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Abstract—
The constantly growing complexity of embeddedsystemsis a

challengethat dri vesthe developmentof novel designautomation
techniques.C-basedsystem-level designaddressesthe complexity
challenge by raising the level of abstraction and integrating
the design processesfor the heterogeneoussystem components.
In this article, we present a comprehensive design framework,
the System-on-Chip Envir onment (SCE) which is based on the
in�uential SpecC language und methodology. SCE implements
a top-down system design �o w based on automatic model
re�nement with support for heterogeneous target platforms
consisting of custom hardware components,embeddedsoftware
processors,dedicated IP blocks, and complex communication
bus architectures. Starting fr om an abstract speci�cation of
the desired system, models at various levels of abstraction are
automatically generatedthr ough successive step-wisere�nement,
resulting in a pin- and cycle-accuratesystemimplementation. The
seamlessintegration of automatic model generation, estimation
and veri�cation tools enablesrapid designspaceexploration and
ef�cient MPSoC implementation. Using a large set of industrial-
strength examples with a wide range of target architectures,
our experimental results demonstrate the effectivenessof our
framework and show signi�cant productivity gainsin designtime.

Index Terms— Embedded Systems, System-Level Design,
SpecC,MPSoC.

I . INTRODUCTION

The rising complexity of embeddedsystemschallenges
the establisheddesigntechniquesand processes.Novel, non-
traditional designapproachesbecomenecessaryin order to
keepup with the increasingdemandsof higherproductivity.

A well-known technique to addressthe system design
challengeis system-level design which raises the level of
abstraction,exploits thereuseof intellectualproperty(IP), and
integratesthe traditionally separatedesign processesof the
heterogeneoussystemcomponents.By combiningthe design
�o ws of hardware units, software processors,third-party IPs
andthe interconnectingbus architectures,system-level design
emphasizesthe systemperspective of the overall designtask
and enablesdesignspaceexploration acrossdomains.How-
ever, successfulsystemdesign dependson ef�cient design
automationtechniquesand,in particular, effective tool support.

In thisarticle,wedescribetheSystem-on-ChipEnvironment
(SCE),a system-level designframework basedon the SpecC
languageandmethodology[1], [2]. SCErealizesa top-down
re�nement-basedsystemdesign�o w with supportof hetero-
geneoustarget platformsconsistingof customhardwarecom-

Fig. 1. System-on-ChipEnvironment(SCE)design�o w.

ponents,embeddedsoftware processors,dedicatedIP blocks,
andcomplex communicationbus architectures.

A. SCEOverview

Fig. 1 shows thedesign�o w with SCEin anoverview. Start-
ing with an abstractspeci�cation model in the systemdesign
phase,the designerautomaticallygeneratesTransactionLevel
Models (TLM) of the design, successively at lower levels
of abstraction.Basedon componentmodelsfrom the system
databaseanddesigndecisionsmadeby theuser, thegenerated
modelscarry an increasingamountof implementationdetail.

SCEfollows a specify-explore-re�ne methodology. The de-
sign processstartsfrom a model specifyingthe designfunc-
tionality (specify). At eachfollowing step, the designer�rst
exploresthe designspace(explore) and makes the necessary
design decisions.SCE then automatically generatesa new
model by integrating the decisionsinto the previous model
(re�ne).

After thesystemdesignphaseis complete,thehardwareand
softwarecomponentsin thesystemmodelareimplementedby
the hardware and software synthesisphases,respectively. As
a combinedresult, a pin- and cycle-accurateimplementation
model is generated.Also, binary images for the software
processors,aswell asregister-transferlevel (RTL) descriptions
in Verilog for the hardware blocks, are createdfor further
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(a) Speci�cation model

(b) Transaction-Level Model (TLM)

(c) Implementationmodel

Fig. 2. GenericSCEdesignmodels.

synthesisand manufacturingof the intendedMulti-Processor
System-on-Chip(MPSoC).

The threemain designmodelsusedin the SCEdesign�o w
areshown in moredetail in Fig. 2. Fig. 2(a) depictsa simple
genericspeci�cationmodel.Themodelconsistsof a hierarchy
of � ve behaviors andfour communicationchannelsdescribed
in SpecC.Exceptfor thesystemfunctionalitythismodelis free
of any implementationdetails [3]. During the systemdesign
phase,it will be mappedto a platform architecture(seeSec-
tion III-A ) andsingle-threadedprocessingelements(PEs)will
bescheduled(SectionIII-B ). Communicationelements(CEs),
suchasbusbridgesandtransducers,andsystembusseswill be
addedto the modelaswell (SectionIII-C andSectionIII-D ).

As a resultof eachof thesemodelre�nementsteps,a TLM
is generated,asshown in Fig. 2(b). Dependingon thenumber
of implementationdecisionstaken,theTLM accuratelyre�ects
the numberand type of PEsin the architecture,the mapping
of behaviors to the PEs,and the mappingof channelsto the
systembussesand CEs.Note that the communicationin this
model is still at the abstracttransactionlevel.

