Abstract, Multifaceted Modeling of EmbeddedProcessordor SystemLevel Design

GunarSchirner AndreasGerstlaueandRainerDomer
Centerfor EmbeddedComputerSystems
University of California,Irvine, USA
f hschirne,gerstl,doenmg@cecs.uci.edu

Abstract— Embeddedsoftwareis playing an increasingrolein
todays SoC designs. It allows a exible adaptation to evolving
standardsand to customerspeci c demands.As software emerges
more and more as a design bottleneck, 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 targetarchitecture for a systemlevel designexploration. We
demonstratethe effectivenessof our approachusingan industrial
strength telecommunication example executing on a Motorola
DSP architecture. Our resultsindicate the tremendousvalue of
abstract processormodeling. Different 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
times speedup.

|. INTRODUCTION

With increasingcompleity of modernSoCdesignsa larger
designspacehasto be exploredthroughouthe designprocess.
At the sametime, shorterproductlife cyclesrequirea reduc-
tion in time-to-marlet,whichdemandsnoreandmoreef cient
designcycles. System-Lgel-Designis onesolutionto address
this needbasedon anincreasedevel of abstraction.

TransactionLevel Modeling (TLM) [10] is a widely ac-
ceptedapproachfor abstractingcommunication. It dramati-
cally increaseshe simulationspeedandis anef cient enabler
for exploringalargerdesignspace Motivatedby themorethan
encouragingesultsof communicationTLM, we will focusin
this paperon abstractiorof computationWe addresshe need
for abstractmodeling and simulation of programmablepro-
cessorswhich play anincreasinglysigni cant role in todays
SoCs,allowing adaptatiorto emeging standardsand speci ¢
customeidemands.

Traditionally computationis simulatedusingan Instruction
SetSimulator(ISS), which providesfunctionalandtiming ac-
curatesimulationon a hostplatformat avery ne granularity
However, aninterpretinglSS simulatesvery slowly, makingit
unacceptabldor a realistic systemdesignspaceexploration.

the speeddisadwantage. They simulatefaster but may not be
accuraten all cases.In addition,their executionperformance
is notyetsufcient to matchtheneeddor arapiddesignspace
explorationatthe systemlevel. Thus,ahigherlevel of abstrac-
tionis needed.

In thisarticle,we describeour approacho theabstractiorof
asoftwareexecutionervironmentasacomplemento the TLM
for communicatiorabstraction.In particulay we will describe
our abstractmodelingof a processofas an integral part of a
typical systemdesign.

Using an abstractprocessormodel in conjunction with
the communicationiTLM dramaticallyincreaseshe execution
speedn a co-simulationervironment.With high accuraciesn
timing, it enablesanearlyfunctionalandfastsimulationof the
desiredtargetarchitecturegxposingthe implicationsof archi-
tecturaldecisionsandthusallowing rapid designspacesxplo-
ration.

A. ProblemDe nition

We addressheneedfor fastsoftwaresimulationby abstract-
ing the software executionervironmentproviding timed exe-
cution, dynamicschedulingand externalcommunication.We
develop a correspondindnigh-level, abstractprocessomodel.
We aimto signi cantly increasesimulationperformancevhile
maintaininganacceptablaccurayg in simulatediming andex-
posingthe structureof the software architecturg(e.g. drivers
andinterrupts).

Our target architecture(seeFig. 1) is a CPU/DSPsubsys-
temwith a singleembeddegbrocessodriving onesystembus.
We considelprocessorthatcontainaninternalmemory which
storegheexecutionbinariesandlocal variables.Theprocessor
communicatesvith externalmemory(holding globally shared
variablesyandwith customhardwarelP blocks(throughmem-
ory mapped/O andinterrupts)over the sharedsinglebus.

At the input, we assumehatthe userapplicationis givenin
the form of C codefor eachtask,includinginformationabout
taskrelations.Furthermorewe assumehatdataaboutexecu-
tion delaysfor eachtaskis available.
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Host compiled ISS schemedave beendevelopedto address Fig. 1. Generictargetarchitecture.



B. Outline

After introducingtherelevantrelatedwork in Sectionll, we
will outlineourhigh-level processomodelingapproactin Sec-
tion I, discussindgeaturecandidateor processoabstraction.

SectionlV constituteghe main part of the article. We will
incrementallylay out our processomodelingfeatureby fea-
ture. In total, we distinguish ve separatdeaturelevels.

Typically, the speedupghroughabstractioncomesat a loss
in accurag. To validateour approachwe will quantitatvely
analyzeeachfeaturelevel in SectionV, allowing usto deter
mine essentiafeaturesfor an ef cient processomabstraction.
We concludethe papemwith asummaryin SectionVI.

Il. RELATED WORK

Systemlevel modeling hasbecomean importantresearch
areathataimsto improve the SoCdesignprocessandits pro-
ductivity. Languagedor capturingSoC modelshave beende-
velopede.g.System10] andSpec?9]. Thelanguagepro-
vide meango describesystemshut by themselesdo not offer
ary modelingsolutions.

UsingTLM [10] for capturinganddesigningcommunication
architecturetasreceved muchattention.Abstractingcompu-
tation,onthe otherhand,asanessentiatlementof the system
level explorationhasbeenintroducedonly recently

Bouchhimaet al. [3] describean abstractCPU subsystem
that allows executionof target codeon top of a hardware ab-
stractionlayer that simulatesthe processocapabilities. Their
approachincludesmultiple processoren a higherlevel of ab-
straction. In contrast,our proposedsolution providesa ner
grainedmodelwith the resultingfeatureobsenrability advan-
tagesat similar simulationperformancdevels.

Kempfetal. [11] introducetheir Virtual ProcessindJnit for
analysisof taskmappingandschedulingeffectsusinga quan-
titative model. They do not, however, include any processor
speci ¢ featuressuchasinterrupts.

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

The traditional approachof an ISS basedco-simulationis
provided by several commercialvendorssuchasARM's SoC
Designerwith MaxSim Technology[1], VaST Systems'[16]
virtual systemprototypingtoolsandCoWare's[7] Virtual Plat-
form Designer In addition,ISSbasedco-simulationis usedin
mary academigrojects,suchasthe MPARM [2] platform.

I11. APPROACH

Traditionally softwareis simulatedusingan InstructionSet
Simulator(ISS), which emulateghetargetInstructionSetAr-
chitecturg(ISA). For co-simulationthelSSis wrappedo adapt
the ISS API to the simulationervironment,asshovn in Fig. 2
The wrappertranslateghe ISS bus accesseo andrelaysthe
interruptinputsfrom the simulationervironment.

The ISS includesinternalmemoryfor storingthe executed
binariesandlocal variables. It providesa completesoftware
executionervironmentwith all features Ourabstracprocessor
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Fig. 2. BusFunctionalModelwith ISS.

modelreplaceghe ISS plus the surroundingwrapperwith an
abstracthigh-level representationWith the ISS asour refer
encemodelin mind,wewill now discusdeaturesascandidates
for anexpressie simulationwith regardsto exposedunctional
aspectandtiming accurag.

For simulationof the applicationgivenin theinput, we em-
ploy an approachthat executesthe userC code natively on
the simulationhost. This dramaticallyincreaseghe simula-
tion speed We achie/e targetprocessospeci ¢ executiontim-
ing, whichis themostfundamentatequiremenfor ary perfor
manceevaluation,by back-annotatingiming informationinto
the C codeatthefunctionlevel.

In terms of processoifeatures,we abstractaway the pro-
cessomicro structureanddo not simulatethe InstructionSet
Architecture. Instead,we abstractlymodel the behaior of
the processorand the software ernvironment, including task
schedulingjnterrupthandingandexternalcommunication.

In atypical softwarearchitecturea processoexecutesnore
thanonefunction. In sucha case the applicationis mappedo
differenttasksanda task scheduledynamicallyassigngasks
to the CPU for execution. To obsenre the effects of dynamic
scheduling,an accuratemodel of the hierarchicaltask graph
andthetargetspeci c dynamicschedulings necessary

For communicationwith external componentsthe choices
within thelow level driversareimportantto the overall system
performance. Therefore,a software simulation ervironment
shouldexposethe conceptf interruptsandlow level drivers.
Additionally, properschedulingof interruptsis desiredjnclud-
ing modelsfor suspensionf taskexecution,interruptpriorities
andinterruptnesting.

V. PROCESSOR MODELING

In previous work relatedto communicatiormodeling[15],
we have obsened the effectivenessof a layered approach.
Therefore,we structureour processomodelin layersalong
featuresOurmodelhas ve differentfeaturelevelswith anin-
creasinghumberof representefeatures Thesubsequerpara-
graphswill describeeachfeaturelevel. Later, we will usethe
featurelevelsfor a ne grainedanalysisandevaluateeachfea-
turefor its costin simulationspeedandcontribution to timing
accurag.



A. Application

Our rst featurelevel, theapplicationlevel, is equivalentto
atimedsimulationof the userapplicationnatively on the sim-
ulation host. We useit asthe innermostlayer of our abstract
processarasdepictedin Fig. 3. In addition,we wrapthe user
codein an SLDL as a hierarchicalcompositionof behaiors
separatingomputatiorandcommunication.

Communicationis expressedusing abstractchannelsfor
high-level, typed messagepassing. Global variables,which
aresharedbetweerprocessinglementsareaccessedirectly
at this abstractiorevel without specialsynchronizatioror bus
communication.

Fig. 3. Applicationmodel.

The userapplicationis executednatively on the simulation
hostinsidethe discreteeventsimulationervironment. The na-
tive executionallows for highestsimulationspeeds Wait-for-
time statementsnsertedat the functionlevel, emulatethetar
getspeci ¢ executiontiming.

B. TaskScheduling

Concurrenexecutionof softwareon the sameprocessore-
guiresan operatingsystemon the target. In orderto explore
the effects of dynamicschedulingdecisionswe wrap beha-
iors to tasksand schedulethem using an abstractask sched-
ulerasshavn in Fig. 4. Abstractlymodelingataskscheduler
in contrasto usingarealRTOSimplementationintegrateshet-
ter with the simulationenvironment,enablesighestexecution
performanceand thus allows early exploration of scheduling
decisions.

Fig. 4. Taskmodel.

The behaiors of the userapplicationare mappedto indi-
vidual tasksin this model. Eachprimitive that could trigger
scheduling(e.g. taskstart, channelcommunicationwait-for-
time statementsis wrappeduo interactwith theabstracsched-
uler, which emulatesthe dynamic schedulingon top of the
SLDL framework. Furthermore,in this step,the communi-
cationvia 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 thatcontainshe completesoftware. Its layer marks
the boundarybetweensoftwareimplementatiorand hardware
features.

At thisabstractiorevel, theinterruptsourcegriggerthesys-
teminterruptby a directchannelcall. Thus,interruptsarenot
scheduledcand may executeconcurrentlyto the userapplica-
tion. The utilized systeminterruptsare connectedo the user
interrupthandler In the exampleof Fig. 5, the systeminter
ruptINTC is sharedbetweertwo interruptsourcesHence the
systeminterrupthandlerdemultiplexesit to two userinterrupts
(Usrintl andUsrInt2).
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Fig. 5. Firmwaremodel.
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Externalcommunicationis re ned down to low level soft-
waredrivers. The driversimplementsynchronizatiorwith ex-
ternal componentsge.g. throughinterruptsor polling. They
alsointroducesystemabsoluteaddressingindcommunication
with external componentsusing a TransactionLevel Model
(TLM). The bus TLM simulatesthe bus at a granularity of
usertransactiongarbitrarysizedblocksof data)andintroduces
timed communicatiorwith externalcomponent®n the simu-
latedbus.

D. ProcessoiransactiorLevel Model

Ourcompleteprocessomodeladdsa descriptionof the pro-
cessorhardware. This includeshardware interrupt handling
and bus accessest bus transactiongranularity as shavn in
Fig. 6.

For acorrectinterruptsimulation,thebehaior HW Int mon-
itors the interruptlines. Upon occurrenceof aninterrupt, HW
Int suspendshe main simulationthread,which executesthe
userapplicationand the schedulerand triggersthe actvated
systeminterrupthandler The HW Int obsenresinterruptpriori-
tiesandinterruptnestingfor anaccuratescheduling Addition-
ally, it providesinterruptrelatedcontrol registersto the driver
softwaree.g.for enablinganddisablinginterrupts.

The processofTLM also introducesa bus speci ¢ Media
AccessLayer(MAC). It splitsthe arbitrarysizedusertransac-
tionsinto bustransactiongbus protocolprimitives)for access-
ing the processobus. The Arbitrated TLM (ATLM) simulates
the bus protocolwith a granularityof bustransactionsin the
moregeneraktasethe ATLM canperformaccuraterbitration.
However, in our singlemastertargetarchitecturearbitrationis
notnecessary
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Fig. 6. ProcessofransactiorLevel Model.

E. ProcessoBus FunctionalModel

Thebusfunctionalvariantof ourprocessomodel,seeFig. 7,
usesapin- andcycle-accuratenodelof theprocessobusinter
face. Its modelingof computationis identicalto the Transac-
tion Level Model. However, the BFM includesanimplemen-
tation of the bus interface statemachineshat realizethe bus
protocolby driving andsamplingtheindividual wires.
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Fig. 7. ProcessoBusFunctionalModel.

Tah | summarizeshe featureswe capturein our processor
model. It alsoindicatesat which level eachfeatureis intro-
duced.The mostabstracmodelat theapplicationlevel imple-
mentsonly a singlefeature.On the otherhand,the ISSrefer
encerealizesall listedfeatures.

TABLE |
SUMMARY OF MODEL FEATURES.

V. EXPERIMENTAL RESULTS

To validate our abstractprocessomodelingapproachwe
will now separatelyanalyzeeachfunction level to determine
their effectswith respecto simulationspeedandtiming accu-
rag. We have appliedour approachto an industrial strength
telecommunicatiomxample:the GSM 06.60[8] voice encod-
ing anddecodingalgorithm. We mappedthe applicationto a
MotorolaDSP56600[13] architectureasshawn in Fig. 8.

m

Fig. 8. ExampleArchitecture.

The DSPexecuteseparatéasksfor theencodemndthe de-
coder We usea primitive customtaskschedulethat executes
priority basedschedulingof the two tasks(the encoderwith
lower priority thanthedecoderandusesinterruptsfor context
switching. In the targetarchitecturethe time critical function
of the codebooksearchs mappedo a customhardwareblock
for increasedperformance.Four additionalcustomhardware
I/0O blocksperformtheinputandoutputof the speecHrames.

A. Setup

Following our abstractiorapproachwe have incrementally
implementedhe processomodelwith theoutlinedfeaturelev-
elsusingan SLDL'. We have measuredll featurelevels exe-
cuting on a SunFire V240 with a UltraSFARC Illi processor
runningat 1.5GHz. For all tests,we usea commondatasetof
163 speechframes. The hardware blocksare simulatedat the
behaioral level with cycle approximateiming.

For ouraccurag analysiswe focusonthesimulatediming.
Generally the errorin simulatedtiming may stemfrom two
main sources: rst, the featureabstractiorin modelingof the
processqrandsecondtheerrordueto inaccurateor too coarse
grainpro ling andbackannotatiorof taskexecutiondelays.

In thispaperwefocusontheprocessomodelandrelatedn-
accuracieslueto the featureabstraction.To isolateprocessor
featurefrom taskdelayerrors,we back-annotataccuratesxe-
cutiontiming obtainedby executingthe applicationon a cycle
accuratdSS. While this approactfor thetiming backannota-
tionis notef cient for explorationof new designsit allows us
to separatehe quality of processomodeling. An automatic
targetspeci ¢ pro ling of usercode[6] is outsidethe scopeof
this paperandconsideredsaninput asdescribedn the prob-
lemde nition.

1We usedSpecCl9Jfor our experiments The conceptshawever, shouldbe
equallyapplicableto otherSLDLs, like SystemC.



We analyzeeachfeaturelevel of our processomodelfocus-
ing on two aspects:sincethe main goal of abstractionis to
increasahesimulationspeedwe will rst examinethe perfor
mance.Secondywe analyzethelossin accuray asasideeffect
of abstractingeatures.Combiningboth, we canevaluatethe
quality of our processoabstraction.

B. Performancé\nalysis

Fig. 9 shavs thesimulationtime for eachfeaturelevel when
encodinganddecodingthetestdatasetof 163speecHrames.

Fig. 9. Simulationtime permodel.

The measurementson rm the expectationof an increase
in simulationperformancewith abstraction. In otherwords,
the simulationtime increasesxponentiallywith the amount
of modeledfeatures.Modeling only the applicationis by far
the fastest.Including the interruptstructure asintroducedby
the rmwar e featurelevel, increaseshe simulationeffort only
minimally. Adding interruptmodelingandcommunicatioras
performedby the TLM andthe BFM increaseghe simulation
time by afactorof four. ThelSSbasedcycle accuratesimula-
tion of our referencemodelis by far the slowest,about1800
timesslowerthanthe TLM. Tah Il showvs thedetailednumeri-
calresults.

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

C. Accurag Analysis

In the previous section,we have quanti ed the signi cant
speedumf our abstracimodels.Now, we will evaluatetheac-
curay limitationsasatrade-of for achieving thesehigh simu-
lation speeds.

We focuson the timing accurag andusethe metric of the
simulateddelayperindividual speecHrame. While executing
the modelundertest, we recordthe simulateddelay for each
frameandcompardt againstthe referencanodelwith the cy-
cle accuratelSS to calculatethe timing error. For this paper
we de ne the errorin simulatedframe delay asa percentage
erroroverthereferencanodel:

diss: framedelayin ISSsimulation

Crest : framedeleayin modelundertest

error, = 100 %est i dissi (1)
dI SS

Giventhis de nition, anaccuratenodelexhibits 0% error.

TABLE Il
EXPERIMENTAL RESULTS FOR TIMING AND ACCURACY.

| [ Appl. [ Task | FW [ TLM [ BFM [| ISS |

Sim. Time[s] | 3.0 | 3.0 | 31 | 11.1 | 17.3 || 20462
Speedup 6821 | 6821 | 6601 | 1843 | 1183 | 1
over ISS

é\r'f’fnc' 20.3%| 8.8% | 8.5% | 3.8% | 3.7% | 0.0%
é‘r'f’a?ec' 2.4% | 2.4% | 2.6% | 2.0% | 2.3% | 0.0%

Tah Il shavs the measurementesultsin detail for boththe
encodemandthedecoderFig. 10 shavstheaverageerrorin the
transcodingramedelayfor eachmodel. It alsoincludeserror
barsfor the maximalandminimal obsenederror. For theanal-
ysis,we have choserthetranscodingramedelay the summa-
tion of theencodingdelayandthe decodingdelayindividually
perframe. It expressesheoverall accuray in the systemsim-
ulation, including effects of dynamicschedulingand external
communication.

Fig. 10. Averageerrorin simulatedencodingdelayperframe.

Theresultsindicatethatalossin accurag hasto beaccepted
dueto featureabstraction. The obsered error reduceswvhen
includingmorefeatures.

Modelingtheapplicationonly yieldsthemostinaccuratee-
sultswith 18%error Includingtaskschedulingasdonein the
taskmode| achievesthelargestaccurag improvementandre-
ducesghetiming errorby 10%down to 8%. Thisimprovement
is especiallypronouncedn the encoderthe low priority task
(seeTah 1), sinceit includespreemptionin uencesfrom all
higherpriority tasks.For the high priority taskof the decoder
onthe otherhand,we measuregho improvement.

Adding low level drivers and the conceptof interruptsfor
external communicationonly mamginally improves accurag,
sincethe rmwar e modelstill executesnterruptsconcurrently
Including proper hardware interrupt handling and interrupt
schedulingaswe proposdn our TLM, reduceghe errordown
to 3%. This modelincludessuspensiomf the main software
threadon executionof theinterrupthandler andit alsomodels
theactualinterruptdelays.

Increasingthe accurag of communication,as donein the



BFM variant,doesnotsigni cantly increaseheaccurag since
the target architectureusesa single bus masteronly. As ana-
lyzedin [15], acoarsegrainabstractommunicatiorsimulation
canalreadybeaccurataunderthe absencef buscontention.

TheexecutiononthecycleaccuratéSSyieldsatiming accu-
ratesimulation.Datadependenciesanin uence theexecution
timing. As indicatedby the error barsfor eachof the model
stagesthetiming accurag variesby 2.1%,causecdy datade-
pendencief thecodeexecution.Dueto thetiming annotation
atthefunctionlevel sucheffectsarenotcompletelycapturedn
our model.Furthermorealthoughwe have usedaccuratecycle
informationfrom the referencanodel, our backannotationis
only accuratdor leaffunctionsthatdo not call otherfunctions.
The overheaddueto the function call hierarcly is not yet ad-
equatelyre ected. Finally, the executionof the taskscheduler
contritutesto thetiming inaccurag. In ourmodel,we have not
modeledthe overheadof context switchesandthe delaysdue
to thecustomscheduler

VI. SUMMARY AND CONCLUSION

In this paper we presentedur abstractmodel of embed-
dedprocessorsWe usedalayeredapproachincrementallyde-
scribingour processomodelingwith essentiafeaturesof task
mapping, dynamic scheduling,interrupt handling, low level
rmw areandhardwareinterrupthandling.

We validatedour abstractionapproachusing an industrial
strengthexampleof a GSM 06.60speechtranscodemapped
to aMotorolaDSPplusexternallPs. We appliedour processor
modelingapproactwith its vefeatureevels,andweanalyzed
eachlevel with respecto the gain in simulationperformance
andthelossin accurag.

Our resultsshav the tremendousene ts of our proposed
processomodel.Basedntheanalysisweidenti ed two main
featurelevels. Our rmw are featurelevel, which coversthe
completesoftware including low level drivers and interrupts,
executes6600times fasterthanthe traditional ISS basedco-
simulationapproactwith anerrorof lessthan8%. It is suitable
for early rapid designspaceexploration. For an even higher
accurag, e.g.for systemvalidation,our TLM featurelevel can
be used. It simulates1800timesfasterthanthe ISS with an
errorof lessthan3%.

In futurework, we planto extendour concepto generapur
poseprocessorshatinclude peripheralsjike a programmable
interruptcontrollers. Furthermorewe planto adda morede-
tailedmodelof afull Real-Time OperatingSystemandfurther
improve thetiming accurag.

REFERENCES
[1] Advanced RISC Machines  Ltd. (ARM).
SoC Developer with  MaxSim  Technology

http://wwwarm.com/products/Ddools/MaxSim.html.

[2] L. Benini, D. Bertozzi,A. Bogoliolo, F. Menichelli, and
M. Olivieri. MPARM: Exploring the Multi-Processor
SoCDesignSpacewith SystemC.Journal of VLSISignal
Processing41(2):169-1842005.

[3] A. Bouchhima,l. Bacivaros, W. Youssefi M. Bonaciu,
and A. Jerraya. Using Abstract CPU Subsystentimu-
lation Model for High Level HW/SW ArchitectureEx-
ploration. In Proceedingsof the Asia and South Pa-
ci ¢ DesignAutomationConfeence(ASPDAC), Shang-
hai, China,January2005.

J. Buck, S. Ha, E. A. Lee, and D. G. Messerschmitt.
Ptolemy: A framework for simulatingand prototyping
heterogeneousystems. International Journal of Com-
puter Simulation 4(2):155-182April 1994.

[4]

[5] L. CaiandD. Gajski. TransactiorLevel Modeling: An
Overview. In Proceedingof the International Confer
enceon Hardware/Softwae Codesignand SystemSyn-

thesis NewportBeach,CA, October2003.

L. Cai,A. GerstlauerandD. D. Gajski. RetagetablePro-
ling for Rapid, Early System-Leel DesignSpaceEx-
ploration.In Proceeding®f the DesignAutomationCon-
ference(DAC), SanDiego, CA, June2004.

CoWare. Virtual
http://www.cowvare.com.

(6]

Platform

[7]

Designer

[8] EuropearTelecommunicatiostandardsnstitute(ETSI).
Digital cellular telecommunicationsystem; Enhanced
Full Rate (EFR) speehb transcoding nal draft edition,

1996. GSM 06.60.

D. D. Gajski, J. Zhu, R. Domer A. Gerstlauer and
S. Zhao. SpecC:Speci cation Langugie and Design
Methodolgy. Kluwer AcademicPublishers2000.

(9]

[10] T. Grotker, S. Liao, G. Martin, andS. Swan. SystenDe-

signwith SystemCKluwer AcademicPublishers2002.

[11] T. Kempf,M. Dorper R. Leupers,G. Ascheid,H. Meyr,
T. Kogel, andB. Vanthournout. A Modular Simulation
Framevork for Spatialand TemporalTaskMappingonto
Multi-ProcessorSoC Platforms. In Proceedingsof the
Design,Automationand Testin Europe (DATE) Confer

ence Munich, Germary, March2005.

[12] R. LeupersJ.Elste,andB. Landwehr Generatiorof in-
terpretve andcompiledinstructionsetsimulatorsIn Pro-
ceeding®ftheAsiaandSouthPaci ¢ DesignAutomation

Confeence(ASPDAC), Jan.1999.

Motorolalnc., SemiconductoProductsSector DSP Di-
vision. DSP56600.6-bitDigital SignalProcessoiFamily
Manual 1996. DSP56600FM/AD.

(13]

[14] M. ReshadiP. Mishra,andN. Dutt. Instructionsetcom-
piled simulation:atechniquéor fastand e xible instruc-
tion setsimulation.In Proceeding®ftheDesignAutoma-

tion Confeence(DAC), Anaheim,USA, June2003.

[15] G. Schirnerand R. Domer Quantitatve Analysis of
TransactionLevel Modelsfor the AMBA Bus. In Pro-
ceedingsof the Design, Automationand Testin Europe

(DATE) Confeence Munich, Germary, March 2006.

[16] VaSTSystemsVaSTtoolsandmodelsfor embeddedys-
temdesign.http://wwwvastsystems.com.



