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Abstract

We presenta casestudyin the designof automotiveengine
contollers: the developmentof a knod detectionalgorithm
and its implementatiorin an optimizedplatform. The design
problemis complicatedby the needof using heteogeneous
modelsof computatiorand differentdesignervironments.The
useof differentdesignervironmentspnefor functionaldesign
andonefor architectural designspaceexploration, requiresto
transforma modelof computationinto another We describe
how we solvedthis problemand we presentthe final design
with thetrade-ofs explored.

1 Introduction

Knock detectionis an important, computeintensie task
in modernautomotve enginecontrol. The implementatiorof
controllersthatincludeknockdetectioroftenrequiresaDSPas
a co-processoin a standardmicro-controllerarchitecturehus
addingcostand designcompleity. Sinceknock detectionis
becominganintegral partof enginecontrollers,it makessense
to explore alternatve implementations.To do so, we needto
evaluatea numberof architectureghat are basedon different
selectionsof componentsuchasmicro-processoranemories
andinterconnectiorschemes.

The evaluationhasto be carriedout by mappingcomputa-
tion to processinglementsvhile makingsurethattiming and
other physical constraintsare satisfied. This designproblem
is typical of embeddedsystemsin otherindustrial sgments.
Methodologieshave beenproposedor embeddedystemde-
signincludingarchitecturedesignspace=xploration. However,
the flow from algorithmanalysisto implementatioris not sup-
portedtoday by a unified tool ervironmentthus forcing ad-
vanceddesignergo work with a patchwork of tools and for-
mats.

The mostseriousproblemfor designerss actuallythe mis-
match of the modelsof computationusedby differenttools.
Thereis no guaranteghat what has beenmodeledand sim-
ulatedat a certainlevel of abstractioris consistenwith other
levelsof abstractionsConsisteng canonly beverifiedby care-
ful mappingof amodelof computatiorinto another Thisis still
anopenproblemin generain absencef anencompassinthe-
ory of models. We discussin detailsthis and otheraspectof
systemlevel designwhile presentingour solutionto thedesign
of theknockdetectionfunctionin enginecontrollers.

The paperis structuredasfollows: in Section2, the knock
detectionproblem is presented. In Section 3, the design
methodologyis presentedin Section4 andSection5, thegen-
eralaspectf transformingthe modelof computatiorusedin
Simulink for hybrid systemsimulationinto the modelof com-
putation supportedby the VCC designervironment, are de-
scribed. Experimentakesultsfor the designexplorationphase
arepresenteéh Section6é andconclusionarepresenteih Sec-
tion 7.

2 TheDesign Problem

In aninternalcomlustionengine,an air-fuel mix is firstin-
jectedinto the comtustion chamberof a cylinder. After the
mix is compressetby the piston,a sparkis generatedo ignite
themix. At afirst glance,it seemghatmaximumefficiency is
achievedwhenthesparkis givenexactly attheendof thepiston
run (Top DeadCenter TDC). However, it is actuallybestfrom
fuel efficiengy point of view to give the sparkbefore the TDC.
Sparkadwanceis measuredh negative anglescorrespondingo
the position of the pistonwith respectto the TDC. Whenthe
sparkis given, the comhustion wave propagategrom the top
of the cylinder towardsthe bottomgeneratingheforce needed
to pushbackthe pistonand generateorquefor the motion of
the car  Knocking refersto an unwantedsecondarycomtus-
tion procesdhatis not controlledby the sparkbut by pressure
and temperatureat the peripheryof the comhustionchamber
Knocking exercisesforceson the piston and the comhustion
chamberthat may causeenginefailure and, as such, should
be carefully avoided. The probability of knockingis propor
tional to sparkadwance.In standarcenginesknockingis then
minimizedopen-loopby settingan a priori limit on sparkad-
vance. In turbo-chagedenginesan open-loopstrateyy is too
risky giventhe high temperatureandpressionshatdevelopin
the comhustionchamber Hence, measurementaretakenthat
detectknockingasit ensuesthusallowing a closed-loopcon-
trol of the sparkadwvanceto eliminateknocking.Becausef the
relentlesgpursueof reductionsin fuel consumptiorandpollu-
tion, knock detectionis becominga requiremenftor ary type
of enginesincegreaterefficiency canbe achievedby sparkad-
vanceghatareontheedgeof causing<nocking.Enginecontrol
algorithmsactuallyuseknockingsensorgo regulatesparkad-
vance.

