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Abstract

In an effort to undestand,experienceand prove the bene tsof automatedsoCdesign this
reportdescribeghe speci cationmodeling designspaceexploration andimplementatiorof a
realworld exampleusingSpechasedSystenon Chip Environmen{SCE).Thereportcoversa
completedescriptionof developingthe speci cationmodelof a MPEG-1Layer3 (MP3) audio
decoderin SpecCanguage andthe subsequendesignspaceexploration andimplementation
usingSCE.Thisreportalsoattemptgo improvethe SoCdesignprocessuy identifyingthetasks
in speci cationmodelingthat canbe automated.
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List of Acronyms

Behavior An entity thatencapsulateanddescribesomputatioror functionalityin the form of an
algorithm.

CAD ComputerAided Design.Designof systemswith the help of andassistedy computerpro-
grams,.e. softwaretools.

CE CommunicatiorElement.A systemcomponenthatis partof the communicatiorarchitecture
for transmissiorof databetweerPEs,e.g.atransduceranarbiter or aninterruptcontrollet

Channel An entity thatencapsulateanddescribecommunicatiorbetweenwo or morepartners
in anabstractmanner

DUT DesignUnderTest

FSM Finite StateMachine.A modelthatdescribes machineasa setof statesa setof transitions
betweerstatesanda setof actionsassociatedvith eachstateor transition.

FSMD Finite StateMachinewith Datapath. An FSM in which eachstatecontainsa setof expres-
sionsover variables.

GUI GraphicalUser Interface. A graphicalinterfaceof a computerprogramthat allows visual
entryof commandsnddisplayof results.

HDL Hardware DescriptionLanguage.A languagefor describingand modelingblocks of hard-
ware.

HW Hardware. Thetangiblepartof acomputersystemhatis physically implemented.

IP IntellectualProperty An IP components a pre-designedystemcomponenthatis storedin the
componentlatabase.

OS OperatingSystem.A pieceof softwarebetweerhardwareandapplicationsoftwarethat man-
agesandcontrolsfunctionalityin a computersystem.

PE Processindgelement.A systemcomponenthat performscomputationdataprocessing)e.g.a
softwareprocessaqra customhardwarecomponentpr an|P.

RTL ReagisterTransferLevel. A level of abstractioratwhich computations describedastransfers
of databetweerstorageunits (registers)whereeachtransferinvolvesprocessingand manip-
ulationof data.

RTOS Real-Time OperatingSystem. An operatingsystemthat provides predictabletiming and
timing guarantees.

SCE SoCEnvironment.Tool setfor automated¢computeraideddesignof SoCandcomputersys-
temsin general.



SLDL System-Leel DesignLanguage. A languagefor describingcompletecomputersystems
consistingof both hardwareandsoftwarecomponentst high levels of abstraction.

SoC System-On-ChipA completecomputersystemimplementedn asinglechip or die.

TLM Transactior_evel Model. A modelof a systemin which communicatioris abstractednto
channelsanddescribedastransactionst a level above pinsandwires.

VHDL VHSIC HardwareDescriptionLanguageAn HDL commonlyusedfor hardwaredesignat
RTL andlogic levels.

VHSIC VeryHigh SpeedntegratedCircuit.

List of MP3-Speci c Terms

Alias Mirrored signalcomponentesultingfrom sub-Nyquistsampling.

Bitrate The rateat which the compressedbitstreamis deliveredfrom the storagemediumto the
inputof adecoder

Channel Theleft andright channelf a sterecsignal.
CRC Cyclic Redundang Code.Codesusedto detectthetransmissiorerrorsin thebit stream.
Filterbank A setof band-pasdters coveringtheentireaudiofrequeng range.

Frame A partof the audiosignalthatcorresponds$o audioPCM sampledrom an Audio Access
Unit.

Granules 576frequeng linesthatcarrytheir own sideinformation.
Huffman Coding A speci c methodfor entrogy coding.
IMDCT InverseModi ed DiscreteCosineTransform

Intensity stereo A methodof exploiting stereoirrelevanceor redundang in stereophoni@udio
programme$asedon retainingat high frequencie®nly theenegy ervelopeof theright and
left channels.

Joint stereocoding Any methodthat exploits stereophonidrrelevance or stereophoniaedun-
dang.

MP3 MPEGAudio Layer3

MS stereo A methodof exploiting stereoirrelevanceor redundang in stereophoniaudio pro-
grammedasedn codingthe sumanddifferencesignalinsteadof theleft andright channels.



Polyphase Iterbank A setof equalbandwidth Iters with specialphasénterrelationshipsallow-
ing for anef cient implementatiorof the Iterbank.

Requantization Decodingof codedsubbandsamplesin orderto recover the original quantized
values.

Scalefactor band A setof frequeng linesin Layerlll which arescaledby onescalefctor
Scalefactor Factorby which a setof valuesis scaledbeforequantization.
Sideinformation Informationin the bitstreannecessarjor controllingthe decoder

Synthesislter bank Filterbankin thedecodethatreconstructetPCMaudiosignalfrom subband
samples.
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Abstract

In an effort to undestand,experienceand prove the bene ts of automatedsoCdesign,this report
describeghe speci cationmodeling designspaceexploration andimplementatiorof a real world
exampleusing SpecCbasedSystermon Chip Environment(SCE). The report covers a complete
descriptionof developingthe speci cation modelof a MPEG-1 Layer 3 (MP3) audio decoderin
SpecQanguage andthe subsequerndesignspaceexploration andimplementatiorusingSCE.This
report also attemptsto improve the SoC designprocesshy identifying the tasksin speci cation
modelingthat canbe automated.
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1 Intr oduction

In thisreport,we describehe systenmlevel designprocessadoptedo designa MP3 Audio decoder
We adoptedthe SpecCdesignmethodologyand developeda speci cationmodelof a MP3 audio
decodeiin SpecCanguageandusedthe SystemOn a Chip Environment(SCE)developedat Cen-
ter for EmbeddedComputerSystemqCECS),to arrive at the nal implementatiorof the design.
First, we give a brief overview of SoCdesignchallengesfollowed by introductionto speci cation
modelingandSpecCanguagend nally , we introduceSpecChasedsoCdesignmethodology

1.1 Challengesof SoCDesign

Level Number of components
'\
1E0
System level
1E1
Algorithm 1E2 c
L N\ 2l |z
"= Q
1E3 o @
RTL / \ g 5
1E4 > _8 g
L N\
Gate / = \
1E6
Transistor / 1E7 \
1/ D
1 v

Figurel: Abstractionlevelsin SOCdesign[13]

The systemdesignprocesss elaborateandinvolveswriting variousmodelsof the designat
differentlevels of abstraction.Figure 1/ shawvs the variousabstractiorlevels. Fromthe gure, we
seeanincreasdn the numberof componentandhencethe compleity aswe go lower in the level
of abstraction. At the lowestlevel, an embeddedsystemconsistsof millions of transistors. At
RagisterTransfer_evel (RTL), thenumberof componentseducego thousandef componentand

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

the systemlevel is far lesserthanat the lower levels. However, theincreasen thelevel abstraction
is atthecostof reducedhccurayg. Foranembeddedystermdesigneyit 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 realimplementatiorusing severalre nementsteps. The designemill specifythe designusing
highly abstracspeci cationmodelandusingautomationwill arrive atanaccuratémplementation
model.In the next sectionwe will introducethe speci cationmodelingusingSpecCanguage.

1.2 Speci cation Modeling and SpecC

The SoCdesignprocesstartsfrom a highly abstracsystemevel modelcalledspeci cationmodel.
It is a purefunctional,abstracimodel,andis free of ary implementatiordetail. The modelrunsin
zerosimulationtime andhencehasno notionof time. It formstheinputto architecturexploration,
the rst stepin the systemdesignprocessaandhenceformsthe basisfor all the future synthesisand
exploration.

Speci cationmodelsarewritten in System-Leel DesignLanguage¢SLDLs)[13]. Languages
usedto modelcomple systemsconsistingof hardware andsoftwarecomponentareclassi ed as
SLDLs. Thoughit is possibleto modeldesignsn ary of the programmindanguagesthe choiceof
agoodSLDL is akey in reducingthe effort requiredin writing the speci cationmodel. A good
SLDL providesnative supportto modelboth hardware and software conceptfoundin embedded
systemdesigns A goodSLDL providesnative supportto modelconcurreny, pipelining, structural
hierarcly, interruptsandsynchronizatiomprimitives. They alsoprovide native supporto implement
computationrmodelslike Sequential FSM, FSMD andso on, apartfrom providing all the typical
featuregrovided by otherprogrammindanguages.

Following languagesre popularchoicesfor writing speci cationmodel: VHDL [9], Verilog
[19], HardwareC[17], SpecChart$28], SystemC[14], and SpecC[11]. VHDL and Verilog are
primarily Hardware DescriptionLanguagegHDLSs) and henceare not suitableto model software
componentsHardwareCis 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
implementssystenevel modelingconceptsn theform of C++library. It canmodelbothhardware
andsoftwareconceptandthusis agoodcandidatdor systemevel 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 simulatorandthe SpecC
basedSystemdesigntool set, Systemon Chip Environment(SCE) madeSpecCa obvious choice
for developingour speci cationmodel.



In thenext sectionwe will describehe SoCdesignmethodology

1.3 SoCDesignMethodology

The SoC designmethodologyis shavn in Figure2. It tries to formalize individual re nements
stepsand gives the designerguidelineson how to handleef ciently the immensedesignspace.
The SoC design starts with the speci cation model that capturesthe algorithmic behaior

Figure2: SOCdesignmethodology{13]

and allows a functional validation of the description. The modelis untimed, unlessthere are
timing constraintsintroducedby the designer Oncethe speci cation modelis nished, it will
sene as a goldenmodel, to compareto during the designprocess. The speci cation modeling
andthe languageusedto capturethe model were discussedn the previous section. In the fol-
lowing sectionsve will detaileachof there nementstepsandtheresultingmodelshovnin Figure?2



1.3.1 Architecture Exploration and Re nement

Architectureexploration[23] determineghe systemarchitectureconsistingof a setof Processing
Elements(PES). In this step,the behaiors of the speci cation modelare mappedto the compo-
nentsof the systemarchitecture.This processnvolvesthreemajor tasks,Allocation Partitioning
and Sdeduling Allocation, allocatesSW, HW and memorycomponentdrom the library. The
decisionof choosinga componenis madeby the designer Partitioning dividesthe input system
speci cationand mapsthemonto the allocatedcomponents Also, the variablesin the designare
mappedntothememory

Scheduling scheduleshe executionwithin hardware and software components.Partitioning and
schedulingasksareautomatedindrequireleastdesignetinterferenceThis processf architecture
re nementresultsin anarchitecturenodel,in which all thecomputatiorblocksof theinputspeci -
cationaremappedo the systemcomponentsHowever, communications still on anabstractevel,
andsystemcomponentgommunicateria abstracthannels.

1.3.2 Communication Exploration and Re nement

In communicatiorexploration[2], abstraccommunicatiorbetweencomponentss re ned into an
actualimplementatiorover wires and protocolsof systembusses.This designstepcanbe further
divided into threemajor tasks,Busallocation, Transducelinsertionand Channelmapping Dur-
ing bus allocation,bussesareallocatedbetweenPEs,andmore oftenthe main bus of the software
processois chosernasthe systembus. Transduceinsertionintroducesransducebetweerbusses
of incompatibleprotocols(example,Parallelto SerialProtocol). During channelmapping,the ab-
stractchanneldetweercomponentaremappedo allocatedbussesThecommunicatiorsynthesis
resultsin the bus functionalmodelwhich de nes the structureof the systemarchitecturan terms
of bothcomponentandconnectionsJustlik e thearchitecturenodel,busfunctionalmodelis fully
executableandcanbe simulatedandveri ed for properfunctionalityandtiming.

1.3.3 Implementation Synthesis

Implementatiorsynthesigakesthe busfunctionalmodelasinput andsynthesizeshe softwareand
the hardwarecomponentslt is composedf two majorindependentasks,softwae synthesig 29|
andhardware synthesig25]. The softwaresynthesigaskgenerateshe machinecodefor the pro-
grammablerocessorf thearchitecture As anintermediatestep thecommunicationmodelis rst
translatedo C language.Also, ary concurrentasksin the designwill be dynamicallyscheduled
by insertinga realtime operatingsystem.The resultingC codeis compiledinto machinecodesof
theprocessorsisingthecrosscompilerfor the processorThe hardwaresynthesigaskis performed
usingtheclassicabehaior synthesisnethods Thistaskcanbedividedinto 3 sub-tasksallocation,
binding andsdeduling Allocationis allocationof componentsik e multiplexers,addersregisters.
Binding bindsthe operationsdataand datatransfersto allocatedcomponents.Scedulingdeter
minesthe orderin which the operationsare performed. The outputof the hardware synthesiss a
structuralRTL descriptionof the componentimplementatiormodelis the resultof both hardware
andsoftwaresynthesisandis the endresultof the entiresystemevel design.



1.4 RelatedWork
1.4.1 DesignMethodologies

SoCdesignmethodologiezanbe basedon eithertop-davn approachor bottom-upapproach.in

top-davn approachthe designstartswith the speci cation of the systemat an abstractievel and
moves down in the level of abstractionby mappingthe functionalitiesonto componentsnaking
the implementatiormore accurateat eachlevel. The designat the systemlevel is split into small
functionalitiesandarecomposedierarchically The requiredcomponentareaddedandthe func-
tionalities are mappedonto the components.Oncethe architectureof the designis nalized, the
designis synthesizedo arrive atthe nal implementation.This approachs easierto manageand
the designergetsthe freedomto choosethe algorithm and architecturebasedon the designcon-
straints. Hardware-Softvare co-designervironments,POLIS system[5] and COSYMA [21] use
top-dovn designmethodology

In the bottom-updesignmethodologydesignmaovesfrom lowestlevel of abstractiorto the system
level by puttingtogetherpreviously designecomponentsuchthatthedesiredoehaior is achiered
at eachlevel. The designwill startby building the gatesin a given technology Basicunits are
built usingthegatesandthe basicunitsareputtogetheto 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-baseldottom-upmethodologyanddesign
ernvironmentfor application-speci cmulti-coreSoCarchitecturesThis approactdoesnot provide
muchhelpon automatinghearchitecturesxploration.

A mix of bothtop-davn/bottom-upapproacheso take advantageof both the approachearealso
possible. Suchan hybrid approachs adoptedin [26] 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 recentyearswith anin-
tentto capturedesignontainingbothhardwareandsoftwarecomponentsatall levelsin thedesign
o w. Outof all thelanguageswo languageseedmentionbecausef their prevalentuse,SystemC
[14] andSpecC[1]]. Boththelanguagesarebasedon C language.SystemCGmplementssystem
level modelingconceptextendingC++ classlibrary. SpecConthe otherhand,is a new language
with anew compilerandsimulator Its an ANSI-C extensionwith new constructgo supportsystem
level modeling.

For our project,SpecCwvaschoserasthe SLDL for its simplicity andcompletenessT heeasyavail-
ability of the SpecCcompilerandsimulatorandthe SpecChasedautomatedsoCdesignmethodol-
ogy, SCEmadethedecisioneasier



1.4.3 SoCDesignFlow Examples

In this section,we will discusstwo relatedworks, thatapply the SoC designmethodologyon two
reallife examples.

1.4.3.1 DesignExploration and Implementation of Digital Camera

A top-donvn designmethodologywith digital cameraasanexampleis discussedh [27]. Thedesign
processof this examplestartswith aninformal speci cationin the form of an Englishdocument.
This speci cationis re ned anda completeexecutablespeci cationin C languagas written with 5
differentfunctionalblocks. First, animplementatioron an singlegeneralpurposemicrocontroller
is considere@ndbasedn manualanalysisof thecomputatiorcompleity, thepossibilityof acom-
petitive designsolutionwith this partitionis ruled out. Further threemore explorationsbasedon
hardware/softvare partitioning are discussedto improve the designin termsperformancepower
andgatecount. The designis manuallypartitionedinto hardwareandsoftware partitionsbasedon
manualanalysisanddesigners experience.
ImplementationstartsatRTL. Synthesizabl&®TL descriptiorof thegenerapurposegrocessocore
is availablefor the project. The specialpurposeprocessorsor the hardware partitionsare written
in synthesizabl&kTL description.For the softwarepartitions,majority of the codeis derived from
the speci cationmodelandis modi ed to communicatewith the hardware partitionsat necessary
places. Theresultingsoftwarein C is compiledandlinkedto produce nal executable.The exe-
cutableis thentranslatednto the VHDL representationf the ROM usinga ROM generatarAfter
thesestepstheentireSoCis simulatedusingaVHDL 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
matchingthe designconstraintss obtained.

In this methodologysincetheimplementatioris manualat RTL, its time consumingo design
hardware for eachpartition andfor eachexploration. The lack of designautomationrestrictsthe
numberof explorationsandmalkesthe designprocedurenot suitablefor complex applications.

1.4.3.2 DesignExploration and Implementation of Vocoder

A completesystemlevel modelingand designspaceexploration, using top-davn SpecCdesign
methodology of an GSM Enhanced~ull-Ratespeechvocoderstandards presentedn [1]. This

wasa mediumsizedapplicationandwasintendedto demonstrat@andevaluatethe effectivenessof

SpecCdesignmethodology The completespeci cationmodelof thevocoderis capturedn SpecC.
SoCEnvironment(SCE)wasusedfor designspaceaxploration.

First, computationahot-spotsare identi ed using a retagetablepro ler [6] integratedin SCE.
To startwith, a single software partitionis tried. The entirevocoderfunctionalityis mappedo a
Digital SignalProcessofDSP)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 usedperform the 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 synthesizehe RTL for the hardware
componentandC codegenerationool is usedto generatehe C codefor the softwarecomponents,
to arrive ata completeimplementatiormodel.

The re nement stepsproposedby the SpecCdesignmethodology Architecture exploration,
Communicatiorexploration, Implementatiorsynthesisare automatedn the SCE. Designerdeals
with only writing speci cationmodelandis relieved of repeatednanualimplementatiorof models
at differentabstractionlevels. This considerablyreduceghe designprocesgime. Designercan
devote all the attentiontowardswriting a good speci cation model of the application. Designer
getsaccuratdeedbackon timing by simulatingeachre ned model. Considerabldime is saved by
runningthe simulationof the abstracmodelsandgettingthe earlyfeedback.

1.4.4 Our Work

In our work, we appliedthe SpecCdesignmethodologyon anindustry size designexample. We
implementeca MP3 audiodecodeusingSCE.We implementech completespeci cationmodelof
MP3audiodecodein SpecCSLDL andusedthe SCEto performthedesignspacesxploration.As a
resultof automatiorprovidedby SCE,we exploreddifferentarchitecturedn relatively shortertime.
Thereportfocuseson the majordesigneffort of writing a goodspeci cationmodelandat relevant
pointdiscussethepossibilityandtechnique$o automateheproces®f writing speci cationmodel.
A preliminaryimplementatiorof this designexampleis discussedn [24]. Thespeci cationmodel
in [24], wasnot completeand barelyfacilitatedsufcient designspaceexploration. Someof the
de cienciesincluded

2 Thespeci cationmodeldid nothave enoughgranularity Therewerevery few leaf behaiors
thus,restrictingthe extentof designspacesxploration.

2 Thespeci cationmodeldid not exposetrue parallelismin the application.

2 Theconcurreng exposedn thespeci cationmodelwasnottruly concurrenisthetwo com-
putationunits composedn parallelcommunicatedn a RemoteProcedureCall (RPC)style
thusmakingthemsequential.

In this work, the speci cation modelwasre-modeledstartingfrom C implementatiorto have
sufcient granularity concurrenyg, andcomputationaloadbalanceacrossbehaiors We wereable
to performdesignspaceexplorationwith interestingpartitions,to arrive at a suitablearchitecture
for theMP3 audiodecoder



2 DesignExample

In this section,we will describethe chosendesignexample,a MP3 Audio decoder This section
alsogivesanovervien of thecompressiomlgorithm.

Digital compressiorof audio datais importantdue to the bandwidthand storagelimitations
inherentin networks and computers.The mostcommoncompressioralgorithmis the ubiquitous
MP3 alongwith the othercontendersik e, Windows Media Audio (WMA), Ogg, AdvancedAudio
Coding(AAC) and Dolby digital (AC-3). A brief descriptionof theseformatsis availablein [4].
All of theseusea variety of clever tricks to compressnusic les by 90% or more. Eventhough,
standard$ike AAC andMP3PRO promisebetterquality at lower bitrates,at this stage MP3is an
undisputedeaderbecaus®f its wide spreaduse.

MP3[16] providessigni cant compressiotthroughlossycompressionapplyingthe perceptuasci-

enceof psychoacoustics Psychoacousticmodelimplementedy MP3 algorithmtakesadwantage
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 decodeffor our designwill useacompleteMP3 streamasinput. Beforepresentingnore
detailsaboutthe actualdecodingorocessa shortoverview of the MP3 bit streamis given.

2.1.1 Structureof an MP3 Audio Frame

The MP3 streamis organizedin framesof bits. Eachframecontainsl152encoded®CM samples.
Theframelengthdepend®n the bit rate( quality) of theencodedlata.Sincethe bit ratemayvary
in variablerate encodedstreamsthe frame size may alsovary within a single stream. Therefore
theframeheadercontainsinformationfor the framedetection.Eachencodedrameis dividedinto
logical sectionsandthesecanbeviewed hierarchicallyasshavn in Figure 3.

Thevarious elds in aframeof audiodataarediscussedbelow.

Header is 4 byteslong and containssyncword to indicatethe startof frame. Headercontains
Layer information (MPEG Layer |, Il or lll), bitrateinformation, samplingfrequeng and
modeinformationto indicateif the streamis monoor stereo.

Error Check This elds containsa 16 bit parity checkword for optionalerrordetectiorwith in the
encodedstream.

Sideinformation Containsinformationto decodeMain data Someof the elds in sideinforma-
tion arelistedbelowv

2 |t containsscalefactorselectioninformation, that indicatethe numberof scalefctors
transferredper eachsubbandand eachchannel. Scalefctorsindicatethe amountby
which anaudiosampleneedsto be scaled. Since,humanearresponses differentfor
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Header Error Check Audio Data Ancillary Data

Side Info Main Data

Scale factors Huffman code bits

Figure3: MPEG 1 Layer3 frameformat

signalsat differentfrequenciesthe entireaudiospectrumis dividedinto subbandsThe
samplesn the moresensitve bandsarescaledmorethanthe samplesn the lessersen-
sitive region of the spectrum.

