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Abstract— With designcomplexitiesincreasingdaily, the multi-
core community is entertaining the idea of increasing the level
of abstraction to transaction-level modeling (TLM) and design.
However, the proper de�nition, style or semantics of TLM is
not clear. Nor is it clear how to synthesizeor verify TLMs. In
this paper, we will intr oduce several TLM models and de�ne
their semantics.This formalism will allow us to de�ne design
decisionsand correspondingmodel transformations that can be
usedto transform onemodel into another. Thesetransformations
and re�nements are the enabler for automatic synthesis and
veri�cation on TLM. We will also discuss the algorithms and
�o w for model transformation according to the OSI network
layers and show how to build tools with inputs and outputs
at transaction level. We will conclude with preliminary tools
and results that promise a productivity gain of several orders
of magnitude.

I . INTRODUCTION

The complexity of embeddeddesignshas reacheda level
beyond what humansystemdesignerscanproducewith tradi-
tional approachesand EDA tools. Our approachsummarized
in this paperincorporatesmore than 15 yearsof researchin
systemsynthesisto provide a solution that will reduceboth
time andeffort neededin the systemdesignprocess.Given a
systemspeci�cation of the applicationdescribedgraphically
in form of hierarchicallycomposedC code togetherwith a
platform target architecturedescription,our approachallows
to automaticallygeneratetransaction-level models(TLM) [1]
for simulation,analysisandveri�cation, aswell asa pin- and
cycle-accuratemodel (P/CAM) for implementation.

I I . TLM ABSTRACTION LEVELS

Thestandardproductdesignstartswith anapplicationcode
for which designersenvision a multi-core platform architec-
ture. This application code is then partitioned and mapped
to componentsin the platform, thus leading to a system
speci�cation.Eachcomponentin thearchitecturemustfurther
bere�ned to a pin- andcycle-accuratelevel for synthesiswith
standardEDA tools. Similarily, the applicationcodemust be

re�ned to allow communicationthrough the network on the
platform.

In order to automatethis re�nement, we need to de�ne
properabstractionlevels, designdecisionsat eachlevel, and
necessaryre�nementstepsfor eachsystemmodel,in orderto
generatea new modelcorrespondingto thosedesigndecisions.

In general,threemodelsarenecessary,

(a) thesystemspeci�cation,writtenby applicationdesigners
(b) TLM, to validatethesystemspeci�cationon theselected

platform, and
(c) P/CAM, generatedby system designersfor input to

standardEDA tools.

Pin Accurate, Cycle Accurate Model

Transaction Level Model

Specification Model

Application

Presentation

Session

Transport

Network

Link + Stream 

Media Access

Protocol

Physical

Application

Presentation

Session

Transport

Network

Link + Stream 

Media Access

Protocol

Physical

Address Lines

Data lines

Control Lines

TLM 

Spec 

P/CAM

Fig. 1: Model abstractionandcommunicationlayers.

Figure1 illustratestheabstractionlevelsof themodelsin the
design�o w with respectto OSI layers[2]. Theinput speci�ca-
tion modelis a untimed,hierarchical,functionaldescriptionof
thesystem,usingabstractcommunicationchannels.Thetimed
intermediateTLM is partitionedinto the system's processing
elements,communicatingover fastand timing-accurateTLM
channels.The �nal implementationmodel is pin- and cycle-
accurateandfeedsdirectly into standarddesigntools at lower
levels.



I I I . DESIGN FLOW

The design �o w to the correspondingabstractionlevels
allows an applicationdesignerto capturethe systemspeci-
�cation at a higherabstractionlevel. The speci�cation is then
validatedand evaluatedto determineits necessaryspeci�cs
andrequiredpropertiesusinga transaction-level model(TLM).

The application engineer can then change the platform
componentsand connectionsor the application code until
satisfactory resultsare obtained.Once the platform and the
code satisfy the given requirements,the system designer
generatespin- andcycle-accuratecode.

The TLM and P/CAM modelscan be generatedautomati-
cally usinga decision-basedre�nement methodology. Sucha
methodologyassociateswith eachdesigndecisionor design
changea correspondingmodelre�nementor change,resulting
in a model transformationthat producesa new model that
re�ects the selecteddesigndecisions.
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Fig. 2: Embeddedsystemdesign�o w.

Figure 2 shows an overview aboutthe overall design�o w
and the system design environment supporting it. Such a
design�o w startswith the captureof the application model,
a purely behavioral descriptionof the systemfunctionality.
Independently, the system platform architecture is de�ned
as a systemnetlist of major systemcomponents,including
processors,dedicatedhardware accelerators,memoriesand
IPs,interconnectedby systembusses,bridges,andtransducers.
Together, the applicationmodeland the platform architecture
form the systemspeci�cation as input to the designenviron-
ment.

