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Abstract

This paper describesa designflow for data-dominatecembed-
dedsystemsWe use The Mathworks’ Simulink™ environmentfor
functionalspecificatiorandalgorithmicanalysis.\We developeda li-
brary of Simulinkblocks,ead parameterizedy designchoicessut
asimplementatior(softwae, analay or digital hardware, ... ) and
numericalaccuiacy (resolution,S/Nratio). Each blodk is equipped
with empirical modelsfor cost(codesize chip area) and perfor
mance(timing, enegy), basedon surfacefitting from actual mea-
surementsWe alsodevelopedan analysistoolboxthat quickly eval-
uatesalgorithm and parameterchoicesperformedby the designer
and presentgheresultsfor fastfeedbak. Thechosenblodk netlist
is thenreadyfor implementationpy usinga customizatiorof The
Mathworks’Real Time Workshog™ to geneatea VHDL netlistfor
FPGA implementationas well as embeddedoftwae for DSPim-
plementation.

1. Introduction

More andmoreapplicationdomains from consumeelectronics,
to embeddedontrol, are benefitingfrom the electronicrevolution.
Embeddedystemsarethusrapidly becomingadriving factorof the
explosive growth of theelectronicindustry Ontheotherhand,more
andmoredesignersieedto beableto exploit digital andanalog off-
the-shelfandapplication-specifielectronicsn their daily work, and
copeboth with their traditionalapplicationdomainof expertise,as
well aswith hardto masterElectronicDesignAutomationtools.

Timing, power dissipationand reliability are someof the main
performanceriteriathatmustbesatisfiedwithin tighttime-to-marlet
and cost constraints. This requiresa drasticchangein the design
methodologyin orderto copewith the exponentialgronth of com-
plexity of digital andanalogelectronicghatcanfit onasinglechip.

We adwcatea designmethodologythat on the onehandallows
thesystemdesigneto concentrat®n ahigh-level functionalspecifi-
cationusingfamiliar toolstailoredfor his specificapplicationarea
On the other hand our methodologyprovides a rapid feedbackon
theeffectsof algorithmicchoicesandof differentarchitecturakolu-
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tions,onthecostandperformancef the systembeingdesignedWe
claimthatthis canbe achievedwith aflow thatsepaatesfunctional-
ity fromcommunicatiorand architectue. In this way, performance
and cost can be automaticallyestimatedbasedon a userdefined
mapping from functional blocks (suchas gains, integrators, FIR
filters, IDCTs, andextendedFSMsreactingto userinputs)to archi-
tecturalentitiesand communicatiorresourcegsuchas processors,
DSPsASICs,FPGAs,busesandmemories)1].

The designermust be offered the opportunityto trade off be-
tweensoftwae (for flexibility) andhardware (for performanceand
low power), without having to worry aboutdetailssuchasthe hard-
ware/softvarecommunicatiorprotocolimplementatioratthebit and
cycle level. This enablesquick exploration of the resultsof ar
chitecturaldecisionssuch as the numberof processorsthe hard-
ware/softvarepartitioningandnumericaccurag.

In this paperwe proposeanimplementatiorof thatmethodology
thatrelieson:

1. thewell-known andwidely usedfunctionalspecificatiorframe-
work Simulink™ [4] from TheMathworks,enhancedo com-
putecostandperformancdunctionssuchastotal byte sizeor
eneny,

2. anin-houselP library:

(a) parameterizedy implementatiorchoice(software hard-
ware,analogdigital, . . . ), bit width, architecturdserial,
parallel,. .. ), pipelininglevel, andsoon,

(b) equippedwith a costand performancemodel for each
block, estimating(basedon a secondordercurve-fitting
processrom real implementatiordata)chip area,byte
size,clock cycles,enepgy peroperationgtc..

including key blocks suchasall the standardSimulink
blocks(gains,integrators derivatives,genericfunctions,
zero-poletransferfunctions,etc.) augmenteavith a few
Simulinktoolboxes(lik e control,neuralnetworks, fuzzy
systemsetc.).

(c

~

We choseSimulink to implementour designflow becausenost
engineergraduatingtoday have beentrainedextensvely to useit.
It is alsoone of the mostwidely usedspecificationand modeling
ervironmentsin theareaof embeddedontrolandsystemmodeling.

Alternatively, our designflow andlibrariescanalsobeusedasan
acceleratofor Simulink simulations.In this case all blockscanbe
mappedonto an appropriatehardware/softvare platform (often in-
cludinganFPGA),which canthenrun simulationsata muchhigher
speedthana general-purpos®C would do. Olviously this ideais
feasibleonly whensimulationtime is significantlyhigherthancom-
pilationtime.



The paperlis organizedasfollows. Wefirst outline our functional
and performancesimulationframevork. We then discussthe sup-
portedtechnologiesandarchitecturesSection4 discussefiow per
formancemodelsare evaluated,while section5 describesa simple
applicationexampleto illustratethe performancef our designflow
andlibraries.

2. TheSimulation and Performance Evaluation
Framework

While defininga Simulink systemthedesigneselectfunctional
blocksfrom alargelibrary includinglow-level functionssuchasad-
dition, multiplicationandmax/min,aswell ashigh-level taskssuch
asFIR filters or arbitrarytransferfunctions,andlIP librariessuchas
neuralandfuzzy evaluationblocks. Thelibrary is built by usingthe
standardsimulink modelfor eachblock,andaddingto it amaskthat
containsboth

1. theparameterto besetby thedesigneduringalgorithmicand
implementatiorexploration(seesection3.1),

2. empirical models(derived as discussedn section4) for the
costfunctionsto beevaluated.

A functionalsimulationcanthenbecarriedoutto validatethe de-
sign, usingthe standardSimulink simulationenginewhich supports
continuoustime and sampledtime simulationd. In this paperwe
focuson specificationghat canbe functionally representedvholly
in the digital domain,andthat can be implementedon a platform
including a processoandprogrammabléardware (FPGAS),there-
fore we choseto usesampledtime simulations,exceptfor analog
implementations.

Eachalgorithmicandarchitecturakchoicecanthusbe evaluated
bothin termsof functionality usingthe standardools provided by
The Mathworks, andin termsof costand performanceusing our
costmodelsfor eachblock andfor the entiresystem.

The estimatedperformancedataare composecdacrossmultiple
blocks and hierarchicalentities, either by addition (for quantities
suchasenepy or codesize),or by critical cycle analysigfor system-
level throughput) asindicatedin section4.1. Notethatthe dataflav
processnodel[2] usedby the Simulink sampledime simulatoren-
suresscheduling-independebehaior andperformance.

Hencethe computationaload (for software) and chip area(for
hardware)imposecdby oneblock aresimply addedo thatof all other
blocksmappedo the sameresourcCPU,FPGA,ASIC, etc.). The
resultsof thecostandperformanceanalysiss shavn to thedesigner
by changingthetext associateavith a specialblock, which mustbe
containedn every designto beanalyzedisingourmethodologyand
thatexecuteghe estimationcomputations.

The costandperformancenodelsfor eachblock areobtained:

o for hardwareblocks, by cun fitting on a selectedsetof im-
plementationdor a representate combinationof parameter
values(asdiscussedn sectiord),

o for softwareblocks,from worstcaseexecutiontime or power
estimation3, 5].

In both casesall the quantitiesof interestmustbe presentedo
the simulatoras a parameterizedunctionthat can be evaluatedby
Simulink. Thefunctioncandepencdnall thedesignparametershat

!Theformeris obviously moresuitedfor simulationsof the physical
ervironmentwherethe embeddedystemoperate®or to modelana-
log componentswhile the latteris much more efficient for digital
samplechardwareandsoftware.

can customizethe performanceand costof the block, suchas, for
example:

1. Theimplementatiorchoiceq(software,hardware,digital, ana-
log, bit-serial,parallel,. . . ).

2. The bit parallelismor analogtoleranceof the block (that is
alsousedin functionalsimulationto determinethe S/N ratio)
andthedataformat(signed,unsigned, .. ).

3. The numberof pipelinelevels (usually 1, althoughcomple
blocks canhave morelevels; it canalsobe setto 0 to make
blockspurely combinational).

4. Theclock frequeng andthekind of processor

Oncetheimplementatiordecisionhave beermade the Simulink
netlistwith thearchitecturaparameterss processedndsplitin one
part for eachimplementation. The software partis thenpassedo
The Mathworks’ Real Time Workshog™  [4], while the hardvare
partis processety amodulegeneator that

o selectaandparameterizetheappropriatesynthesizabl&HDL
block (takenfrom oneof ourlibraries),and

e generates VHDL netlist, including automaticallygenerated
interfacesbetweenarchitecturalcomponentge.g. between
hardware and software blocks and betweenparallel and bit-
serialblocks).

The designmethodologyin itself is not new, and hasbeenthe
subjectof a numberof papersbefore. Moreover, therehave been
recentannouncemeni®ut not enoughactualdetails)of commercial
offeringsof hardware andsoftwareimplementation®f Simulink li-
braries[6]. Our approachs different,however, becausét provides
the system-lgel designemwho haslimited experiencein electronic
designwith quick feedbak on the consequencesf his choices.Al-
ternatvesbasecdn detaileddesignandevaluationdo not matchwell
the fastdesignturnaroundimesof modernembeddedystemsand
requirea hardware and softwae designexpertisethat may not be
widely available.

The improved flexibility andeaseof useis paid by a lesserac-
curateestimationof performance.Yet a suchfasterdesignflow al-
lows to analyzemary more architecturesselecta handful of can-
didates,which canthenbe analyzedmore accuratelywith the tra-
ditional approachinamely post-layoutsimulationfor hardwareand
cycle-accuratsimulationsfor software).

3. Technologies and Architectures

EachSimulink block in our library canbe implementedn one
of several possibletechnologiessoftwak, thatis a pieceof codeto
be run on the embeddedCPU core; digital, thatis a pieceof hard-
warethatcanbe eithermappedonto an (embeddedfFPGA, or ona
standard-celbasedvLSlI block; anala, thatis a pieceof hardware
mappedon eitheran analogfull-custom,or ananalogstandard-cell
block; external which merely emulateshe part of the systemex-
ternalto the chip/board(for instance the systemto be controlled),
and thereforeneednot be corvertedto neitherhardware nor soft-
ware. Externalblocksareinsertedonly for the purposeof overall
system-lgel simulations.

Digital technologiexanbe designedn oneof several architec-
tures A few examplesare: synchronougarallel, synchronousit-
serial (leading MSB), synchronoudit-serial (trailing MSB), syn-
chronoussystolic,asynchronouparallel,adiabaticparallel,etc.

Differentarchitecturecan also be chosenfor analogtechnolo-
gies,suchas:single-endedoltagemode,differentialvoltagemode,



single-endecturrentmode, differential currentmode, pulse width
modulationfrequeng modulation etc.

Interfacesarehandlecby meanof appropriaténterfaceSimulink
blocks(e.g.A/D, D/A corverters PWM andencodedrivers),which
areinsertedbetweerhardware, software,andexternalblocks. This
stepis currentlymanual but we areworking towardsits automation.
ForinstanceanA/D corverterblock (thatresultsin theinstantiation
of the appropriatehardware block and software driver) is inserted
betweeranexternalandadigital block, or betweerananaloganda
digital block, whereasa bus decodeiis insertedbetweena software
andadigital block.

An appropriateattribute (seesection3.1)is associatedvith each
block to choosethe desiredtechnologyfor thatblock. To simplify
the specificationand designof complec blocks, attributesof hier-
archicalblocks are inheritedalongthe hierarchy unlessotherwise
indicated.

We are currentlyin the processof designinga family of imple-
mentationdor eachSimulink block (ideally we would needat least
oneimplementatiorfor eachtechnologyandfor eacharchitecture;
currentlywe areplanningto provide all implementatiorchoicesonly
for the mostfrequentlyusedblocks). We are of coursenot plan-
ning to designa hardware implementationfor blocks suchas text
andfile 1/0O. Currentlywe implementednostSimulink blocksusing
the synchronougparalleldigital architecture A few blocksarealso
availablein synchronousit-serialarchitecturesAsynchronousand
adiabaticarchitecturesvill be addedn the nearfuture. We alsode-
signeda few analogarchitecturegor matrix-vector multiplications
andneuro-fuzzyblocks[7], andin orderto improve compilationef-
ficiengy for specificapplicationd8]. Softwarearchitecturesieedno
library, aswe useThe Mathworks’ Real Time Workshopto convert
from Simulinkto C code.

Wheninvoked, an ad-hoccompilerreadsfrom the librariesand
generatedpr eachSimulinkblock,adescriptiorin alanguagevhich
depend®ntheassociatedrchitectureln particular:softwareblocks
aredescribedn ANSI-C, which canbe compiledfor mostcommer
cial uCs, DSPsandcores;digital hardware blocksare describedn
VHDL-93, which can be compiledby most silicon compilersfor
both ASICs and FPGAs; analoghardware blocks canbe described
in eitherAMS-VHDL or by meansof the CadenceSkill language;
externalblocksneednotbecompiled,asthey arenotpartof thesys-
tem underdesign. Hybrid systemsdesignedusing more thanone
technologyor architectureareautomaticallycorvertedinto onepar
tial descriptionfor eachtechnologyused.

3.1. Design attributes and signal types

A new setof attributeshasbeenaddedto the original onesof
eachSimulink block (e.g., gain for an amplifier, transferfunction
for afilter, numberof pointsfor an FFT). Thesedefine:technolayy
and architectue numericaccuiacy (datawidth, binary point posi-
tion, truncationandoverflov handlingmethod),someperformance
trade-ofs (processoandhardware clock speednumberof pipeline
levelsin hardware),type of signal(scalar, vectoror matrix; vectors
andmatricescanbetime-serialor parallel)andits encoding(signed
unsigned or sign+modulus plus someother useful encodingsfor
low-power systemssuch as redundantnumberingsystemg and a
few othercharacteristicef the block. Analogimplementationsre
intrinsically continuous althoughan appropriateattribute specifies
the maximumallowed S/Nratio andbandwidth Signalsin software
blockscanalsobefloating point (if supportedy thechosenCPU).

The numberof pipeline stagesis usually either 0 (for purely
combinationablocks,without flip-flops), or 1 (for blockswith one
storageelementat eachoutput, for pipelining); it can sometimes
be larger, in more complec blocks (suchas neuro-fuzzysystems,

or filters, or zero-poletransferfunctions). The numberof pipeline
stagedirectly affectsthe trade-of betweenateny and max clock
frequeng, andindirectly alsothatbetweerareaandpower consump-
tion. Attributesareinsertedby meansof standardSimulink dialog
boxes,asdescribedn section2.

3.2. Modularity of digital blocks

Most digital hardware blocks are internally composedf a few
interactingblocks,both for simulationandfor hardwareimplemen-
tatior?:

1. theprotocolcell, which handlesall andonly the protocolsig-
nalsindependenof block function;it interactswith theactual
functionalblock by meansof a few signalswhich enablethe
pipeline storageelementg(if presentjandresetaccumulators
and counters(when present). Thereis one protocol cell for
eacharchitecture;

2. oneor moredataconversion cellswhich corvert numericres-
olution, dataformatandhandletruncationandoverflow of in-
putandoutputdata(whenthey do notmatcheachother). Also
thefunctionof this cell is independenof block functionality
andit is parameterizetly thenumericaccurayg attributes(see
section3.1) of input andoutputports;

3. the main functionalcell, which implementsthe actualblock
functionality (e.g. gain, integrator filter, ... ). This cell can
bein turn madeof a few simplerinteractingcells, whenthis
simplifiesdesign(designreuse).

Themainfunctionalcell doesnothave to handleprotocolsignalsnor
dataconversionsthuseasingthe designof a new block.

The correctnes®f datatransfersis guaranteedy the protocol
cell, whichremovesthatburdenfrom thefunctionalcell. In asimilar
way, datacorversioncellstake careof adaptingresolutionanddata
formatamongdifferentcells.

In addition theprotocolcellsaresuchthatseveralfunctions(namely
all thosewhich do not requirehaving an internal% delay)canpro-
cesseither scalaror time-serialvectorsor time-serialmatricesin a
transparenmanner As aconsequencéhevery sameblockautomat-
ically adaptsto the numberof elementsn the scalar/ector/matrix.
Only someperformancefigure (namely enegy per cycle, seesec-
tion 4) areaffectedby thatnumber

4. Simulation and Performance Models

Simulink blocks are simulatedin time-discretemode, namely
oncefor eachSimulink time step.

Thedataexchangegparadignunderlyingtheproposediesigrflow
for synchronougor bit-serialor systolic)hardwareandfor software
requiresthe availability of two independentlocks:

1. asystenclod, thatis (on the boardsthat we used)both the
global clock for sequentiablocksin hardware,andthe CPU
clock for software;

2. onetiming clodk to give appropriatefunctionaltiming to the
blocks. This clock is the implementationcounterpariof the
discreteime simulationclock of Simulink (severaltiming clocks
are usedin multi-rate Simulink systems). The timing clock
is generateckither by an appropriatehardware timing block

2Implementatiormodularityis essentialn orderto keepthe library
manageableandwe noticedthatthe overheads mostly eliminated
by thelogic synthesisstep.



(addedto the Simulink netlist as appropriate),or by some
otherexternalsub-system.

Asynchronoushardware blocks only requirethe availability of
thetiming clock, while analogblocksmight requireno clock (when
usedin continuougime mode).

Thanksto the choserdataflav paradigmeachblock s triggered
every time anew dataitem (token)is presentteachinput,andeach
new dataattheoutputof ablock automaticallytriggersall thedriven
blocks. Blocks can be either combinationalor sequential. In the
former case,dataare outputwithin the sameclock cycle, while in
the latter case,they are sampledat the next rising edgeof system
clock.

Simulink blocksarechained;eachchainoriginateseitherfrom a
signal source, or from an external interface or from samplingor
storageblocks (e.g. unit delay, or discrete integrator in forward
Euler mode),namelyary cell which synchronizeswith the timing
clock.

Loopsof blocksthatdo not includeeithera sampling,or a stor
age,or anexternalblock, mustbe strictly avoided. This is because
the dataflav paradigmwould createa deadlockconditionin pres-
enceof aloop, unlesssamplingor storageblocksbreakit. In prac-
tice, Simulinkitself doesnotallow suchasituation,andgeneratean
errormessagdeforestartingary simulation. This constrainimakes
the computationof somesystemperformancdigures(e.g.,latengy
andthroughput)mucheasier

Currently we dealwith the following performancdigures. For
hardware: latency(for synchronousmplementations)which gives
block delay in termsof clock cycles; throughput which gives the
fractionalnumberof dataprocesseger clock cycle; maxclodk fre-
guency which givesthe maxclock frequeng of eachblock; enegy
dissipationper timing cycle; area which gives systemsize, either
in termsof Si surface(for ASICs) or numberof cells (for FPGAS);
and, for software: codesize which givesthe size of codein bytes;
clock cycles which givesnumberof CPU clock cyclesto compute
oneSimulink time-step.

Eachblock is associatedvith a performancemodelwhich pro-
vides the systemwith the performancefigures of that block as a
function of block attributes. Our designflow thencombinesthe in-
dividual figuresasdescribedn section4.1 anddeliversto the user
the overall performancedigures, which can be usedto evaluateto
quality of thechoserarchitecturesndto comparehatagainsiother
implementatiorchoices.

Currentlythe structureof performancemodelsof eachblock re-
flectsthe commoninternal structureof the blocksthemseles (see
section3.2). Partial modelsare generatedor the protocolcell, the
dataconversioncells andthe mainfunctionalunit. They aresubse-
quentlymemgedtogethetto provide the completeblock model.

Eachpartial modelis a function of differentparametergfor in-
stancethemodelof dataconversionblocksis afunctionof numeric
accurag parametersyhile themodelof functionalblocksis afunc-
tion of numberof pipelinelevels andinternaldatawidth). Theindi-
vidual partialmodelsaregeneratedy 2°¢ orderpolynomialfitting
of empirical dataobtainedafter synthesisof a numberof different
caseswith differentdatawidths, pipelinelevels,etc. The procedure
of modelgenerationis partially automatedand must be executed
oncefor eachblockin eachsupportedechnology

4.1. Computing overall performance

Thegoalis to performsystemsimulationutilizing the computa-
tional pawer of Matlab™ while preserving,as muchas possible,
the look andfeel of the simulationernvironment. Threegroupsof
parameterareaddedo every standardlock:

1. Softwareimplementatiopparameters;
2. Hardwareimplementatiorparameters;

3. Modelsof performance;

In addition, a flag is associatedvith eachblock to indicatethe
type of implementationused. With theseflag and parametersthe
block containsall the informationaboutits implementatiorandits
local performance.This techniqueis usedto extendany Simulink
blockinto anextendedblock for performanceanalysis.

This extensionis completelytransparento the Simulink simula-
tion. The computatiorof performancaes startedby theinitialization
block which mustalwaysbeplacedinsidethe Simulink netlistby the
designerOncetheblockis insertedijt will alsodisplaytheestimated
systemperformance.

Before launchinga simulation, the designerhasto setthe in-
tendedtype of simulationinside the parametemaskof the initial-
ization block. Two typesof simulationare possible:eithera func-
tional simulation(standardSimulink simulation)or a performance
simulation

Performanceestimationis executedby an algorithm written in
Matlab, and executedwhen the Start commandis selected. Mat-
lab allows expressionghatareexecutedwhenthe block diagramor
a block is encounteredluring netlist traversal. Theseexpressions,
called’call-back” routines areassociateavith block parametersBy
usingoneof theseparametersafunction, ‘InitFcn’, is associatedio
theInitialization Block to evaluatethe performanceparametersBy
usingthis functionthe pre-simulatioris split into two parts:first the
whole Simulink netlist is loadedinto the Matlab Workspace. The
resultof this first parsingstepis a directedgraph. For eachblock
(graphnode)the local parametersf performanceare evaluatedus-
ing theirassociatednodels,asdiscussednh Section4.

In a secondstep, all the local dataare megedto producethe
overall performancdigures.Thefollowing figuresarecomputedor
the hardware partition:

1. area:it is obtainedby summingup all theindividual estimated
areasof eachblock (for ASIC implementation)or the esti-
matednumberof logic cells (for FPGAimplementation);

2. enegy consumption:it is also obtainedby summingup all
enepgy consumptions;

3. lateng: it is obtainedby finding the longestpath, in terms
of numberof pipelineregisters betweerary inputandoutput
(including % samplingblocks, thataresplit into aninput and
anoutput);

4. max clock frequeng: it is obtainedby taking the minimum
amongthe maximumclock frequencie®f eachsingleblociC.

Similarly, the following figures are computedfor the software
partition:

1. codesize:it is obtainedby summingupthesizeof all software
cells;

2. cycletime: it is obtainedoy summingup the cycle time of all
softwarecells (basedn the propertieof the single-ratestatic
scheduleusedby RealTime Workshop);

Thecomputediguresaredisplayedvithin theinitializationblock.

3Unfortunately timing estimationat this level is too roughto allow
oneto estimatethe clock frequeng whenthereare blockswithout
pipelineregisters.In this caseafull synthesigunis required.
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Resolution estimated actual
/pipeline logiccells | enegy lateny maxfreq. | logiccells | enegy latengy maxfreq.
(bits/levels) ALTERA | (pJ/gcle) | (clockey.) | (MHz) ALTERA | (pJ/gcle) | (clockey.) | (MHZz)
8/0 136 1,564 1 8.2 136 1,566 1 13.2
12/0 196 2,249 1 7.4 195 2,245 1 11.8
16/0 255 2,932 1 6.7 254 2,923 1 10.5
24/0 374 4,297 1 5.8 372 4,275 1 8.4
8/1 232 2,668 4 26.7 203 2,337 4 28.9
12/1 320 3,680 4 24.2 281 3,235 4 28.1
16/1 408 4,692 4 22.3 359 4,137 4 27.1
24/1 583 6,708 4 19.8 518 5,954 4 24.0
[RMSerror(%) | 936 | 936 | - | 258 |

Table 1. Estimated and actual performance .

5. AnApplication Example: Control of a Brush-
less M otor

One of the first real-world applicationsof our designflow and
librarieshasbeenthe closed-loopcontrol of a brushlessnotor Al-
thoughbeinga rathersimpleproblem,it hasseveralcommercialap-
plications thereforeit is areasonabléestbench.

Ourtaskwasto controlaMAXON brushlessnotor(three-phases,
12V, 40 W) with a 500 pointsper revolution incrementakencoder
It wasdrivenby athree-phasae-MOS bridge,which hadto be con-
trolled by a PID controller for constan{programmable¥peed.

Figure2 shavsthe Simulinkmodelusedto model(blocksGai n3
andZer o- Pol e) andto control (all otherblocks)the motor The
motormodelwasintentionallyvery simple,yet accurateenoughfor
thegivenapplication.

Blocks| nt egrat or,Deri vati ve, Gai n, Gai nl1, Gai n2,
SumandSat ur at i on implementa closed-loopPID control with
programmabléID gains.

The systemhasbeensimulatedin Simulink, with a continuous
time simulationmodel (with the Runge-Kitta integration method),
with a2 kHz samplingfrequeng, while in the hardware implemen-
tation a time-discretentegrator and derivative methodshave been
used.

Themotormodelblockshave beenflaggedasexternalbrushless
andexternalencoderrespectrely, while the motorcontrollerblocks
(namelythePID) have beenflaggedashardware syndironousparal-
lel. The St ep block (namely thereferencespeedhasbeenflagged
assoftwae, assuminghatit will beimplementecbnaDSP

The Simulink modelwasthen compiled,and appropriateinter-
faces(seesection3) wereinsertedbetweenhardware and external
blocks(namely thelogic of thebrushlessnotordriver). An encoder

driver wasinsertedas an interface betweenexternal and hardware
blocks.

Thetransienbehaior of thesystemwasbothsimulatecandmea-
suredontherealsystem Matchingwasgood;the only minor differ-
encewasdueto the approximatamodelof the motor.

5.1. Accuracy of Performance Estimation

Table 1 shaws the estimatedand the actualperformanceof the
proposedexample, for differentlevels of numericaccurag in the
digital hardware portion (compiledon an ALTERA 10K40 FPGA
with 5V power supply). Estimatedperformancefigureshave been
obtainedasdescribedn section4.1, while actual performancefig-
ureshave beenobtainedaftercompletecompilation synthesisplace-
mentandrouting. Thelastrow givesthe meansquareerror of the
estimate which is reasonablygood when consideringthat the pro-
posedperformanceanodelscanbe computedat leastthreeordersof
magnitudefasterthanthewholesynthesigprocesgFPGAplacement
androutingis especiallyslow).

Thanksto the high speedof the proposedperformanceestima-
tion, it is very easyto obtaingraphssuchasthoseshavn in figure 1,
which plot overall performanceasa function of sometradeof pa-
rameter(like numericaccurag, in the proposedsxample).

Table 2 givesthe performanceof the proposeddesignflow and
librariesfor useasa Simulinkacceleratqwhenrunningonapropri-
etary hardware/softvare platform (with a TMS320C30DSPandan
ALTERA 10K40FPGA),developedby anothemgroupat our Univer
sity [8]. Theperformanceof the original Simulink modelandof the
correspondindhardvare/softvare implementatiorgeneratedy our
systemare compared.The “simulation speedup’columnindicates
how fasterthe acceleratedhardwareemulationis thanthe Simulink



Parameter Simulink HW Improvement
Speed-up 0.5 1,000 2,000
Samplefreq. (max) 1kHz 2 MHz 2,000
Size(8 bit) - 1.6%of ALTERA 10K40 -
Size(16 bit) - 3.0%o0f ALTERA 10K40 -
Pawer (8 bit) @ 2 MHz 100 W 3.13mW 590,000
Powver (16 bit) @ 2 MHz | 100 W 8.55 mW 195,000
Compil. time N/A 150s -

Table 2. Performance of our design flow and libraries compared against Simulink running on a Pentium
I 333MHz, when used as an accelerator of Simulink simulations.
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Figure 2. Simulink diagram for modeling and
contr ol of a brushless motor with the perfor-
mance monitor block.

simulation. Evenin this simple casethreeordersof magnitudeof
performancemprovementcanbe achieved. This techniquecanthus
bevery advantageousor long simulationsjn which thelong FPGA
compilationtimesarecompensatedy the simulationspeedup.

Ourdesignflow andlibrarieshave alsobeensuccessfullyusedin
otherapplications like neuro-fuzzyimplementationsas discussed
in [8].

6. Conclusion

In this papera new Simulink-basedool for hardware/softvare
codesignand architectureselectionof high performance|ow-cost,
data-dominatedembeddedsystemshasbeenproposed. Different
technologiesndarchitecturesanbechoserandcomparedfor each
block of the designlibrary, in orderto achieve an optimal pover

consumptionareaandspeedrade-of.

We shaved the effectivenessperformanceandflexibility of our
tool and library, by using a simple example. It shaved that the
proposedarchitectureselectiormethodandthe performancenodels
provide goodestimate®f overall systemperformancevery quickly,
andthata speedmprovementof over threeordersof magnitudecan
be achievedwith respecto Simulink simulations.
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