Knockingis nottrivial to detect.Adding sensorgo thecom-
bustionchamberss obviously out of the question.The effects
of knockingcanbesensedsforcesactingon thetransmission
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Figure 1. Cylinder Pressure Cycle with and with-
out knoc k phenomen
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Figure 2. Signal of acceler ometer and in-cylinder
pressure sensor

dueto high frequeny componentsaaddedby knockingto the
primary pressurecycle betweenthe TDC (Top Dead Center)
andthefollowing 40° + 60° Fig. 1.

The vibrations generatedn the comhustion chamberare
transmittedo the enginemechanicastructureandcanbe mea-
suredvia a piezoelectricor quartzaccelerometeplacedon the
cylinder block. The maximummeasurabldrequenciegdueto
knockingon the engineblock arelimited to 20KHz. However,
the accelerometecollectsall the vibrationscomponentgyen-
eratedby the entire mechanicabystem. The measuredignal
includes:white noisecomponentgdueto randomnoisesasso-
ciatedto friction androtation)and pink noiseof low variance
relatedto mechanicalimpulsive effects other than knocking.
The relation betweerknock vibration on the in-cylinder pres-
surecycle andtheaccelerometesignalis shovn in Fig. 2.

A statisticalanalysisof the accelerometesignalandof the
input vibrationsshows thata 50K H z samplingfrequeng for
the accelerometeoutputsignalis necessaryThe sampledsig-
nalis thenfilteredthrougha 6" orderdigital elliptic filter (im-
plementedvith 15 multiplicationand12 accumulatiorfor each
sample)o estimateheaccelerometepower spectrum.

To estimatethe overall computationioadthatthe knock de-
tectionalgorithmimplies, notethat:

e The accelerometesignal is significantonly in an angu-
lar window of 402 + 60° after TDC. The time window
T,, correspondindo the angularwindow A,, is givenby
Ty = (60 % Ay)/(360 % rpm) = A, /(6 x rpm)?!, andthe
consequenhumberof samplesat the samplingfrequeny
F;isNg =T, x Fs = (A, x F,) /(6 xpm).

1rpm (roundperminute)lies betweer2000 < 5000.

e At 50K H z of samplingrateand2000 rpm, thenumberof
samplesn theangulawindow is betweenN ., = (40
50000)/(6%2000) = 166 and N .4, = (60%50000) /(6%
2000) = 250.

e Due to the constantangularwindow of integration, the
sample population decreasesas the engine speedin-
creasesTheratio of thecomputatiortime (the productof
numberof samplesandthe elaborationtime per sample)
to engineperiodis constant.

3 TheDesign Methodology

Thedesignflow we follow is relatedto both platform-based
design9] andmodel-basedesign11]. Platform-basedesign
is ameet-in-the-middl@pproactwheresuccessie refinements
from a high level of abstractiorcarry the designto animple-
mentatiorplatformthatis built bottom-upusingelementgrom
an appropriatdibrary. The platform performancearameters,
suchastiming, costand power consumptionare estimatedo
guidetheselectiorof theplatforminstancethatimplementghe
design.Model-basediesignindicatesthe top-dowvn partof the
design. The descriptionof the functionality of the designis
donein formal (or semi-formal)language(model). The lan-
guageis usedto simulateand/oranalyzethe functionaldesign.
Whenthe designetis satisfiedwith his/hersolution,theimple-
mentationon the platform of choiceeitherassoftwarerunning
on a micro-processopr hardware is automatically(or semi-
automatically)extractedfrom the mathematicamodel.

Thedesignflow callsfor threebasicsteps:functionaldesign
andanalysisplatforminstanceselectionjmplementatiorof the
functionality usingthe componentsf the platforminstance.

For engine controllers, functional design consistsof the
derivation of appropriatecontrol laws whose mathematical
propertiesareto be assessedn the closed-loopsystem. Sta-
bility, controllability and obsenability are typical properties
of interest. Thesepropertiesarein generalproven manually
ensurecby rigoroussynthesigechniquesor heuristicallyana-
lyzedby meanf extensive simulations.Theplant(engineand
transmissiorchain)is modeledeitherasa hybrid system,i.e.,
a compositionof continuous-timecomponent§whosebeha-
ior is capturedwith differential equations)discrete-timeand
discrete-gentcomponent$4], or with a continuous-timever-
agingmodel. Thecontrolleris theresultof theimplementation
of mathematicatontrollaws. Becauseof the implementation
platformsavailabletoday the controlalgorithmsaremostlyim-
plementedn software. For this reasongcontrollersare mostly
describedn termsof discretetime or discreteeventmodelsthat
oftenresultfrom arefinemenprocesf continuous-timeson-
trol algorithms. The closed-loopsystemis a complec hybrid
system.The captureof the behavior andits simulationis today
monopolizedy theMatlabandSimulinklanguageandsimula-
tiontools[1], from The Mathworks. Simulink usescontinuous-
time asthebasisfor hybrid systemsimulation,thusresultingin
ratherlong computingtimessincealargenumberof sampless
necessaryo representontinuousvaveforms.

Platformselectiorrequiresanumberof experimentghatare
designedo explore a constrainedlesignspace. For eachex-
perimentwe needto mapthefunctionality of the designto the
componentof the platform instanceconsideredand estimate
the overall performance.This stepis supportedchy only a few
tools (seefor example[8]). In this casetheestimationprocess
must be supportedby a simulation mechanisnthat is blind-
ingly fastto be accurateenough. Hence,embeddinghis sys-
temin continuous-timés notfeasible.Event-drivensimulation
of abstractsimplifiedmodelsis appropriatéhere[7]. However,



if we do notwish to have inconsistentesults,the modelused
for functionaldesignmustbe compatiblewith the modelused
for performanceestimation.Unfortunately this is not the case
today This phenomenoris only the tip of the icebeg! The
problemof heterogeneousystemdesignandanalysisrequires
a deepunderstandingpf Modelsof computation(MoCs) that
definehow the systemspecificationexecutesandof their flat
andhierarchicalcombinations’ . The problemis exacerbated
by thelack of precisedocumentatiomboutthe semantic®f the
languagesisedby differenttools.

Following platform selection,the functionality hasto be
mappednto the componentsf theplatformandanimplemen-
tationderived. Today, this stepis, in general entirely manual.
Model-basednethodsconsistsn partially automatinghis pro-
cessby usingtools suchasRealTimeWorkshopby The Math-
worksandTargetLink by dSpacewhichgenerateC codefrom
the Simulink intermediateformat directly. Codegeneratioris
seerpsastratgic responséo increasinglyjlongerdevelopment
time andcodingerrors.

In our methodology the crucial stepis then transforming
from the Simulink simulationmodelto theVCC internalmodel
sothatthe behaior is the samein bothdomains.

4 From continuoustime to discrete event

It is readily showvn that transformingthe hybrid model,
calledthe D/C modelin the sequeljnto a discreteeventspeci-
fication, thatwe termthe DE mode] is nottrivial, in the sense
that careful attentionneedto be placedon the adaptationof
the modelsof computationin the two ernvironments.Consider
adiscretetime logic operator In the discretetime domain,the
logic operatoexecuteateachsamplingime instantandis pro-
videdwith bothinputvaluesat eachsamplingtime instant,i.e.
input valuesare synchronized. Instead,in the discreteevent
simulation,eventscorrespondo signalvalue changesso that
input valuesarenot synchronizedtwo inputsneednot change
atthe sametime) andthelogic operators functionality needto
bemodifiedto keepthisinto account.For example,in SystemC
it is sufficientto locally storeold input values,while in Cierto
VCC thisis not sufficient, for eventsareasynchronouby defi-
nition, andsignalsmight needto beexplicitly synchronizedy
meanf additionalsynchronizingcomponents.

Every simulationin Matlab/Simulinkis carriedout by em-
beddingcontinuougime, discretetime anddiscreteeventcom-
ponentsn thecontinuoudime domain.Themainconsequence
of this simulationpolicy is thatall signalsaresynchronizedin
thesensdhatevery componentreads”its input valuesat each
simulationtime instant,andasa resultthe simulationis highly
inefficient, for discretetime anddiscreteeventcomponentsre
simulatedin continuoustime. Thesepointsare specificto the
Matlab/Simulinkervironmentfor in generamixed-signakim-
ulators[10] gainin efficiency by avoiding continuougime sim-
ulationfor discretecomponents.