After hardware and software synthesis(seeSection III-E
and Section III-F, respectively), a cycle-accurateimplemen-
tation model is generated,as illustrated in Fig. 2(c). In this
model, embeddedsoftware is representedin detailedlayers,

including the real-time operating system (RTOS) and the
hardware abstractionlayer (HAL). Customhardware blocks,
on the other hand,are representedaccuratelyby RTL �nite
statemachine(FSM) models.Finally, systemcommunication
is also re�ned down to a pin- andcycle-accuratelevel.

B. RelatedWork

Traditionally, systemdesign is dominatedby simulation-
centric approacheswith horizontal integration of models at
speci�c levels of abstraction.Approachesrangefrom the co-
simulation of different low-level languages[4]–[6] to the
combinationof heterogeneousmodels of computationin a
common simulation environment [7]. In between,C-based
system-level designlanguages(SLDLs), suchasSystemC[8]
and Handel-C[9], emerged as vehiclesfor transaction-level
modeling (TLM) [10]. Most cases,however, are limited to
simulation only and lack vertical integration with synthesis
�o ws that provide a path to implementation.

The �rst attemptsat providing systemdesignenvironments
were approachesfor hardware/software co-design.Examples
of suchenvironmentsincludeCOSYMA [11], COSMOS[12],
and POLIS [13]. Theseapproaches,however, are basedon
architecturetemplatesconsistingof a single microcontroller
assistedby a custom hardware co-processor, and are thus
limited to narrow target architectures.

More recently, design environments emerged that pro-
vide supportfor more complex multi-processorsystems.The
OCAPI system [14], [15] is based on an object-oriented
modelingof designsusinga C++ classlibrary andfocuseson
recon�gurablehardware devices (FPGAs).Around the TLM
concept,several SystemC-basedapproachesexist that deal
with assembly, validationandto someextentautomaticgener-
ation of communication[16]–[18]. Metropolis [19], [20] is a
modelingandsimulationenvironmentbasedon the platform-
baseddesignparadigm.The key idea is to separatefunction,
architectureand model of computationinto separatemodels.
Although Metropolis allows co-simulation of heterogenous
PEsaswell asdifferentmodelsof computation,a re�nement
or veri�cation �o w betweendifferentabstractionlevelshasnot
emerged.Noneof theabove frameworksprovideacomprehen-
sive, automatedapproachfor the designof completeMPSoCs
from abstractspeci�cation down to �nal implementation.

SCEwasbuilt on experiencesobtainedfrom its predecessor,
SpecSyn[21]. While SpecSynwas basedon the SpecCharts
language,an extensionof VHDL, SCE is basedon SpecC,
which extendsANSI-C for hardwareandsystemmodeling.

With respectto our previous publications,this article is
the �rst comprehensive, cohesive, and completedescription
of the SCEtool framework [22], [23]. This work describesin
detailtheintegrationof toolsthatrealizesanef�cient top-down
systemdesign�o w, all the way from an abstractsystemspec-
i�cation down to a pin- and cycle-accurateimplementation.
We alsoreportthecombinedresultsof six designexperiments
thatdemonstratetheeffectivenessof theSCEframework using
real-world examples.Furthermore,thisarticledescribesfor the
�rst time the integration of veri�cation tools into the design
�o w andframework.
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Fig. 3. SCEsoftwarearchitecture.

I I . SCE ARCHITECTURE

SCE is basedon the separationof design tasks into two
distinct steps:decisionmaking and model re�nement.Model
re�nement takesdesigndecisionsandgeneratesa new model
of the designre�ecting and implementingthe decisions[2].

In SCE,model re�nement is automated.Decisions,on the
other hand, can be enteredmanually or through a tool box
of automatedsynthesisalgorithms.Together, SCEsupportsan
interactive and automatedsystemdesignprocess.Automatic
model generationremoves the need for error-prone and te-
diousmodelrewriting. Instead,designerscanfocuson design
explorationanddecisionmaking.

Fig. 3 shows the generic software architecturefor each
task in the SCE design and re�nement �o w. In each step,
designdecisionscanbeenteredby theuserthroughagraphical
user interface(GUI), via a command-linescripting and shell
interface, or with the help of automatedsynthesisplugins
implementing optimizing algorithms. Based on the design
decisions,a re�nementprocessgeneratesa new designmodel
from the input model automatically. SCE includes a set
of databaseswith models of available systemcomponents.
Databasecomponentsareselectedaspart of decisionmaking
and componentmodelsare imported into the designduring
re�nement. Furthermore,pro�ling and estimationtools per-
form analysisof designmodelsin order to provide feedback
aboutdesignquality metricsto the designerand/orsynthesis
plugins.Finally, veri�cation tools supportformal equivalence
checksbetweeninput andoutputmodelsin eachstep.

Overall, the SCEframework is formedby the combination
of point tools. These tools exchange information through
commandline interfacesand designmodels.In general,all
tools operateon a given design model. Design decisions,
pro�ling dataandmeta-informationaboutthedesignarestored
as annotationsattachedto the correspondingobjects in the
designanddatabasemodels.All modelsanddatabasesin SCE
are describedand capturedin the form of SpecC Internal
Representation(SIR) �les [24]. Using the SpecCcompiler
(scc ), SCEmodelsanddatabasescanbe importedfrom and
exportedinto source�les in standardSpecClanguageformat
at any time.

A. Graphical User Interface

The main interface betweenthe designerand the tools
is the sce GUI shown in Fig. 4 [22]. The GUI provides
various displays and dialogs for browsing of design mod-
els and databases,interactive decision entry, and graphical
analysisof pro�ling and estimationresults.Furthermore,it
includesmenusand tool barsto trigger simulation,pro�ling,
re�nement,synthesisandveri�cation actions.For eachaction,
speci�c command-linetoolsarecalledandexecutedasneeded
wheretheGUI suppliesthenecessaryparameters,capturesthe
outputandhandles(normalor abnormal)results.

In eachsession,multiple candidatedesignsandmodelscan
be explored and generated.Information aboutdesignmodels
andtheir relationships,includingproject-speci�ccompilerand
simulator parameters,are tracked by the GUI and can be
stored in project �les in a custom XML format, allowing
for persistentstorage,documentationand exchangeof meta-
informationaboutthe explorationprocess.

B. Simulationand Pro�ling

All designmodelsin theSCE�o w areexecutablefor valida-
tion throughsimulation.Using the SpecCcompilerandsimu-
lator (scc ), modelscanbecompiledandexecutedat any time.
SCE also includes pro�ling tools to obtain feedbackabout
designquality metrics.Basedon a combinationof static and
dynamicanalysis,a retargetablepro�ler (scprof ) provides
a variety of metricsacrossvariouslevels of abstraction[25].
Initial dynamicpro�ling derivesdesigncharacteristicsthrough
simulation of the input model. The tool then combinesthe
obtainedpro�les with target PE, CE and bus characteristics.
Thus, SCE pro�ling is retargetablefor static estimationof
completesystemdesignsin linear time without the needfor
time consumingre-simulationor re-pro�ling.

The pro�ling resultscan also be back-annotatedinto the
output model through re�nement. By simulating the re�ned
model, accuractefeedbackabout implementationeffects can
thenbe obtainedbeforeenteringthe next designstage.

Since the systemis only simulatedonce during the ex-
ploration process,the approachis fast yet accurateenough
to make high-level decisions,since both static and dynamic
effectsarecaptured.Furthermore,the pro�ler supportsmulti-
level, multi-metric estimation by providing relevant design
quality metricsfor eachstageof thedesignprocess.Therefore,
pro�ling guides the user in the designprocessand enables
rapid andearly designspaceexploration.

C. Databases

In theSCEdesign�o w, thesystemis graduallyre�ned using
systemcomponentsfrom a set of databases[26]. Speci�-
cally, SCE includesdatabasesfor processingelements(PEs),
communicationelements(CEs),operatingsystemmodels,bus
or other communicationprotocols,RTL units and software
components. The databasecomponentsare describedas
SpecCobjects(behaviors or channels).The SpecChierarchy
for a componentobjectin thedatabasede�nes its structureand
functionality for simulationand synthesis.In addition,meta-
data,suchasattributes,parametersandgeneralinformation,is
storedin the form of annotationsattachedto the components.
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Fig. 4. SCEgraphicaluserinterface(GUI).

D. Model Generation and Re�nement

At thecore,SCEusesasetof re�nementtoolsfor automatic
model generation.Basedon the decisionsannotatedinto the
input designmodel (through the GUI, scripting or synthesis
plugins),eachre�nement tool automaticallygeneratesa new
outputdesignmodel.

SCE includesre�nement tools for architecturere�nement
(scar ), OS re�nement (scos ), network re�nement (scnr ),
communicationre�nement (sccr ), and hardware (scrtl )
andsoftware(sc2c ) synthesis(seedetailsin SectionIII ).

In general,modelre�nement in SCEis basedon a layering
of functionality. With eachre�nementstep,a new implemen-
tationlayer is insertedinto themodel,usuallyasanextra level
of hierarchy. Eachnew level addsfunctionality in the form of
additionaldesignobjects.Keepingimplementationfunctional-
ity organizedas a stackof layersincreasesobservability and
transparency in the model. Note that later levels still can be
mergedor combinedfor optimizationacrosslayers.

E. Veri�cation

SCEalso integratesa formal veri�cation tool scver . Our
equivalenceveri�cation technologyis basedon ModelAlgebra
[27], which is a formalism for symbolic representationand
transformationof systemlevel models.The formalism itself
consistsof a setof objectsandcompositionrules.Theobjects
are behaviors, synchronizationchannels,variablesand ports.
The compositionrules for control �o w, blocking and non-
blocking communication,and hierarchy allow creation of
formal models.Functionalitypreservingtransformationrules

arealsode�ned on modelalgebraicexpressions.Eachof these
transformationrulesareproven soundwith respectto a trace-
basednotion of functionalequivalence.

The incorporationof Model Algebra basedveri�cation in
SCE follows the re�nement �o w. Well-formed models in
SpecCcan easily be translatedto respective model algebraic
expressions.Once the original and re�ned modelsare con-
verted,scver appliesthe transformationrules to derive the
original model from the re�ned model.The derived model is
equivalent to the re�ned modelby virtue of the soundnessof
the transformationrules. The derived model is then checked
for isomorphismagainst the original model and the differ-
ences,if any, are reported.It must be notedthat the number
andorderof transformationrulesusedfor themodelderivation
stepdependon the type of re�nement.Sincethe key concept
in SCE is the well-de�ned semanticsof modelsat different
abstractionlevels, the order of transformationrules can be
easilyestablished.Therefore,equivalenceveri�cation becomes
not only tractable,but straightforward.

F. Scripting Interface

SCE supportsscripting of the completeenvironment from
the commandline without the needfor the GUI. For script-
ing purposes,a GUI-less commandshell, scsh , of SCE is
available. scsh is basedon the samelibraries as the SCE
GUI (not includingtheGUI layer itself), andoffers interactive
command-promptbasedor automaticscript basedexecution.

The SCEshell is basedon an embeddedPythoninterpreter
that is extendedwith anAPI for low-level accessto SCEcore
functionalityandinternals.For user-level scripting,a complete
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Fig. 5. Re�nement-basedtool �o w in SCE.

set of high-level tools on top of the SCE shell are avail-
able.Providedscriptsincludecommand-lineutilities for com-
ponent allocation (sce allocate ), mapping/partitioning
(sce map), scheduling(sce schedule ), connectivity def-
inition (sce connect ), componentimport (sce import ),
andprojecthandling(sce project ). Thesescriptsprovide
a convenient command-lineinterface for all SCE high-level
functionality anddecisionentry. Togetherwith command-line
interfaces to re�nement tools and to the SpecC compiler,
a completescripting of the SCE design �o w, through shell
scriptsor via Make�les, is available.

I I I . SCE DESIGN FLOW

Fig. 5 shows there�nement-basedtool �o w in SCEfrom the
initial abstractspeci�cation down to the �nal implementation
model.In particular, theSCE�o w consistsof six speci�c tools
which we will describein the following sections.

A. Architecture Exploration

The �rst step in the SCE design�o w, architectureexplo-
ration, de�nes the target platform and,undera set of design
constraints,mapsthe computationalpartsof the speci�cation
modelonto thatplatform.The targetarchitectureconsistsof a
set of PEs,i.e. software processors,customhardware blocks
andmemories.

Given the speci�cation model as input, architectureexplo-
rationconsistsof two tasks,PEallocationandpartitioning.PE

allocationde�nes the target architectureby selectingsystem
components(software and hardware processors,memories)
from the PE database.Partitioning then mapsbehaviors and
variables to the allocated PEs and memories,respectively.
Furthermore,complex channels(e.g.queuesandsemaphores)
are mappedto speci�c PEs for implementationin a client-
server, remoteprocedurecall (RPC) fashion.

Following the designdecisionsof PE allocationand parti-
tioning, the SCE architecturere�nement tool scar then au-
tomaticallygeneratesthe outputarchitecturemodelwherethe
systemcomponentscommunicatethroughoptimizedabstract
message-passingchannels[28].

B. SchedulingExploration

A key featurein theSCEdesign�o w is theearlyevaluation
of different schedulingstrategies for softwareprocessorsthat
are sequentialand physically can only execute one task at
a time. To evaluatedifferent static and dynamic scheduling
algorithms,suchas round-robinor priority-basedscheduling,
we utilize a high level RTOS modelon eachprocessorin the
system[29]. Our abstractRTOS model is written on top of
theSpecClanguageanddoesnot requireany speci�c language
extensions.It supportsall the key conceptsfound in modern
RTOS, including taskmanagement,real-timescheduling,pre-
emption,tasksynchronization,and interrupthandling.

The SCE schedulingre�nement tool scos automatically
inserts the RTOS model with the user-de�ned scheduling
strategy into the designmodel. The re�ned model can then
be simulatedfor accurateobservation of dynamicscheduling
behavior in themulti-taskingsystem.Sinceour abstractRTOS
modelrequiresonly minimal overheadin simulationtime, this
approachenablesearly andrapid designspaceexploration.

C. NetworkExploration

Network exploration de�nes the system communication
topology and mapsthe given communicationchannelsonto
a network of bussesand communicationelements(CEs), i.e.
bridgesand transducers.For this, network re�nement inserts
the required CEs from the databaseinto the model and
implementstheend-to-endcommunicationover point-to-point
links betweenPEsandCEs[30].

In the input architecturemodel, PEscommunicatevia ab-
stract,typedend-to-endchannelsandmemoryinterfaces.Dur-
ing network exploration, communicationmedia and bridges
and transducersare allocated for the system busses and
communicationelements(CEs),respectively. Furthermore,the
connectivity of PE and CE ports to the bussesis de�ned.
Finally, architecture-level end-to-endchannelsare mapped
onto the allocatedbus network.

Basedon the network decisions,the SCE network re�ne-
menttool scnr generatesthenew network modelsuchthat it
re�ects the selectednetwork topology. scnr alsoimplements
thetop layersof thecommunicationprotocolstacksin eachPE
andCE in orderto realizetypedend-to-endarchitecturelevel
communicationover untyped point-to-point links between
componentsin eachnetwork segment.
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D. CommunicationSynthesis

Next, the taskof communicationsynthesisis to implement
thepoint-to-pointlogical links betweenstationsover theactual
bus media, and to select and de�ne the �nal pin- and bit-
accurateparametersof the communicationarchitectureunder
a set of constraints.Communicationre�nement then inserts
protocolsandbus-functionalcomponentdescriptionsfrom the
busandPE/CEdatabases,respectively, andgeneratesa re�ned
communicationmodel that implements the communication
links in each network segment over the actual, sharedbus
protocolandbus wires. In additionto this pin-accuratemodel
(PAM), our communicationre�nement also generatesa fast-
simulatingTLM of the system,which abstractsaway the pin-
level detailsof individual bus transactions[30].

In theinputnetwork model,communicationin eachnetwork
segmentis describedasa setof logical links. During commu-
nicationsynthesis,thedesigner(throughtheGUI, scriptingor
using synthesisplugins) de�nes the bus parameterssuch as
addressand interrupt assignmentsfor eachlogical link over
eachbus. Basedon thesedecisions,the SCE communication
re�nementtool sccr insertslow-level (transaction-level down
to pin-accurate)modelsof bussesand componentsfrom the
databases,andgeneratesanew communicationmodel(PAM or
TLM) of the design.In the outputmodel,PE andCE compo-
nentsarere�ned to implementthelowercommunicationlayers
for synchronization,addressingandmediaaccessesover each
businterface.On top of busmodelsfrom thebusdatabase,the
modelshenceimplementall systemcommunicationdown to
the level of timing-accuratebus transactions(TLM) or cycle-
accurateeventsfor sampling/driving of bus wires (PAM).

E. RTL Synthesis

The task of RTL synthesisis to generatestructuralRTL
from the behavioral descriptionof the hardware components
in the design.The SCE RTL synthesistool scrtl supports
automaticdecisionmakingthroughplugins.The designercan
choosean algorithm to apply to all or only parts of their
design.Critical parts of the design,on the other hand, can
be manuallypre-assignedor post-optimized[31].

Both designersandalgorithmscanrely on a setof estimates
to aid them in the decision making. SCE includes RTL-
speci�c pro�ling and analysis tools that provide feedback
abouta varietyof metricsincludingdelay, power, andvariable
lifetimes.

RTL synthesisin SCEtakesfull advantageof thedesigners'
insight by allowing them to enter, modify or override their
decisionsat will. On the other hand,tediousand error-prone
tasksincluding codegenerationareautomated.

F. Software Synthesis

For implementingthe software componentsin the system
model, SCE relies on a layer-basedmodeling of the pro-
grammableprocessorsand the software stack executing on
them.Ourembeddedprocessormodelsupportstaskscheduling
and interrupthandling[32].

Basedon the layeredmodeling,theSCEsoftwaresynthesis
tool sc2c automaticallygeneratesembeddedsoftware code

for eachprocessorfrom the systemmodel[33]. More speci�-
cally, we generateef�cient ANSI-C codefrom theSLDL code
of themappedapplication,andcompileandlink it againstthe
selectedRTOS.Theresultingsoftwarebinarycanthenbeused
for cycle-accurateinstruction-setsimulationwithin thesystem
model,aswell as for the �nal implementation.

IV. EXPERIMENTS AND RESULTS

We have appliedSCE to a large set of industrial-strength
examples.In the following, we will �rst demonstratethe SCE
design �o w in detail as applied to a casestudy. Next, we
summarizeour experienceswith differentexamplesandshow
explorationresults.Finally, wewill presentasetof veri�cation
experiments.

A. ModelingExperiment

In order to demonstratethe overall SCE design �o w, we
have applied the �o w to the example of a mobile phone
basebandplatform[34]. Thespeci�cationmodelof thesystem
is shown in Fig. 6. The design combinesa JPEG encoder
for processingof digital pictures taken by a cameraand a
voice encoder/decoder(vocoder)for speechprocessingbased
on the mobile phoneGSM standard.Both JPEGandVocoder
processesarehierarchicallycomposedof subbehaviors imple-
mentingthe encodinganddecodingalgorithmsin nestedand
pipelinedloopsandcommunicatingthroughabstractmessage-
passingchannels.At the top level, a channelCtrl betweenthe
two processesis usedto sendcontrolmessagesfrom theJPEG
encoderto the vocoder.

In thescheduledmodelobtainedafterarchitecturepartition-
ing1 andscheduling(Fig. 7), a ColdFire processoris running
the JPEG encoder in software assistedby a hardware IP
componentfor DCT (DCT IP). Undercontrolof theprocessor,
a DMA componentreceivespixel stripesfrom the cameraand
puts them in the sharedmemory Mem. A DSP is running
concurrentspeechencodinganddecodingtasks.Tasksaredy-
namicallyscheduledunderthe control of an operatingsystem
model [29] that sits in an additionalOS layer DSPOSof the
DSP. Note that on the ColdFire side,no operatingsystemis
neededand the OS layer CF OS is empty. The encoderon
the DSP is assistedby a customhardwarecoprocessor(HW)
for the codebooksearch.Furthermore,four customhardware
I/O processorsperformbuffering and framing of the vocoder
speechandbit streams.

Table I summarizesthe designdecisionsmadefor imple-
menting the communicationchannelsin the example. As a
result of the network exploration, the network is partitioned
into onesegmentpersubsystemwith a transducerTx connect-
ing thetwo segments(Fig. 8). Individual point-to-pointlogical
links connecteachpair of stationsin the resulting network
model. Application channelsare routed statically over these
links wherethe Ctrl channelspanningthe two subsystemsis
routedover two links via the intermediatetransducer.

During communicationsynthesis,all links within eachsub-
system are implementedover a single sharedmedium. In

1For spacereasons,we omit the unscheduledarchitecturemodelhere.
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Fig. 10. Basebandexample:pin-accuratemodel (PAM).

TABLE II

MODELING AND SIMULATION RESULTS FOR BASEBAND EXAMPLE.

ColdFiresubsystem DSPsubsystem System

LOC Simul. JPEG LOC Simul. Vocoder LOC Simul.
Model time delay time delay time

Speci�cation 1,819 0.02 s 0.00 ms 9,736 1.31 s 0.00 ms 11,481 2.25 s
Architecture 2,779 0.03 s 9.66 ms 11,121 1.21 s 8.39 ms 13,866 2.56 s
Scheduled 3,098 0.02 s 22.63ms 13,981 1.20 s 12.02ms 17,020 2.00 s
Network 3,419 0.02 s 22.63ms 14,319 1.22 s 12.02ms 17,658 2.03 s
TLM 5,765 1.04 s 24.03ms 15,668 27.4 s 13.00ms 21,446 92.3 s
PAM 5,916 14.3 s 24.02ms 15,746 34.8 s 13.00ms 21,711 2,349s
RTL-C 7,991 14.9 s 23.48ms 23,661 147 s 12.88ms 33,511 2,590s
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TABLE I

COMMUNICATION DESIGN PARAMETERS FOR BASEBAND EXAMPLE.

Network Link
Channel Routing Addr. Intr. Medium

imgParm linkDMA 0x00010000 int7

cfBus
stripe[] Mem 0x0010xxxx -
hData linkDCT 0x00010010 int1dData

Ctrl linkTx1 0x00010020 int2
linkTx2 0xB000 intA

dspBus

inframe linkSI 0x800x intBoutparm linkBO 0x950x
indata linkHW 0xA000 intDoutdata
inparm linkBI 0x850x intCoutframe linkSO 0x900x

both cases,the native ColdFire and DSP processorbusses
are selectedas communicationmedia.Within the segments,
unique bus addressesand interrupts for synchronizationare
assignedto each link. On the ColdFire side, the memory
is assigneda range of addresseswith a baseaddressplus
offsets for each stored variable. On the DSP side, two of
the four available interruptsare sharedamongthe four I/O
processors.In thosecases,additionalbus addressesfor slave
polling are assignedto each link (baseaddressplus one).
Finally, a bridge DCT Br is insertedto translatebetweenthe
DCT IP andColdFirebus protocols.

As a result, SCE communicationsynthesisgeneratestwo
models,a fast-simulatingTLM (Fig. 9), and a pin-accurate
model (PAM, Fig. 10) for further implementation.In the
TLM, link, stream,and media accesslayers are instantiated
inside the OS andhardware layersof eachstation.Inside the
processors,interrupthandlersthatcommunicatewith link layer
adaptersthrough semaphoresare created.Interrupt service
routines(ISR) togetherwith modelsof programmableinterrupt
controllers(PIC) modeltheprocessor's interruptbehavior and
invoke the correspondinghandlerswhentriggered.

In thePAM, additionallythecommunicationprotocollayers
areinstantiated.Componentsareconnectedvia pinsandwires
drivenby theprotocollayeradapters.On theColdFireside,an
additionalarbiter componentregulatesbus accessesbetween
the two masters,DMA BF andCF BF.

Table II summarizesthe results for the example design.
Usingthere�nementtools,modelsof theexampledesignwere
automaticallygeneratedwithin seconds.A testbenchcommon
to all models was createdwhich exercises the design by
simultaneouslyencodingand decoding163 framesof speech
on the vocoderside while performingJPEGencodingof 30
pictures with 116x96 pixels. We createdand re�ned both
modelsof the whole systemand modelsof eachsubsystem
separately. Note that code sizes (Lines of Code, LOC) in
each case include the testbenches.Since testbenchcode is
shared,the size of the systemmodel is less than the sum
of the subsystemmodel sizes.All modelsweresimulatedon
a 2.7 GHz Linux workstationusingthe QuickThreadsversion
of the SpecCsimulator.

Fig. 11 plots simulation times on a logarithmic scale,
i.e. the graph shows that simulation times generally grow
exponentially with eachnew model at the next lower level
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of abstraction.On the otherhand,resultsof simulatedoverall
frametranscoding(back-to-backencodinganddecoding)and
picture encodingdelays in the vocoder and JPEG encoder,
respectively, areshown in Fig. 12. As canbe seen,with each
new model, measureddelays linearly converge towards the
�nal result.

Notethat initial speci�cationmodelsareuntimedandhence
do not provide any delay measurementsat all. Beginning
with the architecturelevel, estimatedexecution delays are
back-annotatedinto the computation blocks. As expected,
schedulinghas a large effect on simulation accuracy where
abstractOS modelingenablesevaluationof schedulingdeci-
sionsat native simulationspeeds2. Dependingon the relation
of communicationversuscomputation,introducingbusmodels
and communicationdelays at the transaction-level further
increasesaccuracy, potentially at the cost of signi�cantly
longer simulationtimes.On the other hand,TLMs allow for
accuratemodeling of communicationclose or equivalent to
pin-accuratemodelsbut at higherspeed.

Our resultsshow thatwith increasingimplementationdetail
at lower levels of abstraction,accuracy (as measuredby the
simulateddelays) improves linearly while model complexi-
ties (as measuredby codesizesand simulation times) grow
exponentially. All in all, our results support the choice of
intermediatemodels in the design �o w that allow for fast
validation of critical design aspectsat early stagesof the
designprocess.

2Note that sincethe amountof simulatedparallelismdecreases,simulation
is potentiallyeven fasterthanat the speci�cation level
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TABLE III

DESIGN EXAMPLES AND TARGET ARCHITECTURES.

Examples Buses
(Masters! Slaves)

JPEG A1 CF ! HW

Vocoder
A1 DSP! HW
A2 DSP! HW1,HW2
A3 DSP! HW1,HW2,HW3

MP3�oat

A1 CF ! HW1

A2
CF ! HW1,HW2,HW3
HW1 $ HW3
HW2 $ HW3

A3
CF ! HW1,HW2,HW3,HW4
HW1 $ HW3 $ HW5
HW2 $ HW4 $ HW5

MP3�x

A1 ARM ! 2 I/O
A2 ARM ! 2 I/O, LDCT, RDCT

A3
ARM ! 2 I/O, LDCT, RDCT
LDCT $ I/O
RDCT $ I/O

Baseband A1
DSP! HW, 4 I/O, T
CF,DMA ! Mem,BR,T,DMA
BR ! DCT IP

Cellphone A1
ARM ! 4 I/O, 2 DCT, T
LDCT,RDCT ! I/O
DSP! HW, 4 I/O, T

B. Exploration Experiments

In order to demonstrateour approachin terms of design
spaceexploration for a wide variety of designs,we applied
SCE to the designof six industrial-strengthexamples:stand-
alone versionsof the JPEG encoder(JPEG) and the GSM
voice codec (Vocoder), �oating- and �x ed-point versions
of an MP3 decoder(MP3�oat and MP3�x), the previously
introducedbasebandexample (Baseband), and a Cellphone
examplecombiningthe JPEGencoder, the MP3 decoderand
the GSM vocoderin a platform mimicking the one usedin
the RAZR cellphone.For eachexample,we generateddiffer-
ent architecturesusingMotorola DSP56600(DSP), Motorola
ColdFire (CF) and ARM7TDMI (ARM) processorstogether
with customhardwarecoprocessors(HW, DCT) andI/O units.
We usedvariouscommunicationarchitectureswith DSP, CF,
ARM (AMBA AHB) andsimplehandshake busses.

Table III summarizesthe featuresand parametersof the
different designexampleswe tested.For eachexample, the
targetarchitecturesarespeci�edasa list of mastersplusslaves
for eachbus in the systemwhere the bus type is implicitly
determinedto betheprotocolof theprimarymasteron thebus.
For example,in thecaseof theMP3�oat design,theColdFire
processorcommunicateswith dedicatedhardwareunitsover its
CF bus whereasthe HW units communicatewith eachother
through separatehandshake busses.For simplicity, routing,
addressand interrupt assignmentdecisionsare not shown in
this table.

Table IV shows the results of exploration of the design
spacefor the different examples.Overall model complexities
aregiven in termsof codesizeusing lines of code(LOC) as
a metric. Resultsshow signi�cant differencesin complexity
between input and generatedoutput models due to extra
implementationdetail addedbetweenabstractionlevels.

Note that manual re�nement would require tremendous
effort (in the order of days). Automatic re�nement, on the

other hand, completesin the order of seconds.Our results
therefore show that a signi�cant productivity gain can be
achieved usingSCEwith automaticmodel re�nement.

C. Veri�cation Experiments

We implementedtheSCEequivalenceveri�cation tool scver
to verify there�nementsabove network level. Sincethelowest
abstractionlevel of communicationin Model Algebra is the
channel,modelsbelow network level in the SCE �o w could
not be directly translatedinto modelalgebraicrepresentation.

The resultsfor veri�cation of architecture,schedulingand
network re�nementsare presentedin Table V. We usedtwo
benchmarks,namelytheJPEGencoderandVocoderasshown
in column 1. The model algebraicrepresentationwas stored
in a graph data structure,with nodesbeing the objectsand
edgesbeing the compositionrules.Column5 shows the total
transformationsappliedto derive Model 1 from Model 2 using
the transformationrules of Model Algebra. As we can see,
sincetheorderof transformationis decided,it only took a few
secondsto apply themeven for representationswith hundreds
of nodesand edges.The veri�cation time also includesthe
time it took to parsethe SpecCmodelsinto model algebraic
representationandto performisomorphismcheckingbetween
the derived andoriginal modelgraphs.

The resultsdemonstratethat the SCE tool �o w basedon
well-de�ned model abstractionsand semanticsenablesfast
equivalenceveri�cation.

V. SUMMARY AND CONCLUSION

In this work, we have presentedSCE, a comprehensive
systemdesignframework basedon the SpecClanguage.SCE
supportsa wide rangeof heterogeneoustarget platformscon-
sisting of customhardware components,embeddedsoftware
processors,dedicatedIP blocks,andcomplex communication
bus architectures.

The SCE design �o w is basedon a seriesof automated
model re�nement stepswherethe systemdesignermakes the
decisionsandSCEquickly providesestimationfeedback,gen-
eratesnew modelsautomatically, and validatesthem through
simulation and formal veri�cation. The effective designau-
tomation tools integrated in SCE allow rapid and extensive
designspaceexploration.The fastexplorationcapabilities,in
turn, enablethe designerto optimize the systemarchitecture,
the schedulingpolicies, the communicationnetwork, and the
hardwareandsoftwarecomponents,so that an optimal imple-
mentationis reachedquickly.

We have demonstratedthe bene�ts of SCE by use of
six industrial-sizeexampleswith varying target architectures,
which have beendesignedand veri�ed top-to-bottom.Com-
paredto manualcodingandmodel re�nement,SCEachieves
productivity gainsby ordersof magnitude.

SCE has been sucessfully transferredto and applied in
industrial settings.SER,a commercialderivative of SCE has
beendevelopedand integrated into ELEGANT, an environ-
ment for electronicsystem-level (ESL) designof spaceand
satellite electronicsthat was commissionedby the Japanese
AerospaceExplorationAgency (JAXA). ELEGANT andSER
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TABLE IV

RESULTS FOR EXPLORATION EXPERIMENTS.

Examples Model Size(LOC) Re�nementTime
Spec Arch Sched Net PAM scar scos scnr sccr Total

JPEG A1 1806 2409 2732 2780 4642 0.27 s 0.37 s 0.16 s 0.21 s 1.01 s

Vocoder
A1

7385
8449 9594 9775 10679 2.29 s 1.30 s 0.62 s 0.56 s 4.77 s

A2 8508 9632 9913 10989 2.41 s 1.36 s 0.75 s 0.69 s 5.21 s
A3 8535 9659 9949 11041 2.64 s 1.69 s 0.79 s 0.64 s 5.76 s

MP3�oat
A1

6900
6963 28190 28204 29807 0.82 s 3.24 s 0.90 s 0.90 s 5.86 s

A2 7181 28275 28633 31172 0.93 s 2.66 s 1.11 s 1.48 s 6.18 s
A3 11069 28736 30202 32795 4.66 s 4.05 s 7.10 s 1.88 s 17.69s

MP3�x
A1

13363
13724 17131 17270 21593 0.95 s 1.37 s 0.58 s 0.95 s 3.85 s

A2 16040 18300 18564 23228 3.28 s 1.68 s 0.85 s 1.20 s 7.01 s
A3 16023 18748 19079 24471 2.72 s 1.76 s 1.97 s 0.95 s 7.40 s

Baseband A1 11481 13866 17020 17658 21711 4.27 s 2.46 s 1.24 s 1.02 s 8.99 s
Cellphone A1 16441 18653 21936 22570 30072 3.86 s 3.10 s 1.31 s 1.22 s 9.49 s

TABLE V

RESULTS FOR EQUIVALENCE VERIFICATION.

Examples Re�nement Model 1 Model 2 #Transformations Veri�cation Time
Type #nodes #edges Type #nodes #edges

JPEG
Architecture spec. 148 219 arch. 180 257 1602 1.6 sec.
Scheduling arch. 180 257 sched. 180 287 2740 2.1 sec.
Network sched. 180 287 net. 201 253 2852 2.1 sec

Vocoder
Architecture spec. 436 761 arch. 528 882 6131 3.3 sec.
Scheduling arch. 528 882 sched. 528 881 7065 3.7 sec.
Network sched. 528 881 net. 569 933 7229 3.8 sec

have beensuccesfullydeliveredto JAXA's suppliersand are
currentlybeing introducedinto the generalmarket [35].
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