It containsglobalgain which needgo beappliedto all thesamplesn theframe.

Information regardingthe numberof bits usedto encodethe scalefctors. To achie/e
compressioneventhe scalehctorsareencodedo save thebits. Thisinformationin the
sideinfowill indicatethe numberof bits to encodea particularscalefctor

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

Main data Themaindatacontainghe codedscalefactorsandthe Huffman codedbits.

2 Scalefctorsareusedin the decodeto getdivision factorsfor agroupof values.These

groupsarecalledscalefictorbandsandthe groupstretchesver severalfrequeny lines.
The groupsare selectedbasedon the non-uniformresponsef humanearfor various
frequencies.

The quantizedvaluesareencodedisinghuffman codes.The huffmanencodingis used
to codethe mostlikely valueswith lessernumberof bits andrarely occurringvalues
with largernumberof bits. The huffman codesaredecodedo getthe quantizedvalues
usingthetableselectinformationin the sideinfosectionof theframe.

Ancillary data This eld is the privatedataandthe encodercansendextra informationlike ID3
tag containingartistinformationandnameof thesong.

11



Magnitude &

Sign
Huffman code DCT
bits > Huffman Requantization Reordering
Decoding .
Sync
. A?%d Huffman DCT
Bitstream E Information Huffman Info
5 rror > .
checking Decoding
Scalefactor
Decoding Scalefactor
Decoding
Synthesis Right
- Polyphase [—*
Alias
> —>  IMDCT »| Frequency / FilterBank
Joint Reduction Inversion
» Stereo PCM
Decodin
g Alias Frequency Synthesis Left
Reduction IMDCT | Inversion | | Polyphase —
FilterBank

Figure4: Block diagramof MP3 decodef18]

2.1.2 MP3 DecoderOperation

The block diagramin Figure 4 shovs the data o w within the MP3 decoder The incomingdata
streamis rst split up into individual framesandthe correctnes®f thoseframesis checled using
Cyclic Redundang Code(CRC)in the syncandthe error cheding block shawvn in Figure4. Fur-
ther, usingthe scalefactorselectioninformationin the sideinformation,scalefactorsaredecoded
in the Scalefactordecodingblock. Scalefactorsare usedto scaleup the re-quantizedsamplesof
a subband.Subbands a sggmentof the frequeng spectrum.Subbandsreintroducedin the en-
coderto selectvely compresghe signalsat differentfrequencies.Thesesubbandsare chosento
matchthe responseof humanear The main dataof the frameis encodedas a Huffman codes
The quantizedsamplesare derived from the huffman codesin the Huffmandecodingblock. The
necessargideinformationneededor huffman decodingis obtainedfrom Huffmaninfo decoding
block. Sincethe huffman codesarevariablelengthcodes the huffman encodingof the quantized
samplegesultsin a variableframesize. In orderto optimizethe spaceusagein a frame,the data
from the adjacenframesare pacled together So, the Huffman Decodingstagerefersto the pre-
vious framesdatafor its decoding. The next stepafter Huffman decoding,is the re-quantization.
There-quantizerre-quantizeshe huffmandecodewoutputusingthescaleactorsandtheglobalgain
factors.There-quantizediatais reorderedor the scalefictorbands.There-quantizeautputis fed
to the stereodecoderwhich supportsbhoth MS sterecaswell asintensitysteredformats. The alias
reductionblock is usedto reducethe unavoidablealiasingeffects of the encodingpolyphaselter
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bank. The IMDCT block convertsthe frequeny domainsampledo frequeny subbandsamples.
Thefrequeng subbandsvereintroducedby theencoderThis allows treatingsamplesn eachsub-
banddifferentlyaccordingo thedifferentabilitiesof thehumanearover differentfrequenciesThis

techniqueallows a highercompressiomatio. Finally, the polyphaselter banktransformghe data
from theindividual frequeny subband#nto PCM samplesThe PCM samplesannow befedto a

loudspeakr or ary otheroutputdevice throughappropriaténterface.

A comprehensk literatureaboutthe MP3 audiocompressiostandards availablein [15] [22] [18].
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3 Speci cation Model

Speci cation modelis the startingpoint in the systemdesignprocessand forms the input to the

architecturexplorationtool. Speci cationmodelis theresultof capturingthe functionality of the

designin SystemLevel DescriptionLanguaggSLDL). It is a purefunctional,abstracimodel,and

is free of any implementatiordetail. Sincethe speci cationmodelformsthe basisfor the synthesis
andexploration, it is importantto write "good” speci cationmodel. A good speci cation model

hasthefollowing importantfeatures:

Separationof computation and communication: Speci cationmodelshouldclearlyseparatéhe
communicatiorblocksfrom the computationblocks. This enablesapid exploration by 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 thepossibleexplorations.
Granularitydepend®n the userandthe problemsize. Thereis awide rangeof possibilities:
On oneextreme,every instructioncanbe a behaior andon the otherextreme,entiredesign
could bein onebehaior. The former meanscomplex designspaceexploration becausef
too mary componentssoit 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 designspaceexploration. For
example,describingthe functionality of a behaior at RTL would resultin aninef cient so-
lution, ata laterstagejf thebehaior is implementedn software.

Concurrency: Any parallelfunctionalityin the algorithmmustbe madeinto concurrenmodules.
This would enableexplorationof fasterarchitectures.

Speci cation model of the designcould be written from scratch,which requiresextensve
knowledgeof the algorithmbeingimplemented.n this case usercandecidethe granularity hier-
archy andconcurreng of thedesignbasedntheknowledgeof thealgorithm. Thisapproachmight
be time consumingas oneis startingfrom scratchandthe resultingspeci cation modelrequires
considerabl@mountof veri cation beforeconsideringt for restof the designprocessMore than
often,in theembeddedystemdevelopmentspeci cationmodelneeddo bedevelopedfrom anex-
isting referenceC codewhichimplementghealgorithm. This approaclis fasterthantheformeras
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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 thecore
MP3 algorithmimplementation 30

Tablel: Propertief thereferencemplementatiorof MP3 decoder

the signi cant amountof effort hasalreadybeeninvestedn makingthereferencecode.Moreover,
sincethe SpecCSLDL is justa supersebf C languagat would requirelessereffort to corvert the
C referencecodeinto SpecCspeci cationmodelthanwriting the speci cationmodelfrom scratch.
Therestof this sectionwill describethe developmentof the speci cationmodelstartingfrom ref-
erenceC-codeof a MP3 Audio decoder

3.1 ReferenceC Implementation of MP3 Decoder

To develop the speci cation model we referredto the C implementationof the MP3 decoder
available from MPG123[20]. MPG123is a real time MPEG Audio Playerfor Layers1,2 and
3. The playerprovides, both, the core decodingfunctionality andinteractve GraphicalUser In-

terface (GUI). This referencedecoderis designedfor and testedto work on Linux, FreeBSD,
Sun0S4.1.35olaris2.5,HPUX 9.x andSGl Irix machineslt requiresAMD/486 machinesunning
atatleast120MHzor fastermachineto decodesteredVIP3 streamsn realtime.

3.1.1 Propertiesof the Source of Referencelmplementation

The propertiesof the referencamplementatiorare givenin Table 1. The tablelists someof the
physicalpropertieof the C codeimplementatiorof MP3123.Thesourcearchive containedoating
point implementatiorof the MP3 Audio decoder The implementatiorcontained66 source les,
whichincludedtheactualdecodingalgorithmaswell assupportinguserinterfacecode,contrituting
to 12K linesof code.For developingour speci cationmodelwe only focusedon the coredecoding
algorithmwith a simple 1/0O spreadover 10 source les, and comprising3K lines of code. The
sourcewassplitinto 30 functions.A call graphof the majorfunctionsis shovn in Figure-b.
Sincethis referenceC implementationvas not meantto be a SOC description,it hadtypical
codingissuesthatneedto beremodeled Someof thesearelistedbelow:

2 The implementationrmajorly composedf pointer operations. Since pointersare not sup-
portedby the hardware synthesigools, the presencef pointersin the sectionof codethat
would getmappedo a hardwarePEis discouraged.
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Figureb: Call graphof majorfunctionsin thereferenceC implementation

2 Usageof datastructureswith pointermembers.

2 Lackof behaioral hierarcly.

2 Lackof separatiorof computatiorandcommunicatiorblocks.
2 Excessie usageof globalvariables.

2 Absenceof adistincttestbenctandalgorithmimplementation.

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

3.2 Initial Testbench

In this designstep,we separatethe corefunctionality of the MP3 decodefrom therestof the code
in thereferencamplementatiorandbuilt a testbencraroundit. Thetestbenclremainsunchanged
throughout the designprocessand provides the testingervironmentfor our DesignUnder Test
(DUT). This stepinvolvesfew smallertaskswhich arediscussedn thefollowing sections.

3.2.1 Making C Code SpecCCompliant

As a rst step,the entire main function of the decodermwaswrappedin one behaior, Main. In
SpecC theroot behaior is identi ed by Main behaior andis the startingpoint of executionof
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a SpecCprogram. The modelwas compiledusingthe SpecCcompilet Sincethe referencem-

plementatiorwasnot ANSI-C compliantanddueto somelimitationsin the SpecCcompiler there
werecompilationissueswvhich requiredchangesn the C codeto make it SpecCcompliant. Some
of theissuesencounterearelistedbelow.

2 |n SpecC|nitialization of variablesat the time of declaratioris restrictedonly to constants.
The C referencamplementatiorhadvariableinitialization with non-constantsuchas, pre-
viously declaredvariablesor addresf variables. Suchvariablede nitions were manually
changedo separatehe de nitions from initializations.

2 Certainvariablenamesin the C implementationike, in, out are keywordsin SpecC.Such
variableswererenamedo somenon-interferingnames.

2 One of the les in the standardibrary, huge_val.h was not ANSI-C compliant, this was
changedvithout hamperinghe normalfunctionality.

After the abose changeswe were ableto compile and simulatethe referenceC codeusing
SpecCcompilerandsimulator

3.2.2 Building the Testbench

Thecoredecodingunctionalityof thedecodemwasseparateffom therestof codeandwaswrapped
in abehaior mp3decoderThis new behaior is theDUT. Two leafbehaiors, stimulusandmonitor
wereintroducedo implementthefunctionality of thetestbenchThethreebehaiors wereinstanti-
atedin theMain behaior. Thecommunicatiorbetweerthesethreebehaiors wasestablishedising
the queuechannelsx andy. Readonly informationlik e, buffer sizeandtype of streambeingpro-
cessedveresharedacrosshe behaiors usingvariables.The structureandthe connectvity of the
testbenchis shovn in Figure6. The stimulusreadsheinput MP3 streamfrom thebinaryMP3 les
(*.mp3) andsendsit to mp3decodein chunks. mp3decodebehaior decodeghe input dataand
sendst to monitor. The monitor behaior recevesthe incomingdataandwritesit into an output
le (*.pcm). It alsocompareghe receved datawith referenceoutputgeneratedy the reference
implementation.

