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Abstract

We presenta new hardware-softwae co-simulation
framavork enablingfast prototypingin system-on-aip de-
signs. On the softwae side the madine description
language LISA allows the genertion of bit-true models
of programmablearchitectures on various levels — from
instruction-seto phaseaccuracy. Basedon thesemodels,
a completeool-suiteconsistingof fast compiledprocessor
simulator assemblerlinker, HLL-compiler as well as co-
simulationinterface can be generated automatically On
the hardware side the SystemGimulationclasslibrary is
employedand enhancedvith our genericco-simulationin-
terfacethat enableghe couplingof hardware and softwae
modelsspecifiedat various levels of abstaction. Besides
that, a hardware modelingstrategy using abstract macio-
cyclebasedC™ processego increasehardware modeling
eficiencyand simulationspeeds presented.

1 Introduction

Today typical single chip electronicsystemimplemen-
tationsinclude a mixture of microcontrollers,digital sig-
nal processor¢DSPs)aswell assharednemory dedicated
logic (ASICs)andinterconnectomponentsDrivenby the
ever increasinghardware and software designcomplexity,
componentfrom variousdesignteamsandthird parties(in-
tellectualpropertyblocks)areemployed. Dueto thehetero-
geneityof thesecomponentandthe drasticallyincreased
numberof gatesper chip, verificationof the completesys-
temhasbecomehecritical bottleneckin thedesignprocess
[14]. Hardware-softvareco-simulationintegrateshardware
and software designtechniqueswhich are typically using
variouslanguagesformalismsand tools into a single de-
sign methodology Using a single framework for this task
acceleratethe designprocessenablinghardware-softvare
trade-ofs to be madedynamicallyasthedesignprogresses,
and easesverification significantly For verification and
evaluationof hardware-softvaretrade-ofs of the complete
system |arge test-\ectorsetsare needed.Consideringhat
theamountof test-\ectorsneededor verificationrisesby a

factorof 100 every six years[2], which is tentimesthein-
creasef thenumberof gatesonachip asstatedby Moore’s
law, it becomesclearthat simulationspeedof the overall
systemis crucialwhendesigninga complex system.
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Figure 1. Virtual prototype system

Toincreaseheproductvity andshortertimeto marketit
is importantto beableto verify aheterogeneousystem-on-
chip (SOC)designatanearlystageof thedevelopmenpro-
cessto prevent expensve re-designs.Here, heterogeneity
is not only referringto hardware and software modelsbut
alsoto modelsspecifiedon eithersideon differentabstrac-
tion levelsthathave to becoupled.For examplepartsof the
system‘shardwaretaken asintellectualproperty(IP) from
previous designsmight be specifiedon a low abstraction
level asregistertransferor gate-level VHDL/V erilog code,
whereamew functionality addedto the systemis specified
ona high abstractiorievel in the programmindanguageC.
Onthesoftwaresidethemodelaccurag canalsovaryfrom
phaseaccurag overinstruction-seaccurag to functionally
correctC-codespecifyingthe behaior of the application
running on the target architecture.So it is compulsoryto
have one simulationervironmentthat understandshe se-
manticsof all modelsand settlesthe interfacesto enable
communicatioramongthem. Couplingandverifying of the
differentpartsof thetargetsystemat any time of thedesign
processs whatwe call building a virtual prototype(VP) of



the systemin software(seefigure 1).

The approachpresentedn this paperof usingthe ma-
chine description languageLISA [11] for the software
sideanda C** framawvork basedon the SystemCclassli-
brary [9] for high simulationspeedon the hardware side
andfor integratingdifferenthardware-softvaremodelsinto
onesimulationenvironmentfulfills theposedrequirements.
LISA allows the specificationof programmablearchitec-
turesonvariousabstractionevelsandtheautomatigenera-
tion of fastprocessosimulatorsassemblerdinkers,HLL-
compilersas well as co-simulationinterfaces. The enor
mousspeedu@chievedby employing thecompiledsimula-
tion technique[17] over the commonlyusedinterpretatve
simulationtechnigqueof morethantwo ordersof magnitude
even makesthe usageof phaseaccurateprocessomodels
permissible. This degree of model accurag is required
when using architectureswith complex pipelineskeeping
up simulationspeedn the softwareside.