The systemspeci�cation can be seenas a combinationof
the application model and platform architecture,integrated
with additionalinformationtaken from thesystemcomponent
database.From the system speci�cation, model generation
tools automaticallygeneratetransaction-level models(TLMs)
towards validation and exploration, while system synthesis
tools generatea pin- and cycle-accuratemodel (P/CAM)
that serves as input to standardEDA tools for the system
implementation.

A. Applicationmodel

The input application model is a purely functional, exe-
cutablespeci�cation of the intendeddesign.It consistsof a
hierarchy of sequentialor concurrentfunctional blocks that
communicateby use of abstractchannelsre�ecting various
typesof message-passingcommunicationsemantics.In other
words, the model is a hierarchical composition of blocks
de�ned asANSI C code.

To enable true design spaceexploration, the application
model doesnot contain any implementationdetails. In par-
ticular, the model is architecture-less,that is, it is void of any
structuralinformation.

To allow functional validation, the applicationmodel also
containsstimulusandmonitorbehaviors thatbuild a testbench
for the designmodel.
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Fig. 3: Application modelexample.

Figure3 shows an exampleof a simpleapplicationmodel.
Four concurrentfunctional blocks B1 throughB4 communi-
catevia sharedvariables(v1 ) and abstractchannelsC1 and
C2.

B. Platform architecture

As outlined above, the platform architectureis the second
input to our design �o w. The platform model describesa
system netlist of the major components,such as software
processors,dedicatedhardware blocks, memoriesand intel-
lectual property (IP) components.Following a generalblock



diagramparadigm,the systemcomponentsareinterconnected
by systembusseswhich in turn can be connectedby bus
bridgesand transducers.
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Fig. 4: Platformarchitectureexample.

Figure 4 shows a platform architecturesuitable for the
example shown in Figure 3. This simple example system
consists of a general-purposeprocessorCPU, a hardware
accelleratorHW, a sharedmemoryMem, anda third-partyblock
IP . Thefour componentsareconnectedby themainprocessor
bus anda bridge to the IP bus.

C. Systemspeci�cation
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Fig. 5: Systemspeci�cation example.

Figure 5 shows the systemspeci�cation of the example
design as a model that combinesthe functional aspectsof
the applicationmodel with the structural information of the
platform architecture.Note that the two aspects,behavior and
structure,arefully complementary(i.e. non-overlapping).This
is highlighted in Figure 5 which simply is an overlay of
Figure3 andFigure4.

D. TLM generation

Fromthesystemspeci�cationmodel,our envisioneddesign
environmentcanthenautomaticallygeneratea corresponding
transaction-level model (TLM).
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Fig. 6: Generatedtransaction-level model (TLM).

Figure6 shows the generatedTLM for the simpleexample
de�ned in Figure 5. In the model, transaction-level commu-
nication layers have beeninsertedto re�ect the transactions
on the systembussesbetweenthe components.The busses
themselves are representedby TLM channelsCPU Bus and
IP Bus. In thesoftwarecomponentCPU, additionallayersof
hierarchy have beeninsertedto accuratelyre�ect thehardware
abstractionlayer (HAL) of the processor. Also, the functional
blocksB1 andB2 arenow modeledastasks,beingscheduled
by an abstractoperating system OS channel and commu-
nicating via integratedDrivers . The insertedcomponents
stemfrom templatemodelsin the systemdatabasewhich are
customizedaccordingto the actual designdecisionsapplied
by the systemdesigner.

E. Pin- and cycle-accurate modelgeneration

System synthesis tools allow to automatically generate
a pin- and cycle-accuratemodel (P/CAM) that re�ects the
intendedimplementationof thesystemaccuratelydown to the
interconnectingpins andwires.

Figure 7 shows the generatedP/CAM for the TLM shown
in Figure6. The lower-level communicationlayers,that were
abstractedaway in the TLM channels,are now properly
modeledasan inner layer that samplesanddrivesthe explicit
bus wires accordingto the selectedcommunicationprotocol
and timing.
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Fig. 7: Generatedpin- andcycle-accuratemodel (P/CAM).

IV. SYSTEM ENVIRONMENT

The above describedmodelsanddesign�o w canbe united
in a systemenvironment for automaticgenerationof TLMs.
Suchanenvironmentincludesextensive simulationandanaly-
sisenginesfor detailedfeedbackaboutdesignmodelbehavior
andquality metrics.Apart from capturingthe systemspeci�-
cationand later designdecisions,it' s graphicaluserinterface
(GUI) supportsa wide variety of visualizationsfor simulation
andanalysisresults.This allows the systemdesignerto focus
her/his efforts on the critical aspectsin the systemdesign
�o w and exploration, thus arriving at an optimal design
implementationin a shortamountof time.
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Fig. 8: Systemdesignenvironment.

Figure 8 shows the main componentsof the environment,
all driven andvisualizedby an easy-to-useGUI. The heartof
theenvironmentis themodelre�nementenginethatcombines
the applicationmodel and platform architectureto a system

speci�cation model and allows it to be further re�ned down
to a transaction-level or pin-accuratemodel. The re�nement
engine is supportedby a componentlibrary with models
and property annotationsfor processor, hardware, and IP
components.

Validationof both input andoutputmodelsis performedby
integratedsimulationandveri�cation tools.An estimationtool
is also included,allowing early andrapid feedbackaboutthe
quality metricsof the designat hand.

Suchan environmentoffers the following features:

� Graphicalentryof platformtargetarchitectureasa netlist
of componentsandbusses.

� Graphical entry of system speci�cation as application
codeconsistingof communicatingprocesses.

� Automaticgenerationof platform transaction-level mod-
els (TLMs) for simulation,analysisandveri�cation.

� Extensive platform simulationand analysisthroughfast
andaccuratetransaction-level simulation.

� Evaluation and exploration of platform quality and be-
havior throughlarge setof pro�ling andanalysistools.

A. ESEFrontend

In the rest of the paper, we demonstrateand describethe
design �o w using an example of a MP3 decoderusing a
prototypetool called EmbeddedSystemEnvironment (ESE)
Frontend.ESEFrontendis a tool thatsimpli�es andautomates
thegenerationof TransactionLevel Models(TLM). Automatic
model generationallows designersto move from idea to an
executablemodelin lessthanonehour. Furthermore,it enables
extensive exploration and validation of the computationand
communicationdesignspace.

The systemarchitectureis de�ned as a netlist of major
systemcomponents,includingprocessors,dedicatedhardware
accelerators,andotherprocessingelements.Independently, the
systemapplicationis speci�ed hierarchicallyandconcurrently
by behavior and channelblocks containing ANSI C code.
Together, thesetwo inputs form the systemspeci�cation that
is capturedandservesas input to the ESEFrontend.

In addition to the main model re�nement engine, ESE
Frontend features platform validation with fast simulation
and pro�ling and analysis tools, and platform exploration
of architecturealternatives and parametervariations. Both,
software and hardware design �o ws are integrated to allow
for an applicationdevelopmentin true co-designmanner.

As the output, ESE Frontend automatically generatesa
model at the transaction level that allows to co-simulate
the systemplatform fast and accuratelyfor early and rapid
feedbackof the designcharacteristics.



ESEFrontendoffers the following advantagesover current
embeddeddesign�o ws:

� Freedomfrom system-level designlanguages:Graphical
entry of block diagramsandhierarchicalC code.

� Easierdesignspaceexploration:AutomaticTLM gener-
ation from applicationcodeanddesigndecisions.

� Fast veri�cation cycles: TLMs allow fast yet accurate
simulation.

� Early validationof designconstraints:Pro�ling andanal-
ysis tools provide feedbackfor evaluation.

V. DESIGN EXAMPLE

Wewill now useanMP3decoderapplication[3] asexample
to demonstratesystemdesignusingESEFrontend.
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Fig. 9: MP3 decoderexample,functionalblock diagram.

Basedon a referenceC code,we have capturedthe func-
tionality of theMP3 decoderin ESEFrontend.Our application
model re�ects the major functional blocks in the decoder
pipeline, as shown in Figure 9. In addition, the application
model containssmaller control blocks that handlethe input
andoutputof thebytestreams,aswell asa testbenchwrapped
aroundthe designsuchthat the functionaly can be validated
throughsimulation.

Fig. 10: Screenshotof ESEFrontend.

Next, we have capturedan initial platform architecturethat
mapsthe entire MP3 decoderfunctionality on an embedded
ARM7TDMI processor. Only the PCM output is performed
by a dedicatedhardware unit that emits the decodedPCM
soundsamplesaccordingto the timing speci�ed in the MP3
stream.The ARM processorand the PCM output unit both
have their own local bus,connectedtogetherby a bridgeunit.
Figure10 shows this platform architecturein a screenshotof
ESEFrontend.
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Fig. 11: MP3 decoderexample,generatedTLM 1.

To evaluatethis architectureof the MP3 decoder, we used
ESE Frontendto generatea TLM (Figure 11) and simulated
the model. The simulation results showed that the ARM
processoralone cannot meet the required frame speedof
26.12ms.
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Fig. 12: MP3 decoderexample,generatedTLM 2.

To speedup the design,we extendedour platform archi-
tecture by introducing two additional hardware accelerators
dedicatedto the FilterCoreblocksfor the left andright audio
channel,respectively. Theimprovedmodