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ABSTRACT

This paperstudieghe useof areconfigurablarchitectureplatform
for embeddedtontrol applicationsaimed at improving real time
performance. The hw/sw codesignmethodologyfrom POLIS is
used.lt startsfrom high-level specificationspptimizesaninterme-
diatemodelof computation(ExtendedFinite StateMachines)and
derives both hardware and software, basedon performancecon-
straints. We study a particulararchitectureplatform, which con-
sistsof a generalpurposeprocessocore,augmentedvith arecon-
figurablefunction unit and data-pathto improve run time perfor
mance.A nev mappingflow andalgorithmsto partition hardware
and software are proposedo generatémplementationghat best
utilize thisarchitectureEncouragingreliminaryresultsareshavn
for automotve electroniccontrolexamples.
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1. INTRODUCTION

Configurablesystem-on-a-chigCSoC)architecturesreemening
asa promisingalternatve to both ASIC andgeneralpurposepro-
cessorGPP),aswitnesseddy the numberof currently available
commerciaplatforms[25]. ASICssuffer from long designcycles,
sky-rocketing NRE costs(SEMATECH estimatesa cost of $1M
for a0.151 maskset)andpoor flexibility , while GPPsdo not meet
performancerequirementgor demandingapplications. The em-
beddingof reconfigurablehardware (eFPGA) expandsthe range
of problemsfor which post-fabricationsolutionsare viable. This
eliminatesthe time andmone spentin silicon design,fabrication
andmanufcturingverification.

The wide adoptionof thesereconfigurablearchitectureselieson
the availability of appropriatenethodologiesiswell asCAD tools
to mapdesigngo future multi-million gatedevicesquickly andto
efficiently exploit theirflexibility . Particularly, thehardware/softvare
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co-designprocessmust determinewhich portions of the overall
specificationshould be mappedinto the reconfigurabldogic and
which retainedon the processorWe discusshe automatiorof the
entire designflow, from high-level specificationto hardware and
softwareimplementatiorfor control-orientecapplications.

While Estrin’s “fix ed plus variable structurecomputer”proposed
in the early 60's is likely the first reconfigurablecomputer the
introductionof FPGAsspurreda wealth of researchn reconfig-
urableFPGA-basedystemd13]. In thelastdecadeFPGA-based
platformshave achieved significantspeedup$or a rangeof appli-
cationsincluding dataencryption,DNA sequencematching,au-
tomatictargetrecognition,geneticalgorithms,imagefiltering and
network processorsHowever, with increasingystenrequirements,
embeddedontrol applicationssuchasautomotve control, avion-
ics, robotics and industrial plant control processesare also ex-
periencingperformancéottleneckn traditionalmicro-controller
platforms.Thusreconfigurabldardware opensup new implemen-
tationopportunitiesn thisdomain.

We usea homogeneousepresentatiofor both hardwareandsoft-
ware,basedon a network of Extendedrinite StateMachines(EF-
SMs). Thiscanbecapturedisingseveralhigh-level languagesvith
underlyingEFSM semanticssuchasESTEREL[9] or StateTran-
sition Diagrams. From this commonrepresentatiorwe perform
hardvare/softvare partitioningand codegeneratiorbasedon per
formanceprofiling.

For systemimplementationwe selectedhe reconfigurable/LIW
RISCcoreproposedn [7], featuringa32-bitMIPS coreaugmented
with anFPGAreconfigurableontrolunit anddata-pathyhich can
be customizedo issuespecialinstructionsreadingfrom andwrit-
ing to the sameMIPS integer registers. A GCC-basedsoftware
tool-chainfor compilationand performancesimulationfor this ar-
chitecturewasdeveloped aspresentedh [23]. It supportsarbitrary
userdefinedinstructiongo be mappeddntothereconfigurablena-
trix. Theusermanuallyidentifiesandtagscertaincomputatiorker-
nelsin thesourcecodeto beextractedassingleFPGAinstructions.
Thetool-setthenprovidesautomatedsupportfor compilation,as-
sembly simulationandprofiling of the resultingcodeon this plat-
form.

Startingfrom the EFSMrepresentationye provide methodgo ex-
ploredifferenthw/swtrade-ofs basedntheprofiling of thesource



codewith the GCC-basedool chain. Thus,we automaticallyde-
rive the C codewith critical kernelstaggedfor FPGA implemen-
tation. Our methodologyprovides a totally automatedlow from
high-level specificationsuchasESTEREL ,down to performance-
optimizedmachinecodefor thereconfigurabldargetarchitecture.

