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Abstract— Embeddedsoftware is playing an increasingrole in
todays SoC designs. It allows a �exible adaptation to evolving
standardsand to customerspeci�c demands.As softwareemerges
more and more as a designbottleneck, early, fast, and accurate
simulation of software becomescrucial. Therefore, an ef�cient
modeling of programmable processorsat high levels of abstrac-
tion is required.

In this article, we focuson abstraction of computation and de-
scribe our abstract modeling of embeddedprocessors.We com-
bine the computation modeling with task schedulingsupport and
accurateinterrupt handling into a versatile,multi-faceted proces-
sor modelwith varying levelsof features.

Incorporating the abstract processormodel into a communi-
cation model, we achieve fast co-simulation of a complete cus-
tom target architecture for a systemlevel designexploration. We
demonstratethe effectivenessof our approachusingan industrial
strength telecommunication example executing on a Motor ola
DSP architecture. Our results indicate the tr emendousvalue of
abstract processormodeling. Differ ent feature levels achieve a
simulation speedupof up to 6600times with an error of lessthan
8% over a ISS basedsimulation. On the other hand, our full fea-
tur ed model exhibits a 3% error in simulated timing with a 1800
timesspeedup.

I . INTRODUCTION

With increasingcomplexity of modernSoCdesignsa larger
designspacehasto beexploredthroughoutthedesignprocess.
At the sametime, shorterproductlife cyclesrequirea reduc-
tion in time-to-market,whichdemandsmoreandmoreef�cient
designcycles.System-Level-Designis onesolutionto address
thisneedbasedonanincreasedlevel of abstraction.

TransactionLevel Modeling (TLM) [10] is a widely ac-
ceptedapproachfor abstractingcommunication. It dramati-
cally increasesthesimulationspeedandis anef�cient enabler
for exploringalargerdesignspace.Motivatedby themorethan
encouragingresultsof communicationTLM, we will focusin
this paperon abstractionof computation.We addresstheneed
for abstractmodeling and simulation of programmablepro-
cessors,which play an increasinglysigni�cant role in todays
SoCs,allowing adaptationto emerging standardsandspeci�c
customerdemands.

Traditionally, computationis simulatedusinganInstruction
SetSimulator(ISS),which providesfunctionalandtiming ac-
curatesimulationon a hostplatformat a very �ne granularity.
However, an interpretingISSsimulatesvery slowly, makingit
unacceptablefor a realistic systemdesignspaceexploration.
Host compiledISS schemeshave beendevelopedto address

the speeddisadvantage.They simulatefaster, but may not be
accuratein all cases.In addition,their executionperformance
is notyetsuf�cient to matchtheneedsfor a rapiddesignspace
explorationat thesystemlevel. Thus,ahigherlevel of abstrac-
tion is needed.

In thisarticle,wedescribeourapproachto theabstractionof
asoftwareexecutionenvironmentasacomplementto theTLM
for communicationabstraction.In particular, we will describe
our abstractmodelingof a processoras an integral part of a
typical systemdesign.

Using an abstractprocessormodel in conjunction with
thecommunicationTLM dramaticallyincreasestheexecution
speedin a co-simulationenvironment.With high accuraciesin
timing, it enablesanearlyfunctionalandfastsimulationof the
desiredtargetarchitecture,exposingthe implicationsof archi-
tecturaldecisions,andthusallowing rapiddesignspaceexplo-
ration.

A. ProblemDe�nition

Weaddresstheneedfor fastsoftwaresimulationby abstract-
ing the softwareexecutionenvironmentproviding timed exe-
cution,dynamicschedulingandexternalcommunication.We
developa correspondinghigh-level, abstractprocessormodel.
Weaim to signi�cantly increasesimulationperformancewhile
maintaininganacceptableaccuracy in simulatedtimingandex-
posingthe structureof the softwarearchitecture(e.g. drivers
andinterrupts).

Our target architecture(seeFig. 1) is a CPU/DSPsubsys-
temwith a singleembeddedprocessordriving onesystembus.
Weconsiderprocessorsthatcontainaninternalmemory, which
storestheexecutionbinariesandlocalvariables.Theprocessor
communicateswith externalmemory(holdingglobally shared
variables)andwith customhardwareIP blocks(throughmem-
ory mappedI/O andinterrupts)over thesharedsinglebus.

