequirementvith 66 MHz
cold r e processarlt waspursuedy increasingheclock frequeng of the processoto 80MHz.

4.2 Hardware-Software Solution-1

Sincethesinglesoftware PE solutioncould not meetour timing requirementye decided
to have hardware acceleratiorfor the time critical blocks of the design. For this exploration,we
choosecold re processowmwith a clock frequeng of 66MHz anda hardware PE with a clock fre-
queny of 66MHz.

4.2.1 Hardware-Software Partitioning-1: Ar chitecture Re nement

Similar to the single software partitioning,in this exploration, the entirefunctionality of
the decodemwas mappedonto the cold r e processar The Talk2ZMonitor behaior, responsiblgor
transferringthe decodedaudio datato the outsideworld, was mappedonto hardware PE, HWO
with a clock frequeng of 66 MHz (sameasthat of cold r e processor).This wasdoneto isolate
the decodingfunctionality and the datatransferlogic. The modelafter architecturee nementis

shawvn in Figure4.1 As shavn in the gure, thereareonly two componentsn this architecture
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with cold r e implementingmostof the functionalities,including the computeintensve behaiors,

Synthesig-ilter, AliasReductionand IMDCT. For simplicity, the architecturemodelomits minor
details. It shavs only symbolicchanneldbetweenPEsandomitsthe PEsimplementingthe queue
channels.

Thearchitecturanodelwassimulatedo verify thefunctionalityandthetiming. Inspiteof having a
separatd’Efor transferringhe decodediatato the output,this partition could not satify thetiming

requirementWe haveto increasdheclockfrequeng of thecold r e processoto 80MHzto meetthe
performanceequirementEventhoughthis architecturegequiredextra hardwarePE andperformed
no betterthana cheapesinglesoftwaresolution,we decidedto pursuethis explorationfurther, as
we felt thatit wasa goodideato isolatethedatatransferogic from thedecodingunctionality. This
partitionmight performbetterduringlaterdesignstagesvhenthe modelsbecomemoreaccuraten

theirimplementatiorgiving moreaccuratgerformancenaumberghanthe estimatechumbersyiven
by thearchitecturamodel.

4.2.2 Hardware-Software Partitioning-1: Communication Re nement

Sincethereareonly two component$n this architectureall the communicatiorbetween
cold re andHWO wasmappedonto the systembus of the cold r e processar The communication
modelfor this partitionis shovn in Figure4.2 Thecold r e actsasthe masteandHWOis the slave
of thebus.

Thecommunicatiormodelwassimulatedandthe functionalityandtiming wereveri ed.

4.2.3 Hardware-Software Partitioning-1 : Implementation Synthesis

After the communicationre nement, the next designstepis the RTL synthesisof the
hardware PEs. We consideredhe RTL implementatiorof the Talk2ZMonitor behaior which was
mappedo the hardwarePE,HWOQ, duringarchitecturee nement. As discussedn the Section3.3,
the Talk2Monitor has3 child behaiors, Listen2DecodetComputeime andDataTransfer To per
form theRTL implementatiorof the Computeimebehaior, we allocatedone32 bit adderunit, one
divider, onemultiplier unit, anda 32 bit register le of size8. Usingthe RTL re nementtool of the
SCE,theRTL implementatiorfor the Computeimebehaior wasderived. Dueto certainlimitation
in the RTL re nementtool, we could not synthesizehe Listen2DecodeandDataTransferbeha-
ior. Next, the softwaresynthesidor the cold r e processowasperformedandresultanimodelwas

simulatedo verify thefunctionalityandtiming.
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D —

PCM out

Figure4.1: Hardware-softvarepartitioning-1:Architecturemodelof MP3 decoder

4.3 Hardware-Software Solution-2

In the previous exploration, we presented workableimplementatiorof our designex-
ample. In this section,we will discussanotherhardware/softvare architecturewhich exploits the
parallelismin the speci cationmodelandderivesa differentarchitecturgor the MP3 decoder For
this exploration, we usedcold r e processorlndthreehardware PEswith operatingfrequeng of
66MHz.
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ColdFire Main Bus

PCM out

Figure4.2: Hardware-softvarepartitioning-1: Communicatioomodelof MP3 decoder

4.3.1 Hardware-Software Partitioning-2: Ar chitecture Re nement

In this exploration,the computationahot-spotbehaior, s Iter wastargetedfor hardware
accelarations lter is a parallelcompositionof two instancesf FilterCore behaior asshawn in
Figure3.10 Eachconcurreninstanceof FilterCore, Iter core_.chOand Iter core_chl weremapped
to hardware PEs,HWO0,HWL1 To make the decodingfunctionalityindependentf the datatransfer
functionality, the Talk2Monitor behaior was mappedio anotherhardware PE,HW2 Therestof
the functionality was mappedto the cold r e processar The architecturemodel generatedy the
architecturere nementtool is shawvn in Figure4.3. Note that, in the gure, not all the channels
in the real model are depicted. Only the userintroducedchannelsand few importantchannels
that representhe communicatiorbetweenvarious PEsare shavn. Cold re communicatesvith
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HWO0, HW1, and HW2 communicatesvith HWO, HW1 The architecturemodelin the gure is
beforeperformingthe schedulingre nement. The pipelinedexecutionin the PEs,HWO0, HW1is
sequentiallyscheduledndthe schedulinge nementis performedusingtheschedulinge nement
tool. Theresultof schedulingcanbe seenin Figure4.3,

The architecturemodelwas simulatedto verify the functionality andtiming andthis exploration
wasableto meetourtiming constraint.

Cold j—— ET
decodeMP3
filtercore_ch1

filtercore_ch0

Decodemp3_1

v
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Decodemp3

\ = D

PCM out
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>
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[

Talk2Monitor
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Figure4.3: Hardware-softvarepartitioning-2: Architecturemodelof MP3 decoder

4.3.2 Hardware-Software Partitioning-2: Communication Re nement

Similar to the previous exploration, all the communicationbetweenthe hardware PEs
andthe cold r e aremappedonto the cold r e's main bus. Two busseshasedon doublehandsha&
protocol are allocated and the communicationchannelsbetween HW0-HW2 and HW1-HW?2
are mappedonto the respectre busses. The communicationmodel generatedafter the com-
municationre nementis shavn in Figure 4.4. Also, note that the executionwithin HW0, HW1

is nolongerpipelinedasthosebehaiors weresequentiallyschedulediuringschedulinge nement.
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The communicatiormodelwassimulatedto verify the functionality andtiming andthis

explorationalsosatis ed ourtiming requirement.

/" decodeMP3 N\ _ _
filtercore_ch0 filtercore_ch1

/ do_layer3 ) \
dolayer3_1

ColdFire Main Bus

HWO_2_HW2 DHndShk Bus

Figure4.4: Hardware-softvarepartitioning-2: Communicatioomodelof MP3 decoder

HW1_2_HW2 DHndShk Bus

Talk2Monitor

PCM out

4.3.3 Hardware-Software Partitioning-2 : Implementation Synthesis

Dueto the lack of few library componentgor performingthe oating point operations
anddueto certainlimitationsin the RTL synthesidool to handleportsof interfacetype this step
could not be performed.Sowe have to stopat the communicatiormodel. However, the software

synthesidor the cold r e processowasperformedandresultantmodelwassimulatedto verify the

functionalityandtiming.

4.4 Hardware-Software Solution-3

In this section,we will discussyet anotherexplorationbasedon hardware-softvare par

titioning. In this partitioning,the parallelismandthe pipelining exposedin the speci cationmodel
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areutilized to derive a different,interestingarchitecturdor the MP3 decoder For this exploration,
we usedcold re processoand5 hardwarePEswith operatingfrequeny of 66 MHz.

4.4.1 Hardware-Software Partitioning-3: Ar chitecture Re nement

The computationalhot-spotsin the design were identi ed by running the pro ler.
The pro le resultsare shavn in the Figure 4.5 for few critical behaiors. The four behaiors
sethufferl, Bdct64,dctoutstae, windowopwerethe pipelinestageof the Synthesiilter behaior.
Collectively, Synthesigilter wassinglemostcomputentensve behaior. We decidedto mapeach
pipelinestageof Synthesigilter behaior ontoindependentardwareunits. Since thecomputation
in the two stages,sethufferl, DCTOutStaye was very less comparedto Bdct64and windowop
stagesyve decidedto mapsethufferl, Bdct64onto one PE anddctoutstge, windowopontoanother
hardware PE. The partitioning of the input designand the mappingof eachpatrtitionsonto the
systemcomponentss shavn in the architecturemodelin Figure 4.6. In this partition, general
purposeprocessqrMotorola Cold re is assignedonly a partial part of the decodingalgorithm
and the most computeintensive part which was representedy the behaior Synthesidilter is
distributed to 4 hardware PEs(HWO, HW1, HW2, HW3). HWO0, HWL1 processthe rst stereo
channelandHW2, HW3 procesghe secondstereochannel. The behaior Talk2ZMonitor, which is
responsibldor combiningthe outputsof two channelsandwrite to the externaldevice, is mapped
to anotherhardware PE, HW4. Eventhough, Talk2ZMonitor was not computationallyintensve, it
wasmappedonto anindependentnit to separateind parallelizethe decodingactiity andoutput
datatransferactiity. By this partitioning, all the parallelismand pipelining that was exposedin
the speci cationmodelwere utilized. In this gure, to avoid clutteringandconfusion,not all the
channelsn the real modelare depicted. However, all the userde ned channelgchannelsn the
speci cation model) and important channelsshaving communicationbetweenvarious PEs are

shown.

4.4.2 Hardware-Software Partitioning-3: Communication Re nement

After architecturee nement,bussesvereallocated. The mainbusof thecold r e proces-
sorsened asthe systembus. The four hardware PEs(HWO0-HW3) communicatewith thecold re
usingthis systembus. 4 Bussesgasedn doublehandsha& protocolsHW02 HW1,HW12 HW4,
HW22 HW3,HW3 2 HW4wereallocatedfor the communicatiorbetweerhardware PEs. All the
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Synthesis filter core
partitions in pipeline

Figure4.5: Relatve computationcompleity of the few behaiors of MP3 decoderspeci cation

model

channelsn the correspondingpathswere mappedonto the respectre bussesand communication
re nementwasperformed.Theresultingcommunicatiormodelis shovn in Figure4.7. Thereare
totally 5 bussesn thedesign.Thecold r e processowhich actslik e amastenrchestratingheentire
decodeoperationcommunicatesvith PEsHWO - HW3 usingits main bus. HWO0 andHW2 com-
municatethe partially processedatato HW1 andHW3 usingdoublehandsha& bus. HW4 which
outputsthe datato the externalworld getsthe datafrom HW2 andHW4 andthis communications

throughanotherpair of doublehandshaé&bus.

4.4.3 Hardware-Software Partitioning-3: Implementation Synthesis

After thecommunicatiome nement,thenext designstepis theRTL synthesi®f thehard-
warePEs.Dueto the lack of few library componentdor performingthe oating point operations,
this stepcould not be performed. So we have to stopat the communicatiormodel. However, the
software synthesidor the cold r e processomwas performedandresultantmodelwas simulatedto

verify thefunctionality.
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Figure4.6: Hardware-softvarepartitioning-3:Architecturemodelof MP3 decodeKbeforeschedul-
ing re nement)
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4.5 Summary and Conclusions

In this chapterwe discussedhe variousexplorationswe performedusing SCE.We dis-
cussedd designimplementations3 of them basedon hardware/softvare partitioning. The key
featuref the4 explorationsaregivenin the Table4.1 Thetableliststhe numberof softwarePEs,
numberof hardwarePEs,operatingrequeng andthenumberof channelsn eachexploration. The
performanceof the variousmodelsin eachdesignexplorationis discussedn the next chapterin
detail. The automatiorprovided by SCEmalkesit possibleto performmary explorationswithin a
shortamountof time. Early feedbaclkaboutthe performancef the designcanbe obtainedby sim-
ulatingthe modelsat higherabstractiorevels. Dueto few limitationsin the RTL synthesigool, we
couldsynthesizeonly a partof our design.In anutshell,usingSCEdesignernvironment,optimized
architecturessatisfyingthe designconstraintsgcanbe obtainedn ashorttime.
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Figure4.7: Hardware-softvarepartitioning-3: Communicatiomodelof MP3 decoder

Feature CompleteSoftware | HW-SW | HW-SW | HW-SW
Solution Solution-1 | Solution-2 | Solution-3
No. of Generapurpose 1Coldre 1Coldre | 1Coldre | 1Coldre
Processors
No. of hardwarePEs 0 1 3 5
Clockfrequeng of the PEs 66 MHz 80 MHz 66 MHz 66 MHz
No. of busses 1 1 3 5
Performanceequirement Not satis ed Satis ed Satis ed Satis ed

Table4.1: Key featuresof thedifferentexplorations.
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Chapter 5

Experimental Results

This chaptersummarizeshe experimentsandresults. Therearetwo aspect®f 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 testbenctdescribedn the Section3.2. The output
PCM le generatedby the monitorwascomparedvith the onegeneratedby the referencedecoder

for verifying thefunctionality

5.1.1 TestSuite

For verifying eachof the models a setof teststreamsbtainedirom Fraunhofelnstitute
[10] wereused. Thesestreamsandtheir key propertiesaregivenin the Table5.1 Thetablelists
the samplingfrequeng, bitrate at which the streamswvere encodedyeal time lengthandthe type
of stream(Stereo/Mono).The samplingfrequeny is the frequeng at which the analogsignalwas
sampledandthe bitrateindicatesthe extent of compression.For example,streamsclassicl.mp3,
classic2.mpdave the samesamplingfrequeng but, classiclis codedat a higherbitratethanclas-
sic2 Thisindicateghatclassiclis lesscompressethanclassic2andhenceof betterquality.
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Propertieof thetestMP3 streams
Title Sampling Frequency | Total Bitrate | Real Time length | Stereo/Mono
min:sec
funky.mp3 44.1KHz 96 Kbits/Sec 1:02 Stereo
spotl.mp3 44.1KHz 96 Kbits/Sec 0:10 Stereo
spot2.mp3 44.1KHz 96 Kbits/Sec 0:11 Stereo
spot3.mp3 44.1KHz 96 Kbits/Sec 0:11 Stereo
classicl.mp3 22.05KHz 56 Kbits/Sec 0:19 Stereo
classic2.mp3 22.05KHz 48 Kbits/Sec 0:20 Stereo

Table5.1: Propertieof teststreams.

5.2 Timing Veri cation

Apart from decodingcorrectlyto producebit accurateresults the decodeiis expectedto
deliverthe outputPCM samplesatthe correctbitrate. This ratedepend®n the samplingfrequeny
of the input MP3 streamand puts a timing constrainton the decoder The decodelis requiredto
decodeand outputexactly at this rate. If the outputrate control logic is not part of the decoder
thenthe decodercan generateoutput fasterand expectthe externallogic 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 cation modelis untimedandwill run
in zerosimulationtime. Since,our designincludedthis outputrate controllogic, the delivery of
the decodedsampledgo the output device would happenat a controlledrate and henceeven the
speci cation model would take nite non-zerosimulationtime to run. In orderto measurethe
actualtime to decodewithout consideringthe explicit delayintroducedby rate controllogic, we
disabledthedelaysin theratecontrollogic. This changan themodelwasdoneonly for thetiming
measurementAs we go down the abstractiorevel performingeachre nementsteps,the decode
operationtakesnon-zeronite time.

Theaverageestimatediecoddime perframeof audiodatafor eachpartitiondiscussedh Chapter4
andfor eachre ned modelis givenin the tablesTable 5.2, tablesTable5.3, Table5.4, Table5.5
and Table5.6. The resultsare obtainedby simulatingeachmodelwith one of the teststreams,
spotl.mp3 Also providedin the tablesarethe deadlinefor decodingeachframeof audiodatafor
the teststreamspotl.mp3andthe clock frequeng of the PEsusedin the design. The Estimated
Initial Latencyis thetime it takesto decodethe very rst sampleof the very rst frameof audio

data. Thelastcolumnin thetablesgivestheratio of the decodetime to the stipulateddeadline.A

59



CHAPTERS5. EXPERIMENTAL RESULTS

valueof greaterthan100%impliesthatthe modelcould not meetthe performanceequirement.
For the singlesoftware solution,two tablesaregiven, table Table 5.2 givesthe decodeimeswhen
the clock frequeng of the cold re processotis 66 MHz. Clearly this single software design
solution could not meetthe stipulateddeadlinetaking 27.15 msecsto completethe decodeof
single frame. The secondtable, Table 5.3 is obtainedwith cold re processomat 80 MHz andit
meetsthe stipulateddeadlineby taking 22.41msecso decodea frame. In general the simulation
time increasesvith eachmodel. However, sincethere exists no communicationoverhead,the
communicationmodel in this case,doesnot shav increasein executiontime comparedto the
architecturanodel.

The Table 5.4 givestimings for the partition in Figure4.1 This architectureneetsthe
stipulateddeadlineandits estimateddecodingtimes are sameasthat of the pure software explo-
ration. Theimplementatiormodelfor this architecturecontainssynthesizedoftwarein C andRTL
implementatiorof only a subsebf thefunctionalitymappedo hardware PE.

Thetiming of thethird architecturgFigure4.3), composedf 1 cold r e processoand3 hardware
PEsat66 MHz, is givenin Table5.5. Thisarchitecturaneetgheperformanceequiremenevenata

lower clock frequeng of 66 MHz becaus®f thehardwareaccelaratiorf thecritical computational
blocks.

The nal architectureof Figure4.6 hasthe mostcomplex architecturewith 1 cold r e processoand

5 hardware PEs,eachoperatingat 66 MHz. This architecturesxploits boththe parallelismandthe

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

goodasthethird architecturgFigure4.3).

Timing of VariousModelsof Single Softwarepartition
Deadlineto decodeoneframeof spotl.mp3= 26.12msec
Opeimating clok frequencyof the processo= 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%
ScheduledrchitectureModel 27.15msec 27.17msec 104%
CommunicatiorModel 27.15msec 27.17msec 104%
ImplementatiorModel 27.15msec 27.17msec 104%

Table5.2: Timing of variousmodelsof Softwarepartition.
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Timing of VariousModelsof SingleSoftwarepartition
Deadlineto decodeoneframeof spotl.mp3= 26.12msec

Opeimating clock frequencyof the processor= 80 MHz

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%
ScheduledirchitectureModel 22.40msec 22.41msec 85.17%
CommunicatiorModel 22.40msec 22.41msec 85.17%
ImplementatiorModel 22.40msec 22.41msec 85.17%
Table5.3: Timing of variousmodelsof Softwarepartition (Working solution).
Timing of VariousModelsof Hardware-Softvarepartition-1
Deadlineto decodeoneframeof spotl.mp3- 26.12msec
Openting clock frequencyf HW and SWPEs= 80 MHz
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%
ScheduledrchitectureModel 22.14msec 22.41msec 85.8%
CommunicatiorModel 22.14msec 22.45msec 85.8%
ImplementatiorModel 22.14msec 22.45msec 85.8%
Table5.4: Timing of variousmodelsof Hardware-Softvarepartition-1.
Timing of VariousModelsof Hardware-Softvarepartition-2
Deadlineto decodeoneframeof spotl.mp3= 26.12msec
Opeimating clock frequencyf HW and SWPEs= 66 MHz
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%
ScheduledirchitectureModel 26.36msec 9.87msec 37.8%
CommunicatiorModel 26.42msec 10.02msec 38.4%
ImplementatiorModel 26.42msec 10.02msec 38.4%

(Synthesizedoftwareonly)

Table5.5: Timing of variousmodelsof Hardware-Softvarepartition-2.
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Timing of VariousModelsof Hardware-Softvarepartition-3
Deadlineto decodeoneframeof spotl.mp3- 26.12msec
Openting clock frequencyf HW and SWPEs= 66 MHz

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%
ScheduledrchitectureModel 26.41msec 10.99msec 42.1%
CommunicatiorModel 26.41msec 11.21msec 42.9%
ImplementatiorModel 26.41msec 11.21msec 42.9%

(Synthesizedoftwareonly)

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

Summary and Conclusions

In this project, we adoptedthe SpecCdesign methodologyto implementa System
on a Chip MP3 decoder We usedthe SpecCbasedSystemon a Chip Environment(SCE) tool
for performingthe designexploration andimplementation. We chooseSpecC,as a languageto
implementthe speci cationmodel,asit bestsuitsfor describingsystemsnvolving both hardware
andsoftwarecomponentsBeing a true supersebf ANSI-C, it hasa naturalsuitability to describe
software components. It has addedfeaturesto supporthardware description. It alsoincludes
constructsto supporthierarchicaldescriptionof systemcomponents. With all thesefeatures,
the designerhas e xibility to chooseand describethe systemat ary desiredlevel of abstraction.
SpecCis easyto learnanda cleanlanguage.Anyonewith backgroundknowledgeof C canlearn
SpecCquickly. The availability of SpecCbasedSCEfor performingdesignspaces=xplorationand
synthesisvasanothemainreasorfor choosingSpecCasthe speci cationlanguage.

As aninputto the SCE,we providedthe Speci cationmodelof the MP3 decodemritten
in SpecCSLDL. SCEprovidesdesigneraway to dealwith the compleity of the designby having
the designerhandlethe designcompleity at a higherlevel of abstraction. It providescomplete
designautomationwith occasionaimanualintervention for decisionmaking and controllability.
The userinterventionis restrictedto the allocationof processinglementspussesmemoriesand
mappingof the behaiors and channelsonto the allocatedcomponents.The tool allows an easy
designspaceexploration.It enableghedesigneto estimateperformancealuringthe early stageof

the designandadditionallyallows the early pruningof the designspace.

With SCEtool available for doing all the explorationandre nement, the main respon-

63



CHAPTER6. SUMMARY AND CONCLUSIONS

sibility of the designeris to write a good, cleanspeci cation model. We spent13 man-weekdo
cornvert an C codeinto the Speci cation model. Thoughthe startingC speci cation was good
enoughto bea generakoftwareprogramto run on senersanddesktopsystemsit wasnot suitable
to be a SoC speci cation. A noticeableeffort hadto be spentin writing a speci cation model
to eliminatethe issueslike usageof global variables,lack of separatiorof communicationand
computatiorblocks,lack of behaioral hierarcly. We introducedsufcient granularityin themodel
to facilitate good numberof explorations. We separatedhe computationand communication
blocksby having all the computatiorcapturedn behaiors andall communicatiorusingchannels.
We exposedthe concurreng in thedesignby having parallelandpipelinedexecutionof behaiors.
In this thesis,we also proved the power and usefulnesf automatedSoC designmethodology
SCE.SCEletsdesigneto focusonthedevelopmeniof the speci cationmodelby taking careof all
there nementstepsthroughanautomatedool set.

In this thesis,we de ned a "good” speci cationmodelanddescribeda stepby stepprocedureo
arrive ata good,cleanspeci cationmodel. We identi ed varioustasksthatcanbe automatedully
or partially automatable.An interactve tool which can perform automaticre nement basedon
designerdecisionswill be a goodreplacementor the manualeffort. Sincewriting a speci cation
modelis atime consumingeffort, it will be mostusefulto focusthefuture effort in the directionof
automatingthe procesf writing the speci cationmodelfrom C code. Having sucha tool would
be next logical steptowardshaving an endto end systemdesignautomation. Sucha tool would
ohviate the userto learn new SystemLevel languagedike SpecCand the systemspeci cation

couldstartwith amoreabstractevel in C.
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