On the hardware side the proposedmethodologyis
basedon the SystemCsimulationlibrary that is extended
by the results of our GRACE™ project [12]. This in-
troducesabstractionfrom the hardware by using macro-
cycle basedfunctional C** processesnd acceleratesim-
ulationspeedsignificantly In additionto thatthe GRACE™
co-simulationinterfaceallows integration of varioushard-
ware and software simulation environmentsinto one co-
simulationframework. Moreover, it is possibleto couple
processar ASIC and FPGA prototypesvia the RAVEN-
board[8] to the simulationervironment.

2 Redated Work

Several researcherdiave proposedmethodologiesfor
hardware-softvare co-verification and fast prototyping
of digital systemsbut primarily aiming at automated
hardware-softvare partitioning and co-design. Simulation
speeddf the overall systemis notin the primaryfocusthus
leadingto a significantbottleneckin the SOCdesign.

In [4] and[5] a systemlevel designervironmentaim-
ing at system-on-chiplesignsincluding real-timeembed-
dedsoftwareis proposed.Here,software canbe function-
ally testedin combinationwith hardware and successiely
refinedfrom the systemevel modelto the softwaresource-
codeimplementation.

The COSMOSco-desigrervironment[3], whichis now
commerciallyavailablefrom AREXSYS[1] takesan SDL
systenspecificatiorto performautomatediesignspacesx-
ploration,partitioninginto hardwareandsoftwarepartsand
codegenerationTheapproacltof CoWare[16] useC/Cas
the baselanguagefor the systemspecificationand allows
besidessynthesisand interfacegeneratiorthe mappingof
the software onto variousoff-the-shelftarget architectures
to explore differenthardware/softvare combinations.The
COSYMAsystem[10] specifiesthe systemin the C* lan-

guagewhichis similarto C andaimsprimarily atthe parti-
tioning of thesystemfunctionalityin hardwareandsoftware
parts.

Moreover, co-simulation/erification tools are offered
commerciallyby companiessuchas Mentor Graphics[7]
and SYNOPSY S[15] which coupleVHDL/Verilog simu-
latorswith software simulatorsvia well definedinterfaces.
All approachebavein commonthattheinstructionsetsim-
ulatorsintegratedinto the systemernvironmentsare com-
mercialinterpretive simulatorsandthustoo slow for aneffi-
cientprocesf verificationandperformanceneasurement.
Onthehardwareside,theC™ modelsarebasedn clock cy-
cleswhich ruins modelingefficiency andsimulationspeed
in earlydesignstages.

3 LISA Language and Tools

Thelanguagd_ISA is aimingat the formalizeddescrip-
tion of programmablearchitecturestheir peripheralsand
interfaces. It was developedfor cycle/phase-accurat@m-
ulation purpose®f a wide rangeof modernprogrammable
architecture¢gDSPsandmicrocontrollers).

The developmentof LISA was motivated by the fact
that the task of building a customsimulatorfor a new ar-
chitectureis extremely tediousand errorprone. It is a
very lengthy processof matchingthe simulatorto an ab-
stractmodelof theprocessoarchitectureTheseeffortscan
be significantly reducedby using a retagetablesimulator
whichis generatedrom machinedescriptions At the same
time, simulationspeeds critical andthusimportantin sim-
ulator design.The principle of compiledsimulation[17] is
to take advantageof a priori knowledgeandmove frequent
operationdrom simulationrun-timeto compile-timewith
thegoalof providing the highestpossiblesimulationspeed.
In contrasto interpretive simulatorsthis approacheequires
atransformatiorstepto beperformedbeforesimulationcan
berun.