Hence thefirst stepto correctlytranslatehe specificatioris
to partition the startingmodelinto threesubsystemsgachone
comprisingonly homogeneousomponentgi.e. eithercontin-
uoustime or discretetime or discreteevent). Moreover, for
reasonsof efficiency, continuoussignalsmust be avoided in
discreteevent simulations beingthereforeessentiathatinter-
actingcontinuouscomponentde hierachicallycomposedn a
singlecontinuousmodelthatwill betransformednto a bladk-
box componentsothat continuoussignalsarenot seenby the
discreteeventsimulator

2Marny MoCshave beendevisedandused.They differ becausef character
istics suchaseaseof modeling,efficeng/ of analysis(e.g. formal verification,
simulation etc.),expressienesssynthesizabilitycompositionality{12, 5].

Let usassumehattheoriginal specificatiorbe madeup of
continuougime componentsy discretetime componentsand
n discreteevent componentspossiblyintensiely interacting
with oneanother We further assumeasdiscussedbove, that
thel continuouscomponentslo not directly interactwith one
another Theinterfacesignalsbetweercontinuousanddiscrete
componentsare adaptedby meansof samplers,interpolators
(e.g. zero-orderhold) and event generatorge.g. differentia-
tors),globally referredto asadaptes.

Thetransformatiorinto the discreteeventdomainis carried
out by encapsulatingachof the ! continuouscomponentgo-
getherwith its adaptersn a black-boxcomponentthatis thus
discreteatits interface(the computatiorinsidethe black-boxis
still continuous).Thel black-boxcomponentaretriggeredby
p (p < m) differentsamplingclocks. Discretecomponentsre
easilyembeddedn the discreteeventdomain,thougha trans-
formationmight be neededo adaptto the discreteeventsimu-
lator's MoC. We referto this problemasthe MoC compatibil-
ity issue Transformeddiscretecomponentsarereferredto as
white-boxcomponentsin contrasto black-boxones.

Amongthe continuougime componentsherearesomethat
do not interactwith discreteeventcomponentsWe call these
PS (purely sampled)components All other continuouscom-
ponentsaretermedNPS(non-puely sampledcomponentsPS
componentganbe simulatedn the discreteeventsimulatoras
ary otherwhite-box componentj.e. their currentlocal state
is “never in the future” (i.e. aheadof the currentsimulation
time). Instead,the local stateof NPS componentsieedto be
“neverin thepast”(i.e. behindthecurrentsimulationtime), for
they cangenerataunpredictablesventsin the simulation. For
thesecomponentsdt is necessaryo implementtechniquesuch
assimulationback-trackingandseparatiorof postingandcom-
mitmentof events.

Thesetechniqguesanbe realizedlocally insidethe compo-
nentwheneer the discreteevent simulatorprovidesa means
of componens self-scheduling. This is provided for exam-
ple in Cierto VCC[8] by the async-eentandin System(2]
by a self connection.The back-trackingtechniquecanbe im-
plementedby locally copying the currentstateof the compo-
nentbeforetakingthetransitionto the next eventin the future,
while the separatiorof event postingand commitmentcanbe
doneby self-schedulingi.e. by committingan event on the
self-connection)pt the future eventtime and by local (at the
componentievel) event queuehandling. If new input events
arerecevied beforethe self-activation, then back-trackingcan
be usedto remove the currentself-scheduledvents, recom-
putethe future eventsand committhe new eventson the self-
connection.

In the discreteeventdomainthe simulationfollows the dis-
creteeventsimulationparadign{7], accordingo thefollowing
simpleiterative steps.Note that samplingclocksmight beim-
plementedboth astimers, if provided by the simulator or as
NPSblack-boxcomponents.

1. integration of the NPS black-boxcomponentaup to the
next unpredictablevent;

2. integrationof the PSblack-boxcomponentsip to the cur-
renttime;

3. if no currenteventis in the event queue,the simulation
is continuedup to the next eventin the queueor the next
samplingeventfrom ary of the samplingclocks;

4. the next instantaneougvents from the queueare con-
sumedaccordingto the modelof computationembedded
in the discreteeventsimulator;

(&)

. gotopointl.