3.2.3 Timing of the Testbench

In this sectionwe describehetiming of the stimulusandmonitorbehaiorsto transmitandreceve
datarespectiely, atacorrectrate. We alsolook at designof the buffer capacityin thetestbench.
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= (bitrateastereomo@=8)=(256)
waittime= (1=numberof chunls per second & 1000000000s

17



Figure6: Toplevel testbench

Sincewe are calculatingthe wait period after every transferof 256 bytes,we rst compute
numberof chunksper secondusing the bitrate and stelreo modeparameters.The inverseof the
numberof chunksper secondgives the waittime The above calculationgives the waittime in
nano-secondsThe above timing detail is shovn in Figure 7(a). The x-axisis the time line and
y-axisindicatesactivity in bursts. The gure shaws thatthereis a datatransferfrom stimulusto
monitorin burstsof 256 bytesevery waittimens.

The monitorchecksf the sampledrom the decoderarerecevedin a stipulatedtime. Monitor
computeghis stipulatedime or deadlinausingsamplingfrequencyandsteleomode(This parameter
is 1 for monoand?2 for stereoencoding)information. At the startof every frame,monitor checks
if theframewasrecevedwithin the stipulatedtime. This checkwill determindf thedecodeiis too
slow to meetthe necessaryiming requirementThe deadlineperframeof sampless computedas

deadine persanple = (1=(stereomodersanpling frequency @ 100000000®) ns

deadine = deadine persanple & sanplesper frame

where
sanplesper frame = 1152agereomoce
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Figure7: Timing of testbench

In the abore calculations,deadlineis the time in nano-secondfo decodea frame of audio
data. We rst computethe deadlineper sampleusing the stereo modeand samplingfrequency
parametersn termsnano-seconddJsing, numberof samplegper frame we arrive atthe deadline
for theentireframe. Theabove timing detailis shavn in Figure7(b). The gure shavsthatthereis
adatatransferin burstsof 2 bytesevery deadlineper samplens

Now, wewill look atthecomputatiorof thebuffer capacityfor thetwo channelsn thetestbench.
Thestimulusto mp3decodequeuemustbe designedo accommodatdataworth atleastoneworst
caseframesize. Theworstcaseframesizeis computedashbelow:

MaximumAverage FrameSze = sanplesper framera Max possibebitrate=sanmpling frequency
= (11520320Kbits=seq=48KHz = 7680bits
= 960Bytes

To meetthis requirementa queuesizeof 1024byteswaschosen.
Sincethe outputfrom the decoderis written to the monitor one sample(2Bytes) at a time, the
mp3decodeto monitorqueuecouldbe of 2 bytessize.
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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 the decoder So, the

interfaceof the decodemwith the monitor was sequential.As the monitor wasdesignedo accept
the dataat a speci ¢ ratethe whole decodemwould be stalledtill the decodeddatawasdelivered

to the monitor. This obviously was not desiredas it meantwastageof resourcesn the decoder
waiting for the datatransferto complete. Anotherissuewith the modelwasthat, the outputdata
transferratewascontrolledby the monitor which requiredthatin the real erwvironmentthe output

device beknowledgeablaboutthe samplingfrequeny 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 datatransferogic. Theresultanthierarcly is shovn in Figure8.

Figure8: Top level parallelhierarcly of thedecoder

The newly introducedbehaior Talk2ZMonitor runs concurrentlywith the core behaior de-
codeMP3andconsistof 3 child behaiors, Listen2DecodelComputeimeandDataTransfer com-
posedin FSM. DataTransferis responsibldor gettingthe decodeddatafrom the decodeMP3n
chunksof 32 samplesandwrite it to monitorata properrate. This rateis calculatedrom the sam-
pling frequeng andstereamodeinformationby Computeimebehaior. Listen2Decodeis respon-
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sible for receving this information from decodeMP3ising double handsha& channelsch sfreq,

ch_steromodeQueuechannelsgranule chOandgranulechlareusedfor communicatinglecoded
sampledrom decodeMP3o DataTransferbehaior. Thevariouschannelaisedfor communication
areshown in the Figure8.

3.4 Intr oducing Granularity

Specehaiorsformthebasicunitsof granularityfor designspacesxploration. Theleafbehaiors,
behaiors at the bottomof the hierarcly, containthe algorithmimplementationn the form of C
code. Sofar, our DesignUnder Test(DUT) hasjust one behaior providing no scopefor design
spaceexploration. We needto introducemorebehaiors into this designto make sufcient design
spacexploration.Oneeasyway to dothisis to corvert all themajor C functionsin the designinto
behaiors. Basedon the preliminarypro le resultobtainedfrom GNU pro ler, gprof andbasedn
codeobsenationa list of functionsthat needso be convertedinto behaiors wereidenti ed. The
behaiors wereintroducedbasedon the corventionslisted belov. The Figure9 is usedto explain
this procedure.

3.4.1 Procedure

We will now describethe procedureusedto convert functionsto behaiors. Figure 9 shows an
examplefor corvertingafunctioninto behaior.In the gure, thecodeboxontheleft shavsbehaior
B1 encapsulatinghe functionfl. The functionreturnsthe resultwhich is written to the out port,
result Thecodebox ontheright shavs thefunctionfl encapsulateth a newv behaior B1 f1.

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.

2. The function to be corvertedis encapsulateéh a behaior body andthe function body is
eitherinlined into themainof thenew behaior or thefunctionis madea memberof this new
behaior with the main of this new behaior containinga single call to this function. This
secondscenarids shavn in the Figure9 andthe nameof this new behaior is B1 f1.

3. The new behaior is instantiatedn its parentbehaior For example,in the gure the new
behaior B1f1 is instantiatedn B1. The portsof this nen behaior are determinecby the
original function parameters.The necessaryunction argumentsare madethe membersof
the parentbehaior. For example,in the gure, il, i2 and sl are mademembersof the
behaiors B1 Duringlaterre nementstagestheseportsmight changeor 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 that parameteis usedwithin the nen
behaior. If thefunctionparameteraremembersf a compositestructure(including@rrays),
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Behavior before

Conversion
Behavior B1

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

/Imember function
int f1(int, int*, int);
void main()
{
inti1, i2, *p_i2;
struct S s1, *p_s1,;
i1 = pl+p2;
i2 = pl-p2;
p_i2 = &i2;

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

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

int varl;

varl = il+*p_i2+member;

return varl,;

Modified Behavior

Behavior B1
(inint p1, in int p2, out int result)
{
intil, i2;
struct S s1;
llInstantiate child behavior here
B_f1(i1, i2, s1,result);
void main()
{
int *p_i2;
struct S *p_s1;
i1=pl+p2;
i2 = pl-p2;
p_i2 = &i2;

Newly Introduced Behavior

Behavior B1_f1(in int i1,
iniinti2, in struct S s1, out int result)
{
//Imember function
int f1(int, int, int);
void main( )
{
result = f1(i1, &2, s1.member);
}
int f1(int i1, int* p_i2, int member)
{
int varl;
varl = il+*p_i2+member;

return varl;

Figure9: Exampledescribingcorversionof a C functionto a SpecCbehaior

thenit hasto bereplacedwith the entirestructure.Thisis the casewith thevariableslin the

Figure9.

5. Thereturnresultof thefunctionis 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 above stepsexceptpointercornversionarepuremechanicabndhencecanbe automated.

However, the decisionof choosingthe functionto be corvertedinto behaior hasto be madeby
thedesignerDeterminingthetypefor eachport of the newly introducedoehaior, requiresmanual
analysis. Eachfunction parametehasto be analysedio nd if its read-only write-only, or read-

write parameter

Using above steps,mostof the major functionswere corvertedto behaiors. After this major
stepwe arrived at a SpecCimplementatiorof the MP3 decodemwith 18 behaiors and31 behaior
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instancesSofar, we hadcornvertedonly few functionsto behaiors but mostof the C codebetween
functioncallsstill existsbetweerthebehaiors. So,we now have behaiors interlearedwith lots of
Ccode.Butin a”good” speci cationmodel,C codeis allowedonly in theleafbehaiors ( behaiors
which containno otherbehaiors). For writing goodspeci cationmodel,which canbe understood
by the SCEtool, it is required thatat ary level of hierarcly, all the behaiors arecomposeckither
sequentiallyor in Finite StatemenMachinestyle, or concurrentlyor in a pipelinedfashion. This
canbe achiaved rst by eliminating the stray code betweenthe behaior calls. Apart from this
issue,therewasonemoreissueto be solved, the global variables.Sinceeachbehaior represents
potentially an independenprocessingelement,a behaior hasto communicatewith the external
world only throughits ports. Soit is importantto eliminatethe global variablecommunicatiorof
the behaiors. We rst addressethe problemof global variable,beforetaking up the problemof
eliminatingthe straycode,astheformerwill in uence thelaterprocedure.

3.5 Elimination of Global Variables

Global variableshide the communicationbetweenfunctions, in a programbecausehey don't

appearasfunction parametersr returnresultsof functions. Sincethey becomeglobally available
to all the functionsin the program, programmersuse this featurefor corvenienceto declare
variablesusedacrossmary functionsas globals. However, a good speci cation modelrequires
the communicatiorto be separatedrom the computation.So, the hiddencommunicatiorthrough
global variablesmustbe exposed. Dependingon the scenario the communicatiorthroughglobal

variablescanberemovedusingoneof the proceduregiiven below.

3.5.1 Procedurel

If the usageof theglobalvariableis restrictecto only onebehaior thenthefollowing procedurés
used.

1. Globalvariablesvhoseusage(readndwrites)is restrictedo only onebehaior canbemoved
into thatbehaior makingit amembeiof thatbehaior. In theListing 1(a), theusageof global
variablegl is restrictedto behaior b1l aloneandhencehasbeenmovedall theway into b1l
asshawn in Listing 1(b).

3.5.2 Procedure?2

If theusageof the globalvariableis spreadacrossnultiple behaiors thenthe following procedure
is used.

1. Globalvariableswhoseusagds spreadacrossmorethanonebehaior aremovedinto thein-
nermostbehaior in the hierarcly which encompassed| the behaiors accessinghatglobal
variable.In theListing 1(a) theglobalvariableg2is usedacrosgwo behaiorsblandb2 As
shavnin Listing 1(b), g2is movedinto the Main behaior asMain is theinnermostbehaior
encompassingothblandb2.
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int g1, g2; behavior Main()

behavior Main() f

f
5 int varl, var2, var3;

int varl, var2, var3;
5 int g2;

bl Bl(varl, var2, g2);

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

b2 B2(var2, var3);

10 int main(void) 10 fint main(void)
many o1 ran)
B2.main(); i ;
15 g;g 15 g,
behavior bl(in int il, out int ol) fbehavior bl(in int il, out int ol, out int g2)

f

void main(void) int gl;

20 void main(void)

20 f §
1 = gl+il; .
02 = T14e; gl = gl+il;
ol = i1: 92 = il++;
g B ' ol = i1;
25 g
25 N .
9 g,

behavior b2(in int i1, out int ol)
f
. . . f
20 fv0|d main(void) 30 void main(void)
g2 g2++; f
ol il;
g
9;

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

g2++;
i1

g2
ol
g
35 g;

(2) Speci cationmodelwith globalvariables (b) Speci cationmodelwithout globalvariables

Listing 1: Eliminatingglobalvariables.

2. Moving the globalvariablesinto the innermostbehaior will introducenew portsin the be-
haviors accessinghe global variableandthe type of the portis determinedoy the natureof
the accesof the variables.In Listing 1(b) therearenew portsfor the behaiors bl andb2.
b1 which only writesg2 getsanextra out portandb2 which bothreadsandwritesg2 getsan
inout port.

3.5.3 Summary

The abore mentionedre nement stepsare mechanicaknd canbe automated.The the necessary
informationregarding the usageof the variablesare availablein the compiler datastructureand
canbe usedto determinewherethe variableis de ned andwhereall it is beingused. However,
determiningthe porttypesof the new ports,introduceddueto motion of globalvariablesrequires
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manualanalysisf theseglobalvariablesareaccessedsingpointerswithin the behaiors.

3.6 Aurri ving at a Clean Speci cation Model

As describecearliet a cleanspeci cationmodelis onein which only the leaf behaiors contain
the C codeandall the child behaiors are composeceitherin parallel (using par statement)pr
in pipeline (usingpipe statement)or in Finite StateMachine(FSM)style(usingfsm statement)or
sequentially But, at this stage,our speci cation modelis composedf behaior callsinterleared
with C code.The SpecOanguageeferencenanual 8] describegachof this compositionstylesin
detail.

In this sectionwe describehe procedureadoptedo cleanthe speci cationmodel.

3.6.1 Procedure

Theinterleaving C codebetweerbehaiors canbe wrappedinto separatdehaiors andthesebe-
haviors canbecomposedn eitherof the4 waysmentionedabove to getacleanspeci cationmodel.
Thepossibilityof concurrentompositiorusingpar andpipestatementareconsideredater, asthey

arecomplex andrequiredependenganalysisacrosehaiorsto checkif thereexist ary parallelism
betweerthem. At this stage we look at composinghe behaiors eitherin puresequentiafashion
orin FSM style. Behariors composedequentiallyexecuteoneaftertheotherin theorderspeci ed.
Similar to puresequentiatomposition,in FSM compositionthe behaiors areexecutedoneafter
the othersequentially However, in addition,FSM compositionfacilitatesconditionalexecutionof

behaiors. The conditionsarespeci ed next to the behaior andare evaluatedafter executingthe
behaior. Thenext behaior to be executeddepend®ntheresultof the conditionevaluation.In the
absencef ary condition,theexecution o w will fall through.

In our case sincesomeof the strayC codebetweerbehaior callswereconditionalstatements
in uencing the executionof behaiors, it wasconducie to composehesebehaiorsin FSM style
by having the conditionalC codecorvertedinto conditionalstatement®f the FSM. Straightline
strayC codewerewrappednto separatdehaiors. Wheneaer possible jnsteadof introducingnewv
behaiors, we pushedheseinstructionsinto the alreadyexisting neighboringoehaiors. This later
operatiorrequireshatthe existing behaior's portsbe changedo accommodateew changes.

The above describedyeneraimethodologyis adoptedn the examplesshavn in Figure 10 and
Figure 11l Figure10 depictsthe way to corvert anif statemeninto an FSM. In this example,a
new behaior newBis introducedencompassinthe straightline C instructionsa = 1; var= 2;. The
conditionalexecutionof behaiors B1 andB2 is madepossibleby absorbinghe if conditioninto
theFSM. TheseconditionalC instructionsappeain adifferentform next to thebehaior call nenB.
Figurell shavs away to corvertafor loopinto a FSM. In caseof for loops,the strayinstructions
includetheloopinitialization statementdpop conditionandloop parameteupdatestatementsThe
new behaior, LOOP_CTRLis introducedo updatethe loop 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
unconditionalgotoin 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
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behaior call LOOP_CTRL evaluatesto false. A similar stratgy of codecleaningis discussedn

[3].

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(); Esm
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*/
I ) behavior newb( out int a, out int var)
void main(void)
{
Ya.
a=1;
var = 2;
}
h

Figure10: Exampledescribingconversionof unclearbehaior to a cleanbehaior

3.6.2 Summary

Theabore mentionedyenerabroceduravasusedto cleanup the MP3 decodespeci cationmodel.
As anexample,the entiregranuleprocessinginit of the MP3 decodelis shawvn in the Listing 2. If
you notice,this sectionof the speci cationmodelhaslots of C codein betweerthe behaior calls.
A cleanFSM versionis shovn in Listing 3.

Thegeneraprocedureadoptedo cleanthespeci cationmodelinvolvespurelymechanicasteps
and canbe automated.With limited userinputsaboutthe type of compositiondesired wrapping
of the C instructionsn behaiors andcorverting conditionalstatementsandloopsinto FSM canbe
achiezedthroughautomation.
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behavior dogranule(/alist of portsa/)
f
/e Instantiation of child behaviors and data structuressa/
void main()
5 f
dolayer3_1.main();

if (fr.lIsf)
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;
g
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 g
sfilter .main();
g
return;
g// main
60 g;

Listing 2: Sectionof MP3 decodefpeci cationmodelbeforecleanup.



10

15

20

25

30

35

40

behavior

f

dogranule(/aList of portsa/)

/o lnstantiation of child behaviors and data structureso/

void main ()
f

fsm f

dolayer3._

sideinfol
sideinfo?2
setptr: f

g

1

f if (fr.Isf) goto sideinfo2;

goto sideinfol;g

. f goto setptr;g
: f goto setptr;g

setparaml :

scalefacl
scalefac2
Dequant

if

(ret == MP3_ERR) break;

goto setparaml;

f

g

if (fr.Isf) goto scalefac?2;

goto scalefacl;

: f goto Dequant;g
: f goto Dequant;g

: fif (dequant_ret) break;
if (stereo ==2 && dequant_ch

setparam?2 :

9
f

g

0) goto setparam2;

if (stereo == 2 && dequant_ch == 1) goto msstereo;

goto antialias;

if (fr.Isf) goto scalefac2;

goto scalefacl;

msstereo: f goto iStereo;g
iStereo: f goto dolayer3_2;g

dolayer3_2: f goto antialias;g
. f goto Hybrid;g

if (ch<stereol) goto antialias;
goto sfilter;

antialias
Hybrid: f

¢}
sfilter: f if (gr<granules) goto setparaml;
break ;

g//fsm
g// main

g

//increment ch

/lincrement gr

Listing 3: Sectionof MP3 decoderspeci cationmodelaftercleanup.
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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; {
b1 B1 (); o
bl B1(); b2 B2 (); void main()
b2 B2(); b3 B3 (); {
b3 B3(); start START (count, i); _
start START (count); loop_ctrl LOOP_CTRL (i); i++;
. . . void main (void) }
void main (void) {
{ inti fsm I
inti;
’ : _> {
START.main(); START: {goto loop_ctrl;}  /* Modified START behavior*/
for (i=0; i<count; i++) LOOP_CTRL: behavior START
{ ) {if (ixcount) goto B1; (out int count, out int i)
Bl.ma!n( ); break;}
B2.main(); B1: {goto B2;} void main (void)
B3.main(); B2: {goto B3;}
} B3: {goto loop_ctrl;} Ya.

} } count = 10;
oo ) } i=0;
behavior START( out int count ) }. }

{ ' ;
void main(void) }

{

Ya.
count = 10;
}
K

Figurell: Exampledescribingcornversionof a FOR statemeninto FSM

3.7 Intr oducing Concurrencyin the Speci cation Model

After all the abore steps,our speci cationmodelwascleanfrom globalvariables,t hada clearly
separatediesignandtestbenchthe C codewasrestrictedonly to the leaf behaiors andat every
level of hierarcly all the behaiors werecomposeckithersequentiallyor in FSM style. The next
stepwasto exposeconcurreng in the model. Any parallelismin the designhasto be explicitly
exposedn thespeci cationmodel,sothatit canbeexploitedlaterduringdesignspaceexploration.
In this sectionwe rst talk aboutthe variousconditionsto be satis edto have parallelismbetween
behaiors anddiscusswith exampleshe actualstepstakento introduceconcurreng in thedesign.

3.7.1 Conditions for Concurrency

In SpecC two typesof concurrenexecutionbetweerbehaiors canbe exposed parallelexecution
andthepipelinedexecution.Theformeris explicitly exposedusingpar statementandthepipelined
concurreng is exposedusingthe pipe statements.

Thefollowing conditionsmustbe satis edfor two behaiorsto be composedn parallel.
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1. Thebehaiors mustbe atthe sameevel of hierarcly.
2. Thebehaiors mustnotwrite to the samevariable.

3. The behaiors mustnot have accesso the samevariable,if atleast,oneof thosebehaiors
canwrite to it.

In SpecCparadigm the aborve conditionscanbe restatedas,”"Behaviors at the samelevel of hier
archy canbe composedn parallel,without synchronizatioroverhead|f the behaiors don't have
their portsmappedo the samevariable.If they aremappedo acommonvariable thenthe portsof
all thebehaiors mappedo thatcommonvariablemustbein ports’

Thetaskof checkingtheseconditionsis purely mechanicabndhencecanbe automatedo deter
mineif two behaiors canbe composedn parallel. However, undersomecircumstanceg;omplete
automatioris not possible.If thecommonvariablesacrossbehaiors arecompositevariableslike
arraysandstructuresthen,dependingn just abore conditionswould resultin conserative result,
becausehaving a compositevariablein commonacrossbehaiors doesnt necessarilyneanthe
behaiors areaccessinghe same eld of the compositestructure. In suchcasesfurther analysis
within the behaiors needso be doneto checkif the behaiors areinterferingwith eachotherby
writing to thesame eld of the compositevariable. Again, this requiresmanualattentionandcan-
not be automateadtompletely 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 thecompositevariablesdo simplevariables.Thoughthisis possibleunder
certaincircumstancest is not possiblewhenpointersandindicesareusedto accesshecomposite
variableastheir valuesarenotknown at statictime.

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

3.7.2 Conditions for Pipelined Concurrency

Now, we will look at the conditionsto be satis ed to composebehaiors in pipelinedfashion.
Pipelinedexecutionis possiblein applicationswhich performa seriesof operationson the input
datasetto produceoutputdatasetwith theoutputof eachstageservingastheinputto thenext stage
of operation.If the speci cationmodelhasall thoseoperationcapturedn separatdehaiorsthen
pipeliningis possiblejf following additionalconditionsaremet.

1. Thesetof behaiorsto becomposedhn pipelinedfashionmustbecomposeguresequentially

2. Theinputof eachbehaior is from the precedingoehaior's outputandsoon. Basically the
datamust o w only in onedirectionfrom the headof the pipelineto tail.

3. Two behaiors should not write to the samevariable. That s, there can be only be one
behaior writing to acommaonvariable.
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To getthefull bene t of pipelining,thepipelineshouldrun continuously For ef cient utilization
of the pipeline,theremustbe continuousnput at the mouthof the pipeline. For example,thereis
norealbene tin having a pipelinethatgets ushed afterevery run. Also, pipeliningis usefulwhen
the computationload is balancedacrossall the behaiors in the pipeline, otherwise the pipeline
will be asfastasthe slowestbehaior (the mostcomputeintensive behaior). Becauseof these
requirementschoosinghebehaiorsto bepipelinedwill have to bearesultof manualanalysis.So,
only the mechanicataskslisted abore canbe automatedandthe decisionmakinghasto be taken
careby thedesigner

3.7.3 Procedurefor Intr oducing Concurrency

Lets look at the hierarcly startingfrom the behaior DoLayer3 The hierarcly capturedusing
the SCE tool is showvn in the Figure 12 We rst explored the possibility of parallelizingthe
two granulesgranulel,granule2in Figure 12, but dueto datadependeng it wasnecessaryhat
granule2 operationsare performedafter granulel So we focusedour attentionto parallelize
operationswithin eachgranule. The function of operationin a granuleare capturedin behaior,
DoGranule DoGranuleshown in Figure 12 is an FSM of mary behaiors. Of thesebehaiors,
we narraved our focus to 3 behaiors alias_reduction imdct and s lter. 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
Il _antialias ( ) implementecdthe alias reductionalgorithm for a channelof audio dataand was
called twice for processingeachchanneldata. Eachcall operatedon independentiataset and
hencethere were no datadependeng betweeneachchannelprocessing. The code box on the
left of Figure 13 shawvs 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 new behaior andthis is shavn in the
codebox on the top-right side in Figure 13. Two instancesf this new behaior, antialias_chO,
antialias.chl were instantiatedin the parentbehaior, AliasReductionand the for loop was
removed and the behaior calls were encapsulatedn the par constructto make the parent
behaior a cleanparallelbehaior asshown in the bottom-rightcodebox in Figure 13. The new
behaior instanceget the information regarding the channelnumberto index into the right data
setandthenumberof active channelsvhich actsasanenableor thesecondnstanceantialias.chl.

After parallelizingAliasReductionwe focusedour attentiontowardsmore comple behaiors
imdct,s Iter. In thesebehaiors, we identi ed dataindependencbetweertwo audiochannelgust
like the AliasReductiorbehaior, andhence usingsimilar approachwe introducedconcurreng at
channelevel processingnto thesebehaiors. Theseconcurrenciesreshavn in Figure 14.
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Figure12: Hierarcty within DoLayer3behaior in the MP3 decoderspeci cationmodel
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behavior AliasReduction
(inout real xr[2][SBLIMIT][SSLIMIT],
in struct lll_sideinfo sideinfo, in int gr, in int
stereol)
{

void main (void)

int ch;
for ( ch = 0;ch<stereol;ch++)

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

Ill_antialias(hybridin[ch],gr_info);

/

}
}
1

Second, the AliasReduction behavior is modified

First,

behavior Ill_AntiAlias

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

in struct lll_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[ar];
Ill_antialias (xr [ch], gr_info);
}
}
%

the function Ill_antialias is converted to behavior

behavior AliasReduction

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

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

{
/* List of variable instances */
Ya.
IlI_AntiAlias antialias_choO (xr, sideinfo, 0, gr, stereol);
Ill_AntiAlias antialias_ch1 (xr, sideinfo, 1, gr, stereol);
void main (void)

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

/* New behavior */

Parallel AliasReduction behavior

Figure13: Exampleshaving the corversionof a sequentiabehaior into concurrenbehaior
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Figure14: Parallelsmin the MP3 decoderspeci cationmodel
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3.7.4 Procedurefor Intr oducing Pipeline Concurrency

At this stagethespeci cationmodelhadenoughgranularity it had39 behaiors and122behaior
instances.Out of the 39 behaiors, 31 wereleaf behaiors providing goodscopefor exploration.
The parallelismwas explicitly exposed,openingthe possibility of exploring fasterarchitectures.
With anintentto checkthe computatiorioad distribution acrossvariousbehaiors, we pro led all
the behaiors using SCE. Consideringonly the most computeintensive behaiors, we narraved
our focusto threemostcomputeintensive behaiors. The graphin Figure 15 shaws the relative
computationcompleity of behaiors, alias reduction imdct, ands Iter. Fromthe graph,its clear
that s Iter behaior is the single most computationallyintensive behaior. It is 70-75% more
expensve thanthe otherbehaiors. Since,unbalancedcomputationload will not resultin good
partitioningwe decidedo breakthes Iter behaior further.

Figurel5: Relatve computatiorcompleity of thethreemostcomputeintensve behaiors of MP3
decoderspeci cationmodel

We identi ed two logical partitionsin the synthesislter. A rst stagewasthe computatiorof
the 64 point DCT andthe secondstagewasthe extensive window overlap-addoperation. These
operationsvereperformedn aloop runningfor 18timesfor eachaudiochannelWe rst separated
themodelinto two behaiors, DCT64andWindowOp usingthetechniquesliscussedh Section3.4.
Further weintroducedwo morebehaiors, sethufferl andDCTOutStae which actashelperstages
by reorderingdatafor DCT64 andWndowOp This resultedin 4 behaiors, setlufferl, DCT64,
DCTOutStaye, WindowOpin a for loop executing18 timesin thatorder Eachbehaior receved
its input from the precedingbehaior's outputandall the variableswere at mostwritten by one
behaior satisfyingall the conditionsfor pipelining discussedn Section3.7.2 The 4 behaiors
werepipelinedusingthe pipeconstruct.n addition,following changesverenecessaryo complete
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the pipelining.

1. All thevariablesusedfor datatransferbetweerthebehaiorsin thepipelinemustbebuffered.
In otherwords,all thevariablesmappedo the out or theinout portsof the pipelinedbeha-
iors mustbe buffered. In SpecC this canbe doneusingautomaticcommunicatiorbuffering
featureof pipedvariables. Thenumberof buffer stagegor thevariableis equalto thedistance
betweerthewriter andthereadeehaior.

2. Variableswith onewriter and morethanonereaderrequireextra attention. Suchvariables
mustbe duplicatedto createasmary copiesasthe numberof readers.The duplicatedvari-
ablesalsoneedto be bufferedusing piped variables. Eachvariablemustbe piped asmary
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 the samevalueto this new out portasthevaluebeingwrittento the
original variable. The port of the secondreadeyreadingthis variable,mustbe mappedo the
duplicatevariable.

Theresultof pipeliningis shavn in the Figure 16. After pipelining, the computatiorload looked
more balancedasthe computationload of s Iter is now distributedacross4 behaiors SetBufiel,
DCT64,DCTOutStaye andwindowop Therelative comparisoris shovn in Figure17. Theshaded
extensiondn the bar graphindicatethe resultafter scaling. Behaviors, SetBufferl, DCTOutStae,
arenotshavn in the gure astheir computatioris ngglible comparedo theothers.
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Figurel16: Pipeliningin the MP3 decoderspeci cationmodel
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Two major pipeline stages
of synthesis filter core

N

Figurel7: Relatve computatiorcompleity of 4 mostcomputeintensive behaiors afterpipelining
the synthesislter behaior
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3.7.5 Summary

At this stage,the granularityin the speci cation modelwas satishictory promisingwider design
spaceexploration. Therewere 43 behaiors which included33 leaf behaiors anda total of 130
behaior instances.Granularityalonedoesnot meangood partitioning of the computationload.
So, usingthe pro led result, we identi ed the computationallyexpensve behaior andsliced it

furtherinto smallerbehaiors to getreasonableomputationaload balanceacrosshehaiors. The
explicitly exposedparallelismand pipelining enablesexploration of fasterarchitectures.So, we
decidedto concludethe speci cation modeldevelopmentat this stageand move on to the design
spaceexplorationto arrive at anarchitecturgor our design.

In this sectionwe discussedhe procedureadoptedo introduceparallelismin the speci cation
model.We alsodiscussethenecessargonditionsto besatis edfor parallelizingandpipeliningthe
behaiors. Someof the stepsinvolved aremechanicahndcanbe automatedHowever, identifying
parallelismwhich is not apparentequiresintelligent analysisand needsmanualattention. Other
thanthe intelligent analysisrequiredto detecthiddenparallelism,mostof the codemodi cation
taskscanbe automatedo aid thedesigner

3.8 Summary and Conclusions

In this section,we discussedhe seriesof changesperformedto obtain a "good” speci cation
model startingfrom a C speci cation. The seriesof stepsstartedwith the designof testbench
(Section3.2) which involved separatinghe designfrom the stimulusand monitor functionality.
Interfacesbetweeneachof thesebehaiors wasalsodesignedduring this step. In the secondstep,
we introducedmorebehaiors in the designby corvertingthe majorfunctionsinto behaiors. This
stepwasdiscussedn Section3.4. In Section3.5, we discussedhe taskof eliminatingthe global
variablesthus exposingthe hiddencommunicatiorin the design. In the fourth step(Section3.6),
we cleanedhespeci cationmodelto arrive ata”clean” speci cationmodel,in whichateverylevel
of hierarcly the behaiors are composedn 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 2 givesthe statisticsof the
speci cation modelin termsof numberof behaiors, numberof behaiors undereachcateyory
(leaf, concurrentFSM, sequentiabndpipelined)andnumberof channeinstances.

The stepsinvolvedin arriving at a speci cationmodelaretime consumingmakingthe overall
proces®f writing thespeci cationmodelslow andhard. Eachof thesetasksandtheir development
timesarelistedin theTable3. Thetimeincludesthetime for programmindgollowedby compilation
usingSpecCcompiler veri cation by simulationanddehugging.In generalcompilationis nottime
consuminghowever, makingtheinitial C codecompileusingSpecCcompilertakessomeeffort as
discussedn Section3.2 Thedevelopmenttime shavn in thetableis assuming daysa weekand
8 manhoursperday In our case,ntroducinggranularityandcleaningof the speci cation model
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Propertieof the speci cationmodel

Total numberof behaiors 43

Total numberof leaf behaiors 33
Total numberof concurrenbehaiors | 4
Total hnumberof FSM behaiors 5
Total numberof pipelinedbehaiors 1

Total numberof sequentiabehaiors | 0

Total numberof behaior instances || 130

Numberof channelnstances

6

Table2: Propertief speci cationmodel.

\ 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: Developmentime for eachdesignstep.

took 60% of thedevelopmentime.

In theproces®f developingthespeci cationmodel,we alsolookedat the possibility of automating
thesetasks. Someof thesetasksinvolve pure mechanicaktepswhich canbe automatedo reduce
thedevelopmentime of the speci cationmodel. Intelligentanalysisdecisionmakingthatarenec-
essanyfor taskslik e, handlingpointers,identifying hiddenparallelismandpipeliningandchoosing
functionsfor cornvertingto behaiors, determiningport-typesmake the completeautomationchal-
lenging. However, aninteractve tool which automateshe mechanicatasksbasednthedesigners

decisionswill bevery useful.

In the next section,we will detailthe next stepin the systemdesignprocessthe designspace

exploration.
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4 DesignSpaceExploration and Implementation

In this section,we will look at the next stepin the systemlevel designprocessthe DesignSpace
Exploration. Becauseof the compleity involved, arriving at the detailedimplementatiormodel

from anabstracspeci cationinvolvesmultiple explorationandsynthesiglesignsteps.Eachdesign
stepresultsin an executabledesignmodelcorverting the abstracspeci cationmodelof the input

designinto an concretamplementatiormodel. Theresultingexecutablemodelfrom a designstep

canbesimulatedo verify thefunctionalityandthetiming asindicatedin theintroduction.We used
the Systemon Chip Environment(SCE)[1] for performingthe design. The Design o w adopted
by SCE canbe broadlydivided into threedesignsteps,architecture exploration, communication
synthesi@indimplementatiorsynthesis Thesere nementstepswerediscussedn theintroduction

sectionof this reportandthey arediscussedbelav 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
aswell as speci ¢ hardware units chosenby the designerfrom the SCE database. This
processnvolvesthree major tasks,Allocation, Partitioning and Sdeduling 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
account;all communicatiorbetweerthe processinglementss still on anabstractevel and
systemcomponent€ommunicatevia abstracthannels.

Communication Exploration and Synthesis In this step,abstracitcommunicatiorbetweencom-
ponentds re ned into an actualimplementatiorover wires andprotocolsof systembusses.
This designstepinvolvesthreemajortasks,Busallocation TransduceiinsertionandChan-
nel mapping In SCE,thelasttwo stepsarefully automatedndthe designemeedso make
decisionregardingthe allocationand mappingof the busses.The communicatiorsynthesis
resultsin the bus functionalmodel,which de nesthe structureof the systemarchitecturan
termsof bothcomponentandconnectionsThe 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 aresultof the hardware synthesisa cycle accuratdmplementatiorof each
hardware-processinglements created Similar actvities take placeduring softwaresynthe-
sis. Herespeci ¢ codefor the selectedRTOS is createdanda targetspeci ¢ assemblycode
is generated.
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For our designexample, we performedthe above discussede nement stepsand explored few
designpossibilities.Four suchdesignexplorationsaredescribedn thefollowing sections.

4.1 Complete Software Solution

In this exploration,we chooseéo have the entiredesignimplementedn onesinglegenerapurpose
processarSuchanimplementatioris oftena goodstartingpoint for the embeddedystemdesign,
sinceits fasterto designandvery lik ely to satisfychip areaandpower requirement.

Fromthe SCE library, 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 designwasmappedontothe cold r e processoandusingthe
automatedarchitecturae nementtool, architecturanodelwasgeneratedThe architectureanodel
is simulatedto verify the functionality andthe timing. Cold re at 66MHz alonecould not meet
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 the whole design,all the communicatiorin the
designwasmappedntothesystenbusof thecold r e processoandcommunicatiome nementwas
performedo generatehecommunicatiormodel. Thecommunicatiormodelwassimulated andas
expectedtherewasno changen 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 performanceequirementvith 66 MHz
cold re processorlt waspursuedy increasinghe clock frequeng of theprocessoto 8OMHz.

4.2 Hardware-Software Solution-1

Sincethe single software PE solutioncould not meetour timing requirementwe decidedto have
hardware acceleratiorfor the time critical blocks of the design. For this exploration, we choose
cold r e processowith aclock frequeny of 66 MHz anda hardware PE with a clock frequeny of
66MHz.

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

Similarto thesinglesoftwarepartitioning,in this exploration,theentirefunctionalityof thedecoder
was mappedonto the cold r e processar The Talk2ZMonitor behaior, responsibldor transferring
the decodedaudio datato the outsideworld, was mappedonto hardware PE, HWO with a clock
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frequeng of 66 MHz (sameasthat of cold r e processor).This wasdoneto isolatethe decoding
functionality andthe datatransferlogic. The modelafterarchitecturee nementis shavn in Fig-
ure 18. As shawn in the gure, thereare only two componentsn this architecturewith cold re
implementingmost of the functionalities,including the computeintensve behaiors, Synthesis
Filter, AliasReductionand IMDCT. For simplicity, the architecturanodelomits minor details. It
shavs only symbolicchanneldetweerPEsandomitsthe PEsimplementinghe queuechannels.
Thearchitecturanodelwassimulatedo verify the functionalityandthetiming. Inspiteof having a
separatdE for transferringhe decodedlatato the output,this partition could not satify the timing
requirementWe haveto increaseheclockfrequeng of thecold r e processoto 80MHzto meetthe
performanceequirementEventhoughthis architecturegequiredextra hardwarePEandperformed
no betterthana cheapesinglesoftwaresolution,we decidedto pursuethis explorationfurther, as
we felt thatit wasa goodideato isolatethedatatransferogic from thedecodingunctionality. This
partitionmight performbetterduring laterdesignstagesvhenthe modelsbecomemoreaccuraten
theirimplementatiorgiving moreaccuratgerformanceumberghanthe estimatechumbergiven
by thearchitecturamodel.

4.2.2 Hardware-Software Partitioning-1: Communication Re nement

Sincethereareonly two componentsn this architectureall the communicatiorbetweencold re
andHWOwasmappedntothesystenmbus of thecold r e processarThe communicatiormodelfor
this partitionis shavn in Figure19. Thecold r e actsasthe masterandHWOis the slave of the bus.
Thecommunicatiormodelwassimulatedandthe functionalityandtiming wereveri ed.

4.2.3 Hardware-Software Partitioning-1 : Implementation Synthesis

After the communicatiorre nement, the next designstepis the RTL synthesisof the hardware
PEs. We consideredhe RTL implementationof the Talk2Monitor behaior which was mapped
to the hardware PE, HWO, during architecturere nement. As discussedn the Section3.3, the
Talk2Monitor has3 child behaiors, Listen2DecodeiComputeime andDataTransfer To perform
the RTL implementationof the Computeime behaior, we allocatedone 32 bit adderunit, one
divider, onemultiplier unit, anda 32 bit register le of size8. UsingtheRTL re nementtool of the
SCE,theRTL implementatiorior the Computeimebehaior wasderived. Dueto certainlimitation

in theRTL re nementtool, we couldnotsynthesizeheListen2DecodeandDataTransferbehaior.

Next, the software synthesisfor the cold re processomwas performedand resultantmodel was
simulatedo verify thefunctionalityandtiming.

4.3 Hardware-Software Solution-2

In thepreviousexploration,we presentedworkableimplementatiorof ourdesignexample.In this
sectionwewill discussanothehardware/softvarearchitecturavhichexploitstheparallelismin the
speci cationmodelandderivesa differentarchitecturdor the MP3 decoder For this exploration,
we usedcold r e processoandthreehardware PEswith operatingrrequeny of 66 MHz.
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4.3.1 Hardware-Software Partitioning-2: Ar chitecture Re nement

In this exploration,the computationahot-spotbehaior, s Iter wastargetedfor hardwareaccelara-
tion. s lter is aparallelcompositionof two instance®f FilterCore behaior asshovn in Figure 14.
Eachconcurreninstanceof FilterCore, Iter core.chOand Iter core_chl weremappedo hardware
PEsHWO,HWL1 To make thedecodingunctionalityindependenof thedatatransferfunctionality,
the Talk2Monitor behaior was mappedio anotherhardware PE,HW2 Therestof the function-
ality wasmappedto the cold re processar The architecturemodel generatedy the architecture
re nementtool is shavn in Figure 20. Note that, in the gure, not all the channelsin the real
modelaredepicted.Only the userintroducedchannelsandfew importantchannelghatrepresent
the communicatiorbetweenvariousPEsareshavn. Cold r e communicatesvith HW0,HW1,and
HW2 communicatesvith HWO0, HW1 The architecturemodelin the gure is beforeperforming
the schedulingre nement. The pipelinedexecutionin the PEs,HWO0, HW1is sequentiallysched-
uledandtheschedulinge nementis performedusingtheschedulinge nementtool. Theresultof
schedulingcanbeseenin Figure20.

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

4.3.2 Hardware-Software Partitioning-2: Communication Re nement

Similar to the previous exploration, all the communicationbetweenthe hardware PEs and the
cold re are mappedonto the cold re's main bus. Two bussesbasedon double handshak
protocol are allocated and the communicationchannelsbetweenHWO0-HW2 and HW1-HW2
are mappedonto the respectie busses. The communicationmodel generatedafter the com-
municationre nementis shavn in Figure 21. Also, note that the executionwithin HWO0, HW1
is nolongerpipelinedasthosebehaiors weresequentiallyschedulediuringschedulinge nement.

The communicatiormodelwassimulatedo verify the functionalityandtiming andthis explo-
rationalsosatis ed ourtiming requirement.

4.3.3 Hardware-Software Partitioning-2 : Implementation Synthesis

Dueto the lack of few library componentgor performingthe oating point operationsanddueto
certainlimitationsin the RTL synthesidool to handleportsof interfacetype this stepcould not be
performed.Sowe have to stopat the communicatiormodel. However, the software synthesidor
thecold r e processowasperformedandresultantmodelwassimulatedto verify the functionality
andtiming.

4.4 Hardware-Software Solution-3

In this section,we will discussyetanotherexplorationbasedon hardware-softvarepartitioning.In

this partitioning, the parallelismandthe pipelining exposedin the speci cationmodelareutilized

to derive a different, interestingarchitecturefor the MP3 decoder For this exploration,we used
cold re processoand5 hardware PEswith operatingfrequeny of 66 MHz.
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4.4.1 Hardware-Software Partitioning-3: Architecture Re nement

The computationakhot-spotsin the designwere identi ed by running the pro ler. The pro le
resultsareshavn in the Figure22 for few critical behaiors. Thefour behaiors sethufferl, Bdct64,
dctoutstge, windowopwere the pipeline stagesof the Synthesid-ilter behaior. Collectively,
Synthesid-ilter was single most computeintensve behaior. We decidedto map eachpipeline
stageof Synthesig-ilter behaior ontoindependenhardwareunits. Since,the computationin the
two stagessethufferl, DCTOutStaye wasvery lesscomparedo Bdct64and windowopstageswe
decidedto mapsethufferl, Bdct64onto one PE anddctoutstge, windowoponto anotherardware
PE. The partitioning of the input designand the mappingof each partitions onto the system
componentds showvn in the architecturemodelin Figure 23. In this partition, generalpurpose
processqgrMotorola Cold re is assignedonly a partial part of the decodingalgorithm and the
mostcomputeintensive partwhich wasrepresentedby the behaior Synthesig-ilter is distributed
to 4 hardware PEs(HWO, HW1, HW2, HW3). HWO0, HW1 procesghe rst stereochanneland
HW2, HW3 procesghe secondstereochannel. The behaior Talk2ZMonitor, which is responsible
for combiningthe outputsof two channelsandwrite to the externaldevice, is mappedo another
hardware PE,HW4. Eventhough,Talk2ZMonitorwasnot computationallyintensve, it wasmapped
ontoanindependentinit to separatend parallelizethe decodingactvity andoutputdatatransfer
actity. By this partitioning,all theparallelismandpipeliningthatwasexposedn thespeci cation
modelwereutilized. In this gure, to avoid clutteringandconfusionnotall thechannelsn thereal
modelare depicted. However, all the userde ned channelgchanneldn the speci cationmodel)
andimportantchannelshoving communicatiorbetweenvariousPEsareshawn.

4.4.2 Hardware-Software Partitioning-3: Communication Re nement

After architecturae nement,bussesvereallocated.The mainbusof thecold r e processosened

as the systembus. The four hardware PEs (HW0-HW3) communicatewith the cold re using

this systembus. 4 Bussesbasedon double handsha& protocolsHW02 HW1, HW12 HW4,

HwW2 2 HW3,HW3 2 HW4wereallocatedfor the communicatiorbetweerhardware PEs. All the

channeldn the correspondingathswere mappedonto the respectre bussesand communication
re nementwasperformed.The resultingcommunicatiomrmodelis shovn in Figure 24. 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 doublehandsha&bus.

4.4.3 Hardware-Software Partitioning-3: Implementation Synthesis

After thecommunicationme nement,the next designstepis the RTL synthesiof thehardwarePEs.
Dueto the lack of few library componentdor performingthe oating point operationsthis step
could not be performed.So we have to stopat the communicatiormodel. However, the software
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synthesidor the cold r e processowasperformedandresultantmodelwassimulatedto verify the
functionality

4.5 Summary and Conclusions

In this sectionwe discussedhe variousexplorationswe performedusingSCE.We discussed! de-
sighimplementations3 of thembasedn hardware/softvarepartitioning. The key featuresof the4
explorationsaregivenin the Table4. Thetablelists the numberof software PEs,numberof hard-
ware PEs,operatingfrequeng andthe numberof channelsn eachexploration. The performance
of thevariousmodelsin eachdesignexplorationis discussedn the next sectionin detail. The au-
tomationprovidedby SCEmalesit possibleto performmary explorationswithin ashortamountof
time. Early feedbaclaboutthe performancef thedesigncanbe obtainedby simulatingthe models
at higherabstractiorievels. Dueto few limitationsin the RTL synthesigool, we could synthesize
only a partof our design. In a nutshell,using SCE designervironment,optimizedarchitectures,
satisfyingthe designconstraintscanbe obtainedn a shorttime.

Feature Complete Software | HW-SW HW-SW HW-SW
Solution Solution-1 | Solution-2 | Solution-3
No. of Generalpurpose 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: Key featuresof the differentexplorations.
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Figure18: Hardware-softvarepartitioning-1:Architecturemodelof MP3 decoder
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Figure19: Hardware-softvarepartitioning-1: Communicatiormodelof MP3 decoder
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Figure20: Hardware-softvarepartitioning-2: Architecturemodelof MP3 decoder
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Figure21: Hardware-softvarepartitioning-2: Communicatiormodelof MP3 decoder
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Figure 22: Relatve computationcompleity of the few behaiors of MP3 decoderspeci cation
model

50



fiitercore_ch0

detoutstage

<

. ouo™emueio

PCM out
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Figure24: Hardware-softvarepartitioning-3:Communicatiomodelof MP3 decoder
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5 Experimental Results

This sectionsummarizeghe experimentsandresults. Therearetwo aspectf the modelto be
tested First, thefunctionality of the design,andsecondthetiming of the MP3 decodeoperation.

5.1 Functionality Veri cation

To testthe functionality we usedthe testbenchdescribedn the Section3.2 The outputPCM
le generatedy the monitor wascomparedwith the one generatedy the referencedecoderfor
verifying thefunctionality.

5.1.1 TestSuite

For verifying eachof the models a setof teststreamobtainedrom Fraunhofednstitute[ 10] were
used.Thesestreamsandtheir key propertiesaregivenin the Table5. Thetablelists the sampling
frequeng, bitrateatwhichthe streamsvereencodedrealtime lengthandthetypeof stream(Stere-
o/Mono). Thesamplingfrequeny is thefrequeng atwhich theanalogsignalwassampledandthe
bitrateindicatesthe extentof compressionFor example,streamsclassicl.mp3¢lassic2.mphave
the samesamplingfrequeng but, classiclis codedat a higherbitratethanclassic2 Thisindicates
thatclassiclis lesscompressethanclassic2andhenceof betterquality.

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: Propertieof teststreams.

5.2 Timing Veri cation

Apartfrom decodingcorrectlyto producebit accurateesults thedecodeiis expectedo deliver the
outputPCM samplestthecorrectbitrate. Thisratedepend®nthesamplingfrequeng of theinput
MP3 streamand putsa timing constrainton the decoder The decoderis requiredto decodeand
outputexactly atthisrate.If the outputratecontrollogic is not partof thedecoderthenthedecoder
cangenerateutputfasterand expectthe externallogic to take careof the rate control. However,
in our design,asthis logic waspart of the designthe decodemwasexpectedto deliver the decoded
dataexactly at this rate. The speci cationmodelis untimedandwill runin zerosimulationtime.
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Since,our designincludedthis outputrate control logic, the delivery of the decodedsamplesto
the outputdevice would happerat a controlledrateandhenceeventhe speci cationmodelwould
take nite non-zerosimulationtime to run. In orderto measurehe actualtime to decodewithout
consideringthe explicit delayintroducedby rate control logic, we disabledthe delaysin the rate
controllogic. Thischangean themodelwasdoneonly for thetiming measurementAs we go down
the abstractiorlevel performingeachre nementsteps,the decodeoperationtakes non-zero nite
time.

The average estimateddecodetime per frame of audio data for each partition discussedin
Section4 andfor eachre ned modelis givenin thetablesTable 6, tablesTable7, Table8, Table9
and Table 10. The resultsare obtainedby simulatingeachmodel with one of the test streams,
spotl.mp3Also providedin the tablesarethe deadlinefor decodingeachframeof audiodatafor
the teststreamspotl.mp3andthe clock frequeny of the PEsusedin the design. The Estimated
Initial Latencyis thetime it takesto decodethe very rst sampleof the very rst frameof audio
data. Thelastcolumnin thetablesgivesthe ratio of the decoddime to the stipulateddeadline.A
valueof greaterthan100%impliesthatthe modelcouldnot meetthe performanceequirement.
For thesinglesoftwaresolution,two tablesaregiven,table Table6 givesthe decoddimeswhenthe
clock frequeng of the cold re processois 66 MHz. Clearly this single software designsolution
could not meetthe stipulateddeadlinetaking 27.15msecgo completethe decodeof singleframe.
Thesecondable, Table7 is obtainedwith cold re processoat 80 MHz andit meetsthe stipulated
deadlineby taking 22.41msecsgo decodea frame. In generalthe simulationtime increasesvith
eachmodel.However, sincethereexistsno communicatioroverheadthe communicatiormodelin
this case doesnot shawv increasan executiontime comparedo thearchitecturanodel.

The Table 8 givestimingsfor the partitionin Figure 18. This architecturemeetsthe stipulated
deadlineandits estimateddecodingtimes are sameasthat of the pure software exploration. The
implementatiormodelfor this architecturecontainssynthesizedgoftwarein C andRTL implemen-
tationof only a subsebf thefunctionalitymappedo hardware PE.

Thetiming of the third architecturgFigure 20), composedf 1 cold re processoand3 hardware
PEsat 66 MHz, is givenin Table9. This architecturaneetsthe performanceequirementvenata

lower clockfrequeny of 66 MHz becausef thehardwareaccelaratiorf thecritical computational
blocks.

The nal architectureof Figure23 hasthe mostcomplex architecturewith 1 cold r e processoand

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

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

goodasthethird architecturgFigure20).
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Timing of VariousModelsof SingleSoftwarepartition
Deadlineto decodeoneframeof spotl.mp3= 26.12msec

Openmting clock frequencyf the processor= 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%
Table6: Timing of variousmodelsof Softwarepartition.
Timing of VariousModelsof SingleSoftwarepartition
Deadlineto decodeoneframeof spotl.mp3= 26.12msec
Opeiating 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%
ScheduledrchitectureModel 22.40msec 22.41msec 85.17%
CommunicatiorModel 22.40msec 22.41msec 85.17%
ImplementatiorModel 22.40msec 22.41msec 85.17%
Table7: Timing of variousmodelsof Softwarepartition (Working solution).
Timing of VariousModelsof Hardware-Softvarepartition-1
Deadlineto decodeoneframeof spotl.mp3= 26.12msec
Openmting 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%

Table8: Timing of variousmodelsof Hardware-Softvarepartition-1.
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Timing of VariousModelsof Hardware-Softvarepartition-2
Deadlineto decodeoneframeof spotl.mp3= 26.12msec
Opeimating cloc 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)
Table9: Timing of variousmodelsof Hardware-Softvarepartition-2.
Timing of VariousModelsof Hardware-Softvarepartition-3
Deadlineto decodeoneframeof spotl.mp3= 26.12msec
Openmting 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%
ScheduleddrchitectureModel 26.41msec 10.99msec 42.1%
CommunicatiorModel 26.41msec 11.21msec 42.9%
ImplementatiorModel 26.41msec 11.21msec 42.9%

(Synthesizedoftwareonly)

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

In this project,we adoptedhe SpecCdesignmethodologyto implementa Systemon a Chip MP3
decoder We usedthe SpecCbasedSystemon a Chip Environment(SCE) tool for performing
the designexploration and implementation. We chooseSpecC,as a languageto implementthe
speci cationmodel,asit bestsuitsfor describingsystemsnvolving both hardware and software
components.Being a true superseof ANSI-C, it hasa naturalsuitability to describesoftware
componentslt hasaddedfeaturesto supporthardware description. It alsoincludesconstructso
supporthierarchicaldescriptionof systemcomponents.With all thesefeaturesthe designerthas
e xibility to chooseanddescribethe systemat ary desiredlevel of abstraction.SpecCis easyto
learnand a cleanlanguage.Anyone with backgroundknowledgeof C canlearn SpecCquickly.
The availability of SpecCbasedSCE for performingdesignspaceexplorationand synthesisvas
anothemainreasorfor choosingSpecCasthe speci cationlanguage.

As aninput to the SCE, we provided the Speci cation model of the MP3 decodemwritten in
SpecCSLDL. SCEprovidesdesigneaway to dealwith thecomplity of thedesignby having the
designehandlethe designcompleity ata higherlevel of abstractionlt providescompletedesign
automatiorwith occasionamanualintenventionfor decisionmakingandcontrollability. The user
interventionis restrictedto the allocationof processingelementshussesmemoriesand mapping
of thebehaiors andchannelontotheallocatedcomponentsThetool allows aneasydesignspace
exploration. It enableghe designeito estimateperformanceduring the early stagesof the design
andadditionallyallows the early pruningof thedesignspace.

With SCEtool availablefor doing all the explorationandre nement, the main responsibility
of the designeris to write a good, cleanspeci cationmodel. We spentl3 man-weekgo corvert
an C codeinto the Speci cation model. Thoughthe startingC speci cationwas goodenoughto
be a generalsoftware programto run on senersanddesktopsystemsjt was not suitableto be a
SoCspeci cation. A noticeablesffort hadto be spentin writing a speci cationmodelto eliminate
the issueslike usageof global variables,lack of separatiorof communicationand computation
blocks,lack of behaioral hierarcly. We introducedsufcient granularityin the modelto facilitate
goodnumberof explorations.We separatethe computatiorandcommunicatiorblocksby having
all the computationcapturedn behaiors andall communicatiorusingchannels.We exposedthe
concurreng in thedesignby having parallelandpipelinedexecutionof behaiors.

In this report, we also proved the power and usefulnessof automatedSoC designmethodology
SCE.SCEletsdesigneto focuson the developmenif the speci cationmaodelby taking careof all

there nementstepsthroughanautomatedool set.

In this report,we de ned a "good” speci cationmodelanddescribeda stepby stepprocedureo

arrive ata good,cleanspeci cationmodel. We identi ed varioustasksthatcanbe automatedully

or partially automatable.An interactize 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 suchatool would
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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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