3.1 Mode requirements

Indeed,dependingon the compleity of the employed
architecture either instruction-setor cycle/phaseaccurate
modelsare neededto enableco-simulationwith the sur
roundinghardware.For relatively simplearchitecture$iav-
ing either very rudimentaryor no pipelinesat all, an in-
structionset model of the architectureis sufficient. This
modelis thencoupledvia a bus interfacemodel (BIM) to
the hardwareernvironment. The BIM therebyinterpretsex-
ternaleventsandgeneratesycle/phaseccuratesimulation
tracesatthe componens pins. For morecomplex architec-
tures, though, employing heavy pipelining and interlock-
ing mechanismasrecentlyseenin both the DSPandmi-
crocontrollerarea, this methodologyis no more applica-
ble [6]. Here,cycle and phaseaccuratesimulatorsfor co-
simulationpurposesare neededo copewith the problem



of instructionsbeing split into smaller piecesandthe as-
sociatednteractiondetweerthe processoandothercom-

ponentsacrossmultiple cycles. Moreover, phaseaccurate
modelsfor ary architectureon the software side enableto

keepco-simulationinterfacessimple,sincereadsandwrites

aremadedirectly on processoresourcegbusesandpins).

ThusBIMs becomeaedundantseefigure 2).
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Thesimulationslovdown dueto theincreasednodelac-
curag/ canbe completelycompensatethy employing fast
compiledprocessosimulatorsgeneratedrom a LISA de-
scription of the target architecture. Typical speedupsf
compiled processoisimulatorsversusinterpretive simula-
torsrangein the areaof two ordersof magnitude.

4 The SystemC platform

The SystemCclasslibrary enableghe building of syn-
thesizableC* hardware models on the behaioral- and
registertransferlevel. This sectionproposesa methodol-
ogy to emplgy SystemCfrom the beginning of the specifi-
cationphasen orderto performhighlevel systemmodeling
and successie refinementto synthesizablenodelswithin
onesingleframavork. The objectveswe pursuewith this
methodologyaretwofold: atfirst to improve modelingeffi-
cieng/ by exploiting the objectorientedfeaturesof C** for
abstracthardwaremodelingandsuccessie refinementand
atsecondo increasesimulationspeedo copewith theris-
ing numberof test-\vectorsneededfor systemverification
andperformancevaluation.For couplingmodelsspecified
at variousabstractiornlevels of both the hardware andthe
softwareside,we enhancedhe SystemGCsimulationlibrary
with a genericsimulationinterfacewhich enablegheinte-
grationof externalsimulators.

4.1 Hardware Simulation with SystemC
The SystemCclasslibrary providesa synthesizabl&C™

subsetin orderto establisha unitary implementationan-
guagefor both hardwareandsoftwareparts. Thereforethe
Systemdibrary is furnishedwith a setof classeso express
thebehaior of hardwareblocksby meansof C™ processes
andcommunicatiorhappendy exchangingdatavia signal
routes. Of courseary synthesizablé&SystemCdescription

hasto copewith the demandsf the subsequenarchitec-
tureandlogic synthesigools, hencethe propagatednodel-
ing stylecorrespondso the behavioral- or registertransfer

level of pure hardware descriptionlanguagegHDLS) like

VHDL or Verilog . However by just applying HDL se-
manticsto the C syntax,the methodicalgap betweenal-

gorithmic systemspecificationand hardware implementa-
tion is notresoled, neitheris simulationspeedperceptibly
improved.

Our methodologytargetsto fill the gap betweenhard-
ware specificationandimplementation.Therebyhardware
is first modeledat a higherlevel of abstractiorandwithin
the SystemCframeawork successiely refinedto the synthe-
sizablesubsetln our approactabstractiorappliesto struc-
ture, dataandtime. The systemspecificationis first struc-
turedinto coursegrain functionalblocksthatexchangeab-
stractdatatypes.This specificatioris subsequentlgivided
into subcomponentandthe abstractdatatypesarerefined
towardstheir bit-level representatiomanually

Key conceptfor raising the abstractionlevel is the in-
troductionof a hierarchicaltime scale. Of coursesystem
performancevalidation needsa time basefor lateny an-
notationandthroughputmeasurementut the high resolu-
tion to hardware clock cyclesis a significantdravbackin
modeling efficiency and simulationspeed. Indeed, mary
applicationdn the areaof high speecdhetworking andwire-
lesscommunicationare paclket basedwith a fixed length
of datapaclets(e.g. ATM cells, SDH frames,GSM pack-
ets, UMTS slots). On a high level of abstractioronly the
statechangest pacletarrival timesneedo bemodeledand
the identificationof a macro-gcle is straightforvard. The
introductionof a logical macro-gcle enablegperformance
profiling by usinglarge test-\ectorsetsandhidessuperflu-

oustiming details.
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The choice of an appropriatemacro-gcle dependson
the consideredhpplication.In typical SOCdesignsseveral
programmableoresand peripheralhardware components
communicatevia one or more asynchronoususesat dif-
ferentdatarates. Herethe designercantrade-of between
modelingaccurag on the one handand simulationspeed
andmodelingefficiency on the otherhandto determinethe
idealtime division into macro-gcles.

Within our design methodology system specification
startswith an untimed description,where all operations
are performedwithin one macro-gcle. Accurag of sys-



temperformanceneasuremerns thensubsequentlyefined
by back-annotatethteng informationextractedfrom later
synthesigesults. The synthesizablémplementatiormodel
canbe verified at ary time againstthe executablemacro-
cycle basednodelasdepictedin figure 3 usingC* stimuli
derived from the systemcontext andthe abstractiorinter-
facedescribedn thefollowing subsection.

4.2 Virtual Prototyping of the System

For integration of various hardware-softvare models
jointly with the macro-gcle basedC™ processesn adapt-
able co-simulationinterfaceis employed. Coupling LISA
software simulators, independentfrom their underlying
modelaccuray (i.e. phasegcycle or instructionaccuray),
to VHDL/Verilog simulatorsis straightforvard, sincethey
bothemploy a similar interfacethatreadsandwrites hard-
ware resources.Coupling modelswith differentunderly-
ing time scalesthoughneedssomeeffort. An abstraction
interfacefulfills the taskto adjustdifferenttime and data
abstractiorievelsof SystemCVHDL/Verilog andsoftware
simulationenvironments.
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To achiere a flexible and genericCo-simulationinter-
facewe incorporateda two-stepapproachas depictedin
figure4. Theabstracdatatypesof the C*ervironmentare
first mappedto a binary representatioioy the bitmapping
layer. Theresultingbit-streamsaretransferredo the proto-
col layer, cutinto slicesaccordingo therespectie databus
width andforwardedinto the externalsimulator The pro-
tocol layer addsall the requiredcontrol signals(e.g. data-
valid, sync, enable)to performthe specifiedbus protocol.
Changesn theinterfacespecificationcanbe easilyapplied
to the C*protocolclasses.

This approachprovides greatflexibility since bit-level
communicationcan be easily establishedn the one hand
to refinedsynthesizabl&ystemCmodelsand on the other
handto any externalsimulatorprovidingaC languagenter-
face: e.g. towardsVHDL/Verilog hardware simulatorsvia
the foreign languageinterface (FLI) or towardsthe com-
piled simulatorggeneratedrom LISA processomodelsvia
the co-simulationinterface(API).

5 A casestudy

In a casestudy we successfullyapplied the proposed
methodologyto the port-processoof an ATM switch de-
sign. The port-processoidentifiesincoming ATM cells,
performslocal cell schedulingandcell flow-controlby run-
ning the controldynamictransferprotocol(CDT)[13]. The
functionality of the port-processorcan be divided into a
high speedcell processingartrealizedin dedicatechard-
wareanda low speedpartfor signaling,configurationand
maintenancénplementedn softwareonanARM 7 micro-
controller

Firstly, we realizeda phaseaccuratanodelof the ARM
7% with LISA. Dueto the high modelingefficiency of LISA
thedescriptiorandverificationof the ARM 7 took lessthen
four weeks.It comprisespprox.1500linesof codeinclud-
ing commentsandemptylines. Basedon thatthe complete
LISA tool-suite was generatecautomatically The LISA
simulatorof the ARM 7 runsat a speedof 4.5 megacycles
persecondgseetablel).