Figure 4. Flat view of the DE model in Cierto VCC

The transformationinducedby theserules and simulation
algorithm has somelimitations. For instance,the described
discreteeventsimulationsupportonly strictly causalkystems,
henceit doesnot supportalgebraicclosedloops, frequently
usedin continuous/discreteme domain. This limitation is not
strongly affecting the designprocess.Indeed,we wantto ad-
dresscontrol algorithmsthat canbe actuallyimplementedso
thatalgebraidoopsmustberesohedbeforethetransformation.

Otherimportantlimitations needto be considered.In gen-
eral, ary model transformationalters the basic model prop-
erties, hencemathematicapropertiesverified on the original
model might not hold on the transformedone. For all these
cases,computationalconstraints,underwhich the properties
have beenvalidated,mustbe propagatedo the discreteevent
domain. While a moreformal treatmenibf the transformation
is necessaryor a generalunderstandingf the limitations, it
hasbeenconsideredaut of the scopeof this paper

The Simulink specificatiorof theknockdetectioralgorithm
wastranslatednto a VCC behaioral descriptionthroughthe
following steps:

1. the specificationwasinitially reomganizedinto a number
of hierarchicablocksinside Simulink;

2. for eachleaf block in the hierarchy C codefor the block
was automaticallygeneratedusing or Mathworks/Real-
Time-Workshopor DSFACE/TargetLink [3];

3. eachC block was encapsulateihto a WhiteBoxC shell
suitablefor integrationinto the VCC environment;

4. theWhiteBoxCblocksin VCC wereinterconnecteih the
VCC environmentto reconstructhe original specification
in thenew semanticdomainprovidedby VCC (Fig. 4).

Step3 is crucial in the adaptationof the original specifi-
cationto the new semanticdomaindefinedby the targettool,
Cierto VCC in this case. This is generallydue to the MoC
compatibility issue. For example, digital blocksin Simulink
aredefinedthroughthe presencef triggers, which activatethe
correspondindlocks. In VCC behaioral descriptionsgvery
input to eachblock is consideredasa trigger, thereforeblock
executiongn thetwo ernvironmentsarenotin one-to-oneorre-
spondenceMoreover, the specificfiring rulein VCC (simulta-
neousnputsto ablock arecomputecneattimein unspecified
order)introducesothersourcesf difficultiesin the translation

SWhiteBoxCareleafblock componentspecifiedn asubsebf C language.
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Figure 5. Relations between models, simulations
and traces
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processijf functionalequivalenceis desired.In contrast,Sys-
temCdoesnotsuffer from thisfiring rule problem(inputvalues
canbelocally synchronized)hutthisis only becauseve started
from a Matlab/Simulinkspecificationwhosemodelof compu-
tationwell adaptdo thatof SystemC.

5 Functional validation

Whenthe MoC compatibility issueapplies,the problemof
the validation of the transformedmodel againstthe original
model needto be addressed. Indeed, the needof ensuring
thatthe two modelsare equivalentstemsfrom the requisiteof
correctly propagatingthe systempropertiesfrom the original
modeldown to implementation.

To addressthis problem two approachesare possible:
correct-by-constructiotransformationsand equivalenceveri-
fication. The former approachis fairly comple, especially
whendealingwith differenttime domainsand MoCs, so that
only simplepropertiecanberigorouslytreated.The latterap-
proachon the otherhandis computationallyintractableandis
usually replacedby functional validation, which is basedon
simulation,thusbeinga heuristicnon-exacttechnique.This is
the currentapproachin industrial designand requiresa great
dealof designersinteraction.Equivalenceby simulationis de-
fined by meansf equivalencef simulationtraces.This semi-
formal definition of equivalences basedon the comparisorof
simulationresults,requiringa deepunderstandingf the exe-
cution semanticof both simulatorsand of the transformation
betweerthe models.In generakthesesimulationtracesarehet-
erogeneousfor they are drawvn from differenttime domains.

Fig. 5 shaws the relationshipbetweenmodels,simulations
andsimulationtraces.Thechoicefor atransformatiorbetween
the models,called F in Fig. 5, is pairedwith a choiceof a
transformatiorf onthesetof all traces.In moreintuitiveterms,
thetransformatiorf correspond$o asetof rulesfor corverting
continuousandsampledsignals(or morein generatraces)nto
sequencesf eventscalled eventsignals(or morein general
discreteeventtraces).For example,a squarevaveformcanbe
transformednto an event signal by definingan eventat each
changeof value.

Simulationsdefinetime interpretation®f tracescalledsim-
ulationtracesaccordingo thespecificMoC of thecorrespond-
ing simulators. For example,while discreteevent tracesonly
definea partial orderbetweerevents,their correspondingim-
ulationtracesare madeup of a total orderedsetof events,ac-
cording to the simulators MoC. In otherwords, the discrete
eventsimulatordefinesamappingfrom partialorderedracego
total orderedracesdefinedon theunderlyingsimulationtime.

It is clearthatin orderto comparesimulationtraceswe need
to abstractfrom the underlyingsimulationtime. The relation
betweerthe simulationtracescanthenbe establishedn terms
of the transformatiornf appliedto the setof simulationtraces:
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two simulationtracesTp ;¢ andTpg aresaidto be equivalent
if f(Tp,c) = ToE-.

The automationof the transformationprocesscan be ad-
dressedby defininga classof functionally invariant transfor
mationsbetweerthemodels,.e. suchthattheequivalencecon-
dition, namelyf(Tp,c) = Tpg, be satisfiedby construction.
Theway to thedefinition of suchtransformationganbe paved
by introducingspecificdesignstylesat the continuous/discrete
time level of specificationwhich the systemmodelmustcom-
ply with. Adapting a legag/ specificationto a given design
styleisin generabneasiemproblem for it requiresanhomoge-
neous(in termsof specificatiorervironment,time domainand
modelof computation)transformatiorof the modelspecifica-
tion. Note that automatedransformationanay ensureexact
equivalenceof closedsystems(i.e. wherethe ernvironmentis
comprisedn themaodel),for it doesnotrely on equivalenceby
simulationtraces.

Fromthe discussiorabove it is clearthatfunctionalequi-
alenceis far from beingstraightforward and, even after auto-
matic translation the viability of functionalvalidationstill re-
mainsof inestimablevalue. This hasbeenmadepossiblein
VCC by the creationof matlab-pobesthat allow to provide
VCC simulationdatain *.mat format, suitablefor integration
into Simulink functional simulations. The comparisonof the
simulationdatawithin the Simulink ernvironmentis shown in
Fig. 6 andFig. 7.

6 Design exploration

The applicationdescribedn Section2 presentsnteresting
implementatiortrade-ofs that mustbe accuratelyinvestigated
especiallyasregardsits coexistenceon thesamehardwareplat-
form with otherimportantenginecontrol functionalities. In
particular real time aspectqdueto filtering functions)of the
knockdetectiorfunctionalityrequireearlyassessments over-
all computationaloadsin orderto carefully definethe hard-
warepartitionof theplatformsoto minimize costwithoutcom-
promisingperformanceln the sequelanexampleof architec-
tural explorationis presentedshaving how early decisionsin
the designprocesscan be taken by taking advantageof early
designspaceexploration.

Behavior adaptation and validation: oncethe behaioral
descriptionwas madeavailable in VCC, it hasbeenadapted
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Figure 8. Performance simulation: target system

%107 Execution Time

T T T T
:g- Simulated PowerSpecturmDensityFxPt
TimeTask

| . |

i 700 0-0-00:0-00-0-00-0-0
loge .

b-c—)-Q\

15+ \

X ]
©-0-0 |

. . .
80 100 120 140 160
Buffer Length

Figure 9. Results of performance simulation

to perform architecturalexploration. In particular the Power
SpectrumEstimation(PSE) hasbeenencapsulatedhto a pa-
rameterizedor-loopin orderto performthecomputatiorusing
a bufferizationof the samples.The bufferizationis necessary
to migratethe computationallyintensve PSEtaskfrom hard-
wareto software,allowing to tradeoff computationapower for
silicon area.The parameterizatioof the loop enableshe sim-
ulation of severalbuffer lengthsto look for anoptimumvalue.
Themodifiedspecificatiorhasbeenthenbehaviorally validated
againstthe original specificatiorthroughfunctionalsimulation
in VCC andSimulink (Fig. 6 andFig. 7).

Mapping of behavior onto architecture: before archi-
tectural exploration we needto define the completesystem
modelby mapppingthe behaioral specificatiorontoanarchi-
tecturalmodel, in this casethe JANUS [6] (a dual-processor
micro-controllerbasedon ARM7TDMI) VCC architecturaper
formancemodel(Fig. 8). The PSEandmostof the knock de-
tectionfunctionality hasbeenmappedo software (on the two
processors)Thebuffer betweerthe A/D corverterandthe PSE
filter hasbeensimulatedusinga behavioal memory{8], i.e. a
referenceto a setof memoryelementye.g. RAM, registers,
etc.) of anarchitecturamodel.

Architectural exploration: the main purposeof architec-
tural explorationin this applicationhasbeenestablishedo be
the estimationof the computationaload requiredby the speci-
ficationandthe analysisof the interactionsof theknockdetec-
tion with other enginecontrol functionalities. To accomplish
this, we simulatedthe interactionof the knock detectionfunc-
tionality with a task,thatwe will call TimeTask of a fixed ex-
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ecutiontime of 1ms (Whennot preempted)activatedon every
TDC. The TimeTaskis givenlower priority thanthe PSEtask,
sothatits actualexectutiontime depend®n the numberof in-
terruptionsdueto preemptiorby the higherpriority task. After
the mappingphasea setof buffer lengthvalueshasbeencon-
sideredfor simulation(Fig. 8).

Simulation results: the computationaload of the knock
detectionalgorithmis dominatedby the PSEtask. The com-
putationalload per samplehasbeenmeasuredo be 310 clock
cycleson the ARM7TDMI processar If N, is the numberof
samplesper acquisition,the pure CPU time for this task per
acquisitionis givenby Tpsg = (N, * 310)/F.;. We usedac-
quisitionsof about200 samplesat 2000rpm, sothatTpsr =
(200%310)/(40M Hz) = 1.55ms. Eachacquisitionneedto be
carriedoutbetweertwo TDC occurrenced,e. theallottedtime
is Tyot = 60/ (Nrpc*rpm) = 60/(2%2000) = 15ms. Hence,
the pure CPUload peracquisitionfor the PSEfunctionalityis
1.55/15 = 10%. To this the operatingsystemoverloadneedto
be added.Sincethe operatingsystemload is morethansignif-
icant, we consideredsamplingbufferizationto reducecontext
switchingactiity. We explored several buffer dimensionsy
taking the buffer lengthasa parametein the simulations.As
expectedthe TimeTasks actualexecutiontime decreaseasthe
bufferlengthincreasegFig. 9), shaving thatthesmallesbuffer
lengthat which thetaskexecutiontime is minimumis 130 (65
samplesfor thebufferis dividedin two sggmentgo avoid sam-
ple overwriting).

Validation of the simulation process: the performancee-
sultswherevalidatedusingasimplifiedmappingwherespecif-
ically the interactionsbetweenthe TimeTaskandthe PSEtask
arecarefullyinvestigatedFor sucha mappingwe wereableto
computeby paperandpencilthe exactexecutiontime curve for
the TimeTask(Fig. 10), shawving thatthe smallestbuffer length
for which the taskexecutiontime is minimumis 110 (55 sam-
ples). Fig. 10 shaws thatin the simplified mappingthe exe-
cutiontime curve obtainedby performanceimulationin VCC
closelyapproximatahetheoreticcurve, providing thesamere-
sult for the smallestbuffer length ensuringthe minimum task
executiontime.

7 Conclusions

The designof a knock detectionalgorithm and of its im-
plementatiorhasbeenaddressedin our flow, a mathematical
modelof the systemfunctionality (e.g. a controlalgorithm)is
definedby the designerwho elaborateshis functionality until
the desiredmathematicapropertiesare met. The mathemati-

cal specificatiorobtaineds thentranslatedpossiblyautomati-
cally, into abehavioral specificatiorwithin adiscreteaventsim-
ulation ervironmentanda setof platformsare consideredor

implementation At this stepbehaioral simulationof the new

specificatioris usedto obtaindatafor thefunctionalvalidation
agaistthe original specification. Several mappingsof the be-
havioral specificatioron thearchitecturamodelsarethentried

out and merit figure analysisis usedto choseheuristicallyan
optimizedsystemmapping.

The designflow requiredthe use of differenttools at dif-
ferentlevels of abstraction.The mostchallengingproblemin
this exercisewasto relatethe differentmodelsof computation
usedby the two tools. This is an essentiaproblemin system-
level designwherea unified designervironmentis still in its
infang.. We indicatedthe problemsto solve anddescribechow
we mappeda modelof computatiorinto another Someexper
imentalresultson platformselectionwveregiven.
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