At theinput,we assumethattheuserapplicationis givenin
the form of C codefor eachtask,including informationabout
taskrelations.Furthermore,we assumethatdataaboutexecu-
tion delaysfor eachtaskis available.
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Fig. 1. Generictargetarchitecture.



B. Outline

After introducingtherelevantrelatedwork in SectionII, we
will outlineourhigh-levelprocessormodelingapproachin Sec-
tion III, discussingfeaturecandidatesfor processorabstraction.

SectionIV constitutesthemain part of thearticle. We will
incrementallylay out our processormodelingfeatureby fea-
ture. In total,wedistinguish� ve separatefeaturelevels.

Typically, the speedupthroughabstractioncomesat a loss
in accuracy. To validateour approach,we will quantitatively
analyzeeachfeaturelevel in SectionV, allowing us to deter-
mine essentialfeaturesfor an ef�cient processorabstraction.
Weconcludethepaperwith asummaryin SectionVI.

I I . RELATED WORK

Systemlevel modelinghasbecomean important research
areathataimsto improve theSoCdesignprocessandits pro-
ductivity. Languagesfor capturingSoCmodelshave beende-
veloped,e.g.SystemC[10] andSpecC[9]. Thelanguagespro-
videmeansto describesystems,but by themselvesdonotoffer
any modelingsolutions.

UsingTLM [10] for capturinganddesigningcommunication
architectureshasreceivedmuchattention.Abstractingcompu-
tation,on theotherhand,asanessentialelementof thesystem
level explorationhasbeenintroducedonly recently.

Bouchhimaet al. [3] describean abstractCPU subsystem
that allows executionof target codeon top of a hardwareab-
stractionlayer that simulatestheprocessorcapabilities.Their
approachincludesmultiple processorson a higherlevel of ab-
straction. In contrast,our proposedsolutionprovidesa �ner
grainedmodelwith the resultingfeatureobservability advan-
tagesat similar simulationperformancelevels.

Kempfet al. [11] introducetheirVirtual ProcessingUnit for
analysisof taskmappingandschedulingeffectsusinga quan-
titative model. They do not, however, includeany processor
speci�c features,suchasinterrupts.

At the very high abstractionlevel of applicationmodeling,
Ptolemy[4] usesa modelingenvironmentthat integratesdif-
ferentmodelsof computation(suchaspetri netsandboolean
data�ow) in ahierarchicallyconnectedgraph.

The traditional approachof an ISS basedco-simulationis
providedby severalcommercialvendors,suchasARM' s SoC
Designerwith MaxSim Technology[1], VaSTSystems'[16]
virtual systemprototypingtoolsandCoWare's [7] Virtual Plat-
form Designer. In addition,ISSbasedco-simulationis usedin
many academicprojects,suchastheMPARM [2] platform.

I I I . APPROACH

Traditionally, softwareis simulatedusinganInstructionSet
Simulator(ISS),which emulatesthetarget InstructionSetAr-
chitecture(ISA). Forco-simulation,theISSiswrappedtoadapt
theISSAPI to thesimulationenvironment,asshown in Fig. 2
The wrappertranslatesthe ISS bus accessesto andrelaysthe
interruptinputsfrom thesimulationenvironment.

The ISS includesinternalmemoryfor storingthe executed
binariesand local variables. It providesa completesoftware
executionenvironmentwith all features.Ourabstractprocessor
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Fig. 2. BusFunctionalModelwith ISS.

modelreplacesthe ISS plus the surroundingwrapperwith an
abstract,high-level representation.With the ISS asour refer-
encemodelin mind,wewill now discussfeaturesascandidates
for anexpressivesimulationwith regardsto exposedfunctional
aspectsandtiming accuracy.

For simulationof theapplicationgivenin theinput,we em-
ploy an approachthat executesthe userC codenatively on
the simulationhost. This dramaticallyincreasesthe simula-
tion speed.Weachieve targetprocessorspeci�c executiontim-
ing, which is themostfundamentalrequirementfor any perfor-
manceevaluation,by back-annotatingtiming informationinto
theC codeat thefunctionlevel.

In termsof processorfeatures,we abstractaway the pro-
cessormicro structureanddo not simulatethe InstructionSet
Architecture. Instead,we abstractlymodel the behavior of
the processorand the software environment, including task
scheduling,interrupthandingandexternalcommunication.

In a typicalsoftwarearchitecture,aprocessorexecutesmore
thanonefunction. In sucha case,theapplicationis mappedto
differenttasksanda taskschedulerdynamicallyassignstasks
to the CPU for execution. To observe the effectsof dynamic
scheduling,an accuratemodel of the hierarchicaltask graph
andthetargetspeci�c dynamicschedulingis necessary.

For communicationwith externalcomponents,the choices
within thelow level driversareimportantto theoverall system
performance. Therefore,a software simulationenvironment
shouldexposetheconceptsof interruptsandlow level drivers.
Additionally, properschedulingof interruptsis desired,includ-
ing modelsfor suspensionof taskexecution,interruptpriorities
andinterruptnesting.

IV. PROCESSOR MODELING

In previous work relatedto communicationmodeling[15],
we have observed the effectivenessof a layered approach.
Therefore,we structureour processormodel in layersalong
features.Ourmodelhas� vedifferentfeaturelevelswith anin-
creasingnumberof representedfeatures.Thesubsequentpara-
graphswill describeeachfeaturelevel. Later, we will usethe
featurelevelsfor a �ne grainedanalysisandevaluateeachfea-
turefor its costin simulationspeedandcontribution to timing
accuracy.



A. Application

Our �rst featurelevel, theapplicationlevel, is equivalentto
a timedsimulationof theuserapplicationnatively on thesim-
ulation host. We useit asthe innermostlayer of our abstract
processor, asdepictedin Fig. 3. In addition,we wraptheuser
codein an SLDL as a hierarchicalcompositionof behaviors
separatingcomputationandcommunication.

Communicationis expressedusing abstractchannelsfor
high-level, typed messagepassing. Global variables,which
aresharedbetweenprocessingelements,areaccesseddirectly
at this abstractionlevel without specialsynchronizationor bus
communication.
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Fig. 3. Applicationmodel.

The userapplicationis executednatively on the simulation
hostinsidethediscreteeventsimulationenvironment.Thena-
tive executionallows for highestsimulationspeeds.Wait-for-
time statements,insertedat thefunctionlevel, emulatethetar-
getspeci�c executiontiming.

B. TaskScheduling

Concurrentexecutionof softwareon thesameprocessorre-
quiresan operatingsystemon the target. In order to explore
the effectsof dynamicschedulingdecisions,we wrap behav-
iors to tasksandschedulethemusingan abstracttasksched-
uler asshown in Fig. 4. Abstractlymodelinga taskscheduler,
in contrastto usingarealRTOSimplementation,integratesbet-
terwith thesimulationenvironment,enableshighestexecution
performanceand thus allows early exploration of scheduling
decisions.
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Fig. 4. Taskmodel.

The behaviors of the userapplicationare mappedto indi-
vidual tasksin this model. Eachprimitive that could trigger
scheduling(e.g. taskstart,channelcommunication,wait-for-
timestatements)is wrappedto interactwith theabstractsched-
uler, which emulatesthe dynamic schedulingon top of the
SLDL framework. Furthermore,in this step, the communi-
cation via external global variablesis properly wrappedinto
channelcommunication. All external communicationsimu-
latesconcurrentlyanduntimedat this featurelevel.

C. Firmware

The �rmw aremodeladdsthe featuresof interrupthandling
andlow level softwaredriversasshown in Fig. 5. This model
is the�rst thatcontainsthecompletesoftware. Its layermarks
theboundarybetweensoftwareimplementationandhardware
features.

At thisabstractionlevel, theinterruptsourcestriggerthesys-
teminterruptby a directchannelcall. Thus,interruptsarenot
scheduledandmay executeconcurrentlyto the userapplica-
tion. The utilized systeminterruptsareconnectedto the user
interrupthandler. In the exampleof Fig. 5, the systeminter-
rupt INTC is sharedbetweentwo interruptsources.Hence,the
systeminterrupthandlerdemultiplexesit to two userinterrupts
(UsrInt1andUsrInt2).
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Fig. 5. Firmwaremodel.

Externalcommunicationis re�ned down to low level soft-
waredrivers. Thedriversimplementsynchronizationwith ex-
ternal components,e.g. throughinterruptsor polling. They
alsointroducesystemabsoluteaddressingandcommunication
with external componentsusing a TransactionLevel Model
(TLM). The bus TLM simulatesthe bus at a granularityof
usertransactions(arbitrarysizedblocksof data)andintroduces
timed communicationwith externalcomponentson the simu-
latedbus.

D. ProcessorTransactionLevel Model

Ourcompleteprocessormodeladdsadescriptionof thepro-
cessorhardware. This includeshardware interrupt handling
and bus accessesat bus transactiongranularity, as shown in
Fig. 6.

For acorrectinterruptsimulation,thebehavior HWInt mon-
itors the interruptlines. Uponoccurrenceof an interrupt,HW
Int suspendsthe main simulationthread,which executesthe
userapplicationand the scheduler, and triggersthe activated
systeminterrupthandler. TheHWInt observesinterruptpriori-
tiesandinterruptnestingfor anaccuratescheduling.Addition-
ally, it providesinterruptrelatedcontrol registersto thedriver
softwaree.g.for enablinganddisablinginterrupts.

The processorTLM also introducesa bus speci�c Media
AccessLayer(MAC). It splits thearbitrarysizedusertransac-
tionsinto bustransactions(busprotocolprimitives)for access-
ing theprocessorbus. TheArbitratedTLM (ATLM) simulates
thebusprotocolwith a granularityof bus transactions.In the
moregeneralcase,theATLM canperformaccuratearbitration.
However, in our singlemastertargetarchitecturearbitrationis
notnecessary.
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Fig. 6. ProcessorTransactionLevel Model.

E. ProcessorBusFunctionalModel

Thebusfunctionalvariantof ourprocessormodel,seeFig.7,
usesapin- andcycle-accuratemodelof theprocessorbusinter-
face. Its modelingof computationis identicalto theTransac-
tion Level Model. However, theBFM includesan implemen-
tation of the bus interfacestatemachinesthat realizethe bus
protocolby driving andsamplingtheindividualwires.
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Fig. 7. ProcessorBusFunctionalModel.

Tab. I summarizesthe featureswe capturein our processor
model. It also indicatesat which level eachfeatureis intro-
duced.Themostabstractmodelat theapplicationlevel imple-
mentsonly a singlefeature.On theotherhand,the ISSrefer-
encerealizesall listedfeatures.

TABLE I
SUMMARY OF MODEL FEATURES.
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V. EXPERIMENTAL RESULTS

To validateour abstractprocessormodelingapproach,we
will now separatelyanalyzeeachfunction level to determine
their effectswith respectto simulationspeedandtiming accu-
racy. We have appliedour approachto an industrialstrength
telecommunicationexample:theGSM 06.60[8] voiceencod-
ing anddecodingalgorithm. We mappedthe applicationto a
MotorolaDSP56600[13] architecture,asshown in Fig. 8.
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Fig. 8. ExampleArchitecture.

TheDSPexecutesseparatetasksfor theencoderandthede-
coder. We usea primitive customtaskschedulerthatexecutes
priority basedschedulingof the two tasks(the encoderwith
lowerpriority thanthedecoder)andusesinterruptsfor context
switching. In the targetarchitecture,the time critical function
of thecodebooksearchis mappedto a customhardwareblock
for increasedperformance.Four additionalcustomhardware
I/O blocksperformtheinputandoutputof thespeechframes.

A. Setup

Following our abstractionapproach,we have incrementally
implementedtheprocessormodelwith theoutlinedfeaturelev-
elsusinganSLDL1. We have measuredall featurelevelsexe-
cuting on a SunFire V240 with a UltraSPARC IIIi processor
runningat 1.5GHz.For all tests,we usea commondatasetof
163speechframes.Thehardwareblocksaresimulatedat the
behavioral level with cycleapproximatetiming.

For ouraccuracy analysis,wefocusonthesimulatedtiming.
Generally, the error in simulatedtiming may stemfrom two
main sources:�rst, the featureabstractionin modelingof the
processor, andsecond,theerrordueto inaccurateor toocoarse
grainpro�ling andbackannotationof taskexecutiondelays.

In thispaper, wefocusontheprocessormodelandrelatedin-
accuraciesdueto the featureabstraction.To isolateprocessor
featuresfrom taskdelayerrors,weback-annotateaccurateexe-
cutiontiming obtainedby executingtheapplicationon a cycle
accurateISS.While this approachfor thetiming backannota-
tion is not ef�cient for explorationof new designs,it allows us
to separatethe quality of processormodeling. An automatic
targetspeci�c pro�ling of usercode[6] is outsidethescopeof
this paperandconsideredasaninput asdescribedin theprob-
lemde�nition.

1WeusedSpecC[9]for ourexperiments.Theconcepts,however, shouldbe
equallyapplicableto otherSLDLs, likeSystemC.



Weanalyzeeachfeaturelevel of ourprocessormodelfocus-
ing on two aspects:sincethe main goal of abstractionis to
increasethesimulationspeed,wewill �rst examinetheperfor-
mance.Second,weanalyzethelossin accuracy asasideeffect
of abstractingfeatures.Combiningboth, we canevaluatethe
qualityof ourprocessorabstraction.

B. PerformanceAnalysis

Fig. 9 shows thesimulationtime for eachfeaturelevel when
encodinganddecodingthetestdatasetof 163speechframes.
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Fig. 9. Simulationtimepermodel.

The measurementscon�rm the expectationof an increase
in simulationperformancewith abstraction. In other words,
the simulationtime increasesexponentiallywith the amount
of modeledfeatures.Modeling only the applicationis by far
the fastest.Including the interruptstructure,asintroducedby
the�rmware featurelevel, increasesthesimulationeffort only
minimally. Adding interruptmodelingandcommunicationas
performedby the TLM andthe BFM increasesthe simulation
time by a factorof four. TheISS-basedcycle accuratesimula-
tion of our referencemodel is by far the slowest,about1800
timesslower thantheTLM. Tab. II shows thedetailednumeri-
cal results.

In summary, our proposedmodel, the TLM, is four orders
of magnitudefasterthanthe ISS basedco-simulation.Elimi-
natingthe abstractfeatureof hardwareinterrupthandlingand
schedulingresultsin anotherfourfold speedincrease.

C. Accuracy Analysis

In the previous section,we have quanti�ed the signi�cant
speedupof our abstractmodels.Now, we will evaluatetheac-
curacy limitationsasa trade-off for achieving thesehighsimu-
lationspeeds.

We focuson the timing accuracy andusethe metric of the
simulateddelayper individual speechframe. While executing
the modelundertest,we recordthe simulateddelayfor each
frameandcompareit againstthereferencemodelwith thecy-
cle accurateISS to calculatethe timing error. For this paper,
we de�ne the error in simulatedframedelayasa percentage
errorover thereferencemodel:

dI S S : framedelayin ISSsimulation

dtest : framedeleayin modelundertest

err or i = 100¤
jdtest ¡ dI S S j

dI S S
(1)

Giventhisde�nition, anaccuratemodelexhibits0%error.

TABLE II
EXPERIMENTAL RESULTS FOR TIMING AND ACCURACY.

Appl. Task FW TLM BFM ISS
Sim. Time [s] 3.0 3.0 3.1 11.1 17.3 20462
Speedup
over ISS

6821 6821 6601 1843 1183 1

Avg. Enc.
Err or

20.3% 8.8% 8.5% 3.8% 3.7% 0.0%

Avg. Dec.
Err or

2.4% 2.4% 2.6% 2.0% 2.3% 0.0%

Tab. II shows themeasurementresultsin detail for both the
encoderandthedecoder. Fig. 10showstheaverageerrorin the
transcodingframedelayfor eachmodel. It alsoincludeserror
barsfor themaximalandminimalobservederror. For theanal-
ysis,we have chosenthetranscodingframedelay, thesumma-
tion of theencodingdelayandthedecodingdelayindividually
perframe.It expressestheoverall accuracy in thesystemsim-
ulation, including effectsof dynamicschedulingandexternal
communication.
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Fig. 10. Averageerrorin simulatedencodingdelayperframe.

Theresultsindicatethatalossin accuracy hasto beaccepted
due to featureabstraction.The observed error reduceswhen
includingmorefeatures.

Modelingtheapplicationonly yieldsthemostinaccuratere-
sultswith 18%error. Includingtaskscheduling,asdonein the
taskmodel, achievesthelargestaccuracy improvementandre-
ducesthetiming errorby 10%down to 8%. This improvement
is especiallypronouncedin the encoder, the low priority task
(seeTab. II), sinceit includespreemptionin�uences from all
higherpriority tasks.For thehigh priority taskof thedecoder,
on theotherhand,wemeasuredno improvement.

Adding low level drivers and the conceptof interruptsfor
external communicationonly marginally improves accuracy,
sincethe�rmware modelstill executesinterruptsconcurrently.
Including proper hardware interrupt handling and interrupt
scheduling,aswe proposein our TLM, reducestheerrordown
to 3%. This model includessuspensionof the main software
threadonexecutionof theinterrupthandler, andit alsomodels
theactualinterruptdelays.

Increasingthe accuracy of communication,as donein the



BFM variant,doesnotsigni�cantly increasetheaccuracy since
the target architectureusesa singlebus masteronly. As ana-
lyzedin [15], acoarsegrainabstractcommunicationsimulation
canalreadybeaccurateundertheabsenceof buscontention.

TheexecutiononthecycleaccurateISSyieldsatimingaccu-
ratesimulation.Datadependenciescanin�uence theexecution
timing. As indicatedby the error barsfor eachof the model
stages,thetiming accuracy variesby 2.1%,causedby datade-
pendenciesin thecodeexecution.Dueto thetiming annotation
at thefunctionlevel sucheffectsarenotcompletelycapturedin
ourmodel.Furthermore,althoughwehaveusedaccuratecycle
informationfrom the referencemodel,our backannotationis
only accuratefor leaf functionsthatdonotcall otherfunctions.
The overheaddueto the functioncall hierarchy is not yet ad-
equatelyre�ected. Finally, theexecutionof thetaskscheduler
contributesto thetiming inaccuracy. In ourmodel,wehavenot
modeledthe overheadof context switchesandthe delaysdue
to thecustomscheduler.

VI . SUMMARY AND CONCLUSION

In this paper, we presentedour abstractmodel of embed-
dedprocessors.Weusedalayeredapproach,incrementallyde-
scribingour processormodelingwith essentialfeaturesof task
mapping,dynamic scheduling,interrupt handling, low level
�rmw areandhardwareinterrupthandling.

We validatedour abstractionapproachusing an industrial
strengthexampleof a GSM 06.60speechtranscodermapped
to aMotorolaDSPplusexternalIPs.Weappliedourprocessor
modelingapproachwith its � vefeaturelevels,andweanalyzed
eachlevel with respectto the gain in simulationperformance
andthelossin accuracy.

Our resultsshow the tremendousbene�ts of our proposed
processormodel.Basedontheanalysis,weidenti�ed two main
featurelevels. Our �rmw are featurelevel, which covers the
completesoftware including low level driversand interrupts,
executes6600 times fasterthan the traditional ISS basedco-
simulationapproachwith anerrorof lessthan8%. It is suitable
for early rapid designspaceexploration. For an even higher
accuracy, e.g.for systemvalidation,ourTLM featurelevel can
be used. It simulates1800 times fasterthan the ISS with an
errorof lessthan3%.

In futurework,weplanto extendourconceptto generalpur-
poseprocessorsthat includeperipherals,like a programmable
interruptcontrollers.Furthermore,we plan to adda morede-
tailedmodelof a full Real-Time OperatingSystemandfurther
improve thetiming accuracy.
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