The paperis organizedasfollows. Section2 reviews somerelated
work in reconfigurableeomputingandcodegeneration.Section3
gives our designflow, with detailson the modelof computation,
architectureselectionand performanceevaluationmethods. Sec-
tion 4 detailsour methodof hw/sw partitioningand codegenera-
tion. Section5 givesexperimentalresultsfollowedby conclusions
andfuturework in Section6.

2. RELATED WORK

A numberof researclefforts have studiedthe developmentstrate-
giesand CAD tools for reconfigurableplatforms. A popularap-
proachis to producea unified developmentervironment,andpro-
videasinglelanguageahatcanbeeffectively mappedo eitherhard-
wareor software. PRISM[1] acceptgenericC codeandgenerates
FPGA configurationsin a semi-automatidashion. PRISM ana-
lyzed C codeto identify C functionsthat could be implemented
with combinationallogic. A similar approachto instruction-set
augmentatiomor generapurposecomputingwasproposedor Prisc
[22] which considersa finer granularity i.e. ary groupingof in-
structiondnsteadof entireC functions for hardwaresynthesionto
hardware programmabldunctionalunits. The GARP architecture
andcompiler[6] weredesignedo acceleratéoopsof generalpur-
poseANSI C programsemplgying areconfigurablearrayasa co-
processorA hw/sw partitioningflow calledNimble wasalsopro-
posedin [19] for this architecturewhich startsfrom C codeand
exploresthe partitioning spacefor the computationintensve loop
kernels.ChameleorBystemseportsco-compilatiortechniquesor
its CS2000series[27]. Onepromisingareaof researctrelieson
existing compilationtechniquestamgeting VLIW architectureso
studythebenefitsof variousfunctionalunitsandinterconnecstruc-
tures.Adaptive Explicitly ParallelInstructionComputing[26] and
Dynamically Variable Instruction Set Architecture[20] represent
notableworksin thisresearclarea.

Our approactstartsfrom a high level abstractiorusingEFSMsas
the formal modelto capturesystemspecifications Any textual or
graphicallanguagewith underlying EFSM semanticqat present
ESTERELIis usedasa specificationlanguage)canbe emplo/ed.
In the POLIS framework [2] eachEFSM is representedby a sin-
gle statetransitiontable for the control path and a lookup table
for the data-path. This doesnot scalewell to designswith large
statespaces.Binary DecisionDiagrams(BDDs) are usedto op-
timize the statetransitionsand synthesizethe code. This single
BDD-basedrepresentatiogannotbe usedto perform partitioning
betweerhardwareandsoftwareatafine logic computatiorievel.

Otherworkson Esterelcompilationprovide efficientwaysto trans-
late Esterelprogramsdirectly into sequentialC code([8, 12, 28].
Thesetechniqueslo noteasilysupporthw/swpartitioningandcan-
not be utilized directly for mappingthe applicationsontoa recon-
figurablearchitecture.

For functionalevaluationusingreconfigurabléogic, Sasacetal. [24]
proposedusinga platform that combinesFPGAswith sequencing
logic to performlogic simulationandshaved significantspeedup
versusa GPPapproach.However, only combinationalogic func-
tionsareconsideredn their approach.

Figure 1: Control-data network

3. DESIGN FLOW
3.1 Model of Computation

Weuseanetwork of EFSMsasthefundamentatomputatiormodel.
Thisis derivedfrom ahigh-level specificationcurrentlyESTEREL.
Technologyindependenbptimizationis performedusing multi-
valued(MV) logic anddata-pattmanipulation.

We useMVSIS [11, 5] for optimizationandsynthesis It operates
onacontrol-datanetwork representationT his network hascontrol
nodesand datanodesinterconnectedvith two typesof variables:
MV variableswith finite rangesanddatavariableswith unbounded
ranges. Eachcontrol nodeis a multi-valuedfunction represented
in Multi-valuedDecisionDiagrams(MDDs) and sum-of-products
(SOPs). Datanodesconsistof threetypes: multiplexers, expres-
sionsandpredicates

A multiplexer is definedas f = f(yc,Yo,...,Y¥n-1), Wherey; is a
MV-variablewith n values,y;, (i € [0,n— 1]) aredatainputs. The
outputf is assignedo y; if yc = i. Predicatenodesandexpression
nodescontaincomputatiorof puredatavariableswhile apredicate
outputsan MV variableandan expressionoutputsa datavariable.
Thedatacomputatioris currentlymodeledasuninterpretedtrings,
which may be complex computationsaandfunction calls. The ex-
pressionshowever mustbe arithmeticas definedin the semantics
of theC language.

Figure1 shavs an exampleof a control-datanetwork, wherebold
wiresindicatedatavariables.It consistf four controlnodes(C; -
C4), two multiplexers (M1, My), two predicateqPi, P,), two ex-
pressiongE;, Ep) andtwo latcheg(Ly, Ly).

A setof technologyindependenbptimizationmethodsare avail-
ablein MVSIS [5]. Theseincludealgorithmsextendedrom binary
logic: algebraicdecompositior{10], don't care-basedimplifica-
tion [16], elimination,resubstitutionaswell asalgorithmsspecifi-
cally tunedfor multi-valuedlogic: nodepairingandencoding11].

In the architecturemappingphase,implementationcodeis auto-
matically generatedrom this control-datanetwork for the recon-
figurableplatform. (SeeSection4).

3.2 Architectures

Reconfigurableplatforms, coupling a programmabldogic with a
processorcore,comein differentvarieties,differing in processor
integrationschemecomputingmodel,andthegranularityof there-
programmabldogic. For the computingmodel,thereconfigurable
arraymaybedeplg/edasanautonomouso/streanprocessqrded-
icatedl/O processarinterfacegluelogic, or asinstructionsetaug-



mentation. Several computingmodelsmay be supportedby the
sameplatform, but effectivenessdependwn the level of integra-
tion betweerthereconfigurabldogic andCPUcore. Thereconfig-
urablelogic canbe placedon anl/O bus[1], canbe moved closer
to the CPU[15] (akinto a standardloatingpointunit) or canbein-

tegratedinto the processomsareprogrammabléunctionalunit [7,

21,14].

The integrationschemedetermineghe granularityof the applica-
tion sgmentsexecutedon the reconfigurablefabric. Due to the
fine granularity of the finite statemachinecode,we adoptedthe
instructionaugmentatiocomputingmodelandthe reconfigurable
platformof [7]. SpecialFPGA operationsanbe reconfiguredcand
viewed as specialinstructionsin the systemlSA. This canbe uti-
lized atthe C programmingdevel. Sincethereconfigurablarrayis
partof the processos datapath, thereis minimal communication
overheadcomparedo the coprocessoimplementation.A copro-
cessoplatformrequiresadditionalcyclesto explicitly transferdata
to andfrom thereconfigurablearray thusunderminingthe perfor
mancegainobtainedrom FPGAinstructions.

Therearedisadwantageof this approachaswell. The numberof
portson the registerfile limits the input/outputbandwidthof the
FPGA array The control flow of the datapath alsorequiresthe
FPGA array be executedsynchronouslywith the pipeline design.
Theserequirementslictatethat only smallblockswith few inputs
andoutputscanbe implementedon the FPGA array Fortunately
thisworkswell in thechoserapplicationspacejn thatEFSMscon-
tain nodesthat have only a few inputs and outputsand perform
simplecalculations.

3.3 PerformanceEvaluation

We usethe GCC-basegerformanceevaluationtool-chaindevel-

opedfor thetargetarchitecturd23]. Giventhe C codeof thetarget
application,the usercantag blocksof C codeto be implemented
onthereconfigurablerray usingapr agna directive:

#pr agna instr_-nameopcodedelaynoutnin outsins

whereinstr_-nameis the mnemonicnameof the FPGA instruction;
opcodeis theinstructioncodeusedin hardware simulation,which
is notrelevantin our approachdelayis thelateng in clock cycles
of this instruction; noutsandnins arethe numbersof outputsand
inputs; outsandins arethelists of outputandinputvariables.The
codethatfollows is interpretedasa C simulationmodel,which is
thenendedwith anotherpr agma directive:

#pr agna end

After thetagsareaddedto the C code,the simulatorevaluatesthe
code using the cycle countsspecifiedby the userfor the tagged
blocks. The profiler returnsthe numberof cyclesusedto execute
eachline of code.

Our goal is to automaticallypartition hardware and software and
generatethe tagsfor FPGA instructions,which implementsthe
hardware partition. Therearetwo limitationsfor an FPGA instruc-
tion: (a) it musthave no more than 3 inputs and 2 outputs,due
to instructionencodingandregisterfile limitations; (b) thereis a
limited pool of LUTs for FPGAinstructions.Thesearetaken into
accountin the partitionalgorithmin the next section.Thereis also
a challengeof accuratelyestimatingthe cycle countof the FPGA

instructions. The most precisemethodcompilesthe perspectie
FPGAInstructionsnto LUTs andcalculateghelongestpathdelay
versusthe clock cycle time of the processopipeline. In the exper
imentswe useheuristicsfor theestimationin orderto have a quick
performancevaluation.

4. CODE GENERATION

The codegenerationproblemis, given a multi-level control-data
network, generatefficient codethatconsistf two portions:soft-
wareblocksto be executedon the processoandtaggedhardware
blocksto be implementecas FPGA instructions. The objective is
to maximizethe overall performancewhile satisfyingappropriate
resourceonstraintssuchasRAM andROM usageandFPGAsize.

We solwve this problemin two steps:(a) constructmaximalregions
(clubs)of the network thatcanbeimplementedasa singleinstruc-
tion without violating datadependenciegb) explore the assign-
mentof individual clubsto hardware or software basedon perfor

manceestimationandprofiling. For thefinal generatiorof C code,
we useanMDD-basedcodegeneratiorapproacH17].

4.1 Clubbing

A clubis a candidateblock of functionality for potentialhardware
implementation t is definedasa clusterof nodeswhich satisfies
thefollowing constraints:

1. It doesnotcontainprimaryinputsor latches;
2. It consistof eitherpurecontrolnodesor puredatanodes;

3. Its numberof inputs (outputs)doesnot exceeda predeter
minedmaximumnumber;

4. It doesnotintroducecombinationaktyclesamongclubs.

We currentlydo notallow primaryinputsto beimplementednthe
reconfigurablarray because¢hearchitecturalictatesthatall func-
tional inputs be suppliedthroughthe register files. However, in
someapplicationst maybeworthwhileto considedifferentarchi-
tectureghatallow this. Latchescanbe implementedn FPGAsas
well, thusthe FPGA operationgnay have stateshatarekeptfrom
instructionto instruction. ThisinvolvessequentiaEFSMpartition-
ing, whichis beyondthe scopeof this paper

Condition (2) is presentbecausecontrol and datanodesrequire
differentsetsof logic and data-pathdor implementation.Condi-
tion (3) is dueto instructionencodingandregisterfile limitations.
Condition(4) guaranteedeterministicandcorrectfunctionality

In [18] Khatriintroduceda clusteringalgorithm,with asimilar def-
inition of clubs,for mappingfrom alogic network to a network of
PLAs. Althoughit doesnot satisfy our clubbing constraintsour
clubbingalgorithm,outlinedin Figure2, is basedn this.

The network is first optimizedanddecomposedhto small nodes.
RoutineBuild_levelizedarray() (step2) thenlevelizesandsortsthe
nodesin a depth-firstorder In the levelization, the nodesaretra-
versedfrom inputsto outputs;whena nodeis addedto the array
arecursve functionis calledon eachof the nodes fanouts;in the
recursion,if all of a nodes faninshave previously beenaddedto
thearray this nodeis alsoadded.In essencea nodeis insertecto
the end of the arrayimmediatelyafter all of its faninshave been



Algorithm [Network Clubbing]:
input control-data-netark N
output club pool Resut
N1 = Decomposeetwork (N, M):
L = Build_levelized array(N%);
Foreachnodekin L do
if ched_club(C,k) then
C = male_club(C,k);
Continue;
else
Resut = Resut UC;
C = new_club(k);
10 endif
11 end

OCoO~NOUTD,WN P

Figure 2: Network Clubbing Algorithm

inserted.Noticethatprimaryinputsandlatchesarenotincludedin
thisarray

Themainclubbingloop theniterateshrougheachnodein thislev-

elized array and checksif the addition of the nodeto the current
club violatesary of conditions1-4 (chedcclub()). If not, thenode
is addedo theclub (male_club()); otherwiseanew clubis initiated
for this nodeandthe previous club addedo thefinal pool.

4.2 Bit-packing

The synthesisflow supportsmulti-valuedvariablesin the EFSM
model,but in mary designsa majority of the nodesonly requirea
few bits to representhe largestvalue. Therefore,in orderto fully
utilize the FPGA instructionswith the 3-input and 2-outputlim-
itation, we needto bit-pack multiple control variablesinto a sin-
gle 32-bitintegerallows larger clubs. Thereis of courseoverhead
costof assigning(extracting)the properbits of the 32-bit integer
for theinputs(outputs)of the FPGA instructions.However, larger
clusterswould leadto the eliminationof unnecessarintermediate

variablesthussaving load/storaénstructionsandmemoryaccesses.

Toincorporatebit-packing thecodegeneratiorilow describedbore
is modifiedin two aspects:

1. The clubbingalgorithmis modified so that the input/output
constraintreflectsthe numberof bits ratherthan variables.
For theselectedarchitecturg?], theinput constrainis 32x 3
bits andthe outputconstrainis 32x 2 bits.

2. Thecodeof eachclubis includedwith additionaltemporary
variablesfor the constrainedclub-inputsand club-outputs.
New codeis addedto align the original input bits into the
temporaryclub input variablesbeforethe FPGA instruction,
and to extract output bits from the temporaryclub output
variablesafterthe FPGAinstruction.

Bit-packingallows eachclub to have up to 96 binary variablesas
input, and 64 binary variablesasoutput. The IO constraintof the
FPGA instructionsfor controlis thenonly limited by the datade-
pendenciebetweencontrol nodesand datanodes. However, bit
packingand unpackingare very expensve operationson corven-
tional processorandcreateoverheadn the softwarepartition. Yet
they areextremelycheapon the FPGA processorThis againillus-
tratesthetrade-of betweercomputatiorandcommunication.

Table 1: Benchmark examples

Example| strl | PI PO node| MUX PRED EXP latch
Dance [ 243| 1 14 299 73 13 41 38
Display | 155 | 4 6 148 51 3 43 14
Driver 775|185 49 541 118 41 58 71

4.3 Partitioning
We exploredifferenthardware/softvaretrade-ofs basedbn perfor
manceprofilesof eachpotentialclub. Thisis donein two steps:

1. Obtainthe performanceprofile and FPGA implementation
cost(reconfigurablarrayLUT count)for eachclub.

2. Find the besthw/sw partition that maximizesperformance
gainandsatisfieshe FPGAsizeconstraints.

For the first step,we generateC codefor all clubswith no FPGA
instructions;we run throughthe GCC-basedool-chainandobtain
anaveragecycle countfor eachline of the C code;the cycle count
for aclubis thenthesummatiorof thecycle countsfor all its source
lines.

A simplealgorithmbasedn the numberof inputandoutputbitsis
usedto estimatethe numberof LUTs requiredif theclubis imple-
mentedin hardware. Nodepatternghatcommonlyappeareavere
synthesizedisingXilinx logic synthesitoolsto determingheLUT
counts.Any unidentifiablenodetypessuchasfunction callswere
estimatednanually

The secondstep can be formulatedas a Boolean programming

problem.For potentialFPGAclubs{C1,Cy,... ,Cn},let{T1, To,... , Tn}

be their cycle countfrom the performanceprofiling, andlet {S;,
S, ..., S} betheirestimated.UT countfor the FPGAimplemen-
tation. Createa Booleanvariablex; for eachclub C;; let x; =1
representC; beingimplementedn hardware andx; = O represent
softwareimplementation.The goalis to find the Booleanassign-
mentof thevector{xi,Xz,...,Xn}, suchthat:

Maximize:
Congraint :

3% T
Yix-§ <SZE

In the actualexperimentsdonesofar, dueto our primitive estima-
tion of cycle countandLUT size, we chosea greedyassignment
approachtheclubsaresortedin descendingrderof their profiled
cycle counts;assign,in order eachas FPGA instructionuntil the
FPGAsizelimit is reached.

After hw/sw partitioning,eachchosenFPGA instructionneedsan
estimatecdcycle countfor performancesimulation. The heuristics
usedassumethat small nodeswill take 1 cycle. For commonly
usedclubs,we againrun a Xilinx synthesidool and estimatethe
resultingFPGAhardwarelateng. For morecomplex controlclubs,
we estimatebasedn the numberof inputandoutputvalues.Other
typesof clubsthatinvolve function callsanddatacomputatiorare
estimatednanually

5. EXPERIMENTS

Thebenchmarlsetincludesamulti-injectiondriverfor enginecon-
trol systemdq3], an automotve cross-displaymoduleanda Lego
MindstormsAcrobot[4]. All containbothcontrolanddataportions



Table 2: Resultsfrom performancesimulation

| Clubs Est.LUTs Cycles
Shockdance
No FPGA 0 0 923,384
All Control 75 128 536,729
All Data 76 2596 736,794
Mix 151 2724 406,695
Crossdisplay
No FPGA 0 0 452,268
All Control 18 18 346,882
All Data 58 2100 306,641
Mix 76 2118 218,146
Injectiondriver
No FPGA 0 0 5,263,012
All Control 122 542 4,682,820
All Data 99 3304 2,169,596
Mix 221 3846 1,530,823

in the FSM. They are convertedinto an intermediatecontrol-data
network representationThe correspondingstatisticsare shawvn in
Table1, with st r| for the numberof linesin the Esterelsource
code,Pl (PO) for the numberof inputs(outputs),node for theto-
tal numberof controlanddatanodes andalsothe numberfor each
typeof datanode.

Table2 shawv the averagenumberof cyclesrequiredto executethe
FSMfor asetof 500inputvectors dependingnwhich setof clubs
wasimplementednthereconfigurablerray Fourvariationswere
tried. Thefirstimplementedall of the C codeon the processoand
no FPGAInstructions.Thesecondargetedall controlnodego the
reconfigurablearray; the third targetedall of the datanodes.The
fourth targetedall possibleclubsto the arraywhile still satisfying
the FPGAsizelimitation.

Generallytheresultsshav thatperformancéenefitshemostfrom
implementingdata nodeson the reconfigurablearray However
datanodesrequirea significantlyhighernumberof LUTs. Further
implementatiorof complex datacomputatiorik e multiplicationin
FPGAmaynotbeasefficientasthearithmeticunitin the GPPcore.
Furtherstudyis neededor moreintricatetrade-of betweerFPGA
hardwareandtraditionalarithmeticdata-pathin GPPs.

Duetherelatively smallsizeof ourbenchmarlsuite,the FPGAsize
of thetargetarchitecturds large enoughto implementall potential
clubsin theseexamples We experimentedvith smallerFPGAlim-
itations,andthe mappingalgorithmsucceedeth producingsignif-
icantperformancemprovement.

The resultsof addingthe bit-packingfeatureis shovn in Table 3.
Sinceonly controlclubstake advantageof bit-packing,we present
resultsfor implementingonly controlclubs. As aresultof relaxed
10 constraints,the clubs becomelarger and more consolidated,
(from 122to 50 for the injection driver example)which leadsto
moreefficient FPGAimplementation Sincea large amountof the
cycle countlies in datacomputationthe improvementof the total
cycle countdueto bit-packingis limited. Yet, it doesincreasethe
performancesf the control portion,from 20%to 40%.

6. CONCLUSION AND FUTURE WORK

We introducedan automatechw/sw partitioningandcodegenera-
tion flow for controlapplicationsonareconfigurablglatform. This

flow usesthe EFSMmodelandderiveshw/swimplementatiorau-

tomaticallyfrom high-level synchronouspecificationsCompared
to the GPPapproachthe reconfigurablearray functionalunit can

Table 3: Resultsfrom bit-packing control clubs

Example | Clubs Est.LUTs Cycles
Dance 38 102 366,332
Display 8 12 302,543
Driver 50 442 4,428,876

significantlyimprove the run time of the applicationswe targeted.
The datacomputationseemsto benefitmostfrom the useof the
reconfigurablearray However, more complicateddatanodesre-
quire significantlylarger areaon the reconfigurablearraythanthe
simplercontrolnodes.

Using this automatedsynthesisflow, embeddedapplicationscan
be smoothlymappedfrom high-level languagespecificationdike
Esterel,down to hw/sw implementationon the reconfigurablear
chitectureplatform. However, our approachis limited to the ap-
plicationsthatcanbe modeledandprogrammedy extendedfinite
statemachines.

Our algorithmfor clubbing usesa relatively simplistic estimation
of theareaanddelayrequiredfor the FPGAimplementationAs a
result,thehw/swpartitioningmaynotbeoptimal,dueto inaccurate
delay and size information. Futurework includesincrementally
building a knowledge-bas¢hatkeepsFPGAimplementatiorcosts
for sub-components.

Themappingontootherstandardizedystem-on-chi@rchitectures
with differentFPGAembeddinganddata-patlconfiguratiomneeds
to be explored. Automaticsynthesiof thecommunicatiorscheme
betweenhardware and software, which exploresdifferenton-chip
communicationoptions,seemso be a promisingresearchdirec-
tion.

Future work also includessequentialEFSM partitioning, which

producesequentiaFPGAoperationghatmayhave internalstates.
At a higherlevel, decomposingan EFSM into smallermachines
with synchronousor asynchronougompositionremainsan open
problem.
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