Table 1. ATM por t-processor simulation

Model SpeedkCycles/sec]

VHDL (VSScompiled) 0,27
phaseaccurate

SystemC 98,5

marco-cyclebased

LISA simulator(ARM 7) 4500
phaseaccurate

Virtual prototype(system) 52,5
SystemGC+ LISA

On the hardware side, the functionality was partitioned
into several communicatingblocks that were at first all
modeled as abstractSystemCprocesses. The underly-
ing macro-gcle was straightforvard chosento ATM cell
boundariesTheabstracC™ modelswerethensuccessiely
refinedto VHDL models sincesynthesigoolsfor SystemC
were not available at thattime. Thesemodelswere inte-
gratedinto our simulation ervironmentand co-simulated
with the restof the systemto ensuretheir correctnesgsee
figure 5). By this approach37 implementationerrorson
the hardwaresideand 12 errorsin the embeddedoftware
codewere detectedwithin 3 weeksuntil the virtual proto-
type passeall tests. The externalstimuli usedfor verifica-
tion (arriving ATM cells andconfiguration)were specified
in C** eliminatingthe tediousanderrorpronetaskof writ-
ing VHDL/Verilogtest-benches.

By integrating the LISA simulatorof the ARM 7 into
the SystemGCsimulation,functionalverificationandperfor
manceassessmertf the completeport-processowaspos-

1The authorswould like to thank Tim Hopes, lan Phillips and Mark
Burtonof ARM Ltd. for their organizationakndtechnicalsupportin the
project.
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sible at an early stageof the designprocess. Due to the
high simulationspeedof the heterogeneousystem,large
test-vectorsetscould be processedesultingin a high state
coveragein verification. Simulatingthe completehardware
asabstracC™ processekadto aspeedumf 365compared
to simulationof event-drivencompiledVHDL modelswith
VSS(the hardwarepartscomprisedapprox.50k logic gates
plus0.5MBit memory).All resultswereobtainedona 300
MHz SunUltra 10 with 2 GBytesof RAM.

The proposedmethodologyof using LISA processor
simulatorsfor the software sideandmacro-gcle basede-
active C* modelsfor the hardwaresideleadsto simulation
speedup®f morethantwo ordersof magnitudecompared
to the commonlyusedverificationtechniquesijnterpretive
softwaresimulatorsandevent-drivenhardwaresimulators.

6 Conclusion and Future Work

In this paperwe presentec new methodologyfor early
hardware-softvare co-verificationby fastprototypingcop-
ing with the enormousdesigncompleity. The machine
descriptionanguagée_ISA allows the bit-true specification
of programmabl@rchitecturesn variousabstractiorievels
andthe automaticgeneratiorof fastprocessosimulators.
A C" simulationframavork basedn the SystemCclassli-
brary integratesvarioushardware/softvaremodelsanden-
hancessimulation speedby employing functional macro-
cycle basedC™ processesnthehardwareside.

In an ATM switch designwe successfullyemployedthe
introducedmethodology Therebywe modeledthe hard-
waresideof the port-processowith SystemQprocesseby
abstractinghetime to the granularityof ATM cells. Onthe
software side, the ARM 7 microcontrollerwas employed.
The programmablerchitecturewas describedwith LISA
and a LISA simulatorwas generated.Due to early veri-
fication of the completesystemthe total systemdevelop-
ment time went down by a factor of four comparedto a
similar designrealizedbeforeusingtraditionalverification
techniques.

Our future work will focus on applying the proposed
techniqueto further SOCdesignsaswell asenablinghard-
waresynthesidrom LISA architecturedescriptionswhich

is mainlytargetingatthe generatiorof the control-path.Be-
sideswewill investigateheautomatiaerivationof stimuli
for both hardwareandsoftwarepartsfrom an SDL descrip-
tion to improve the coverageof our verificationmethodol-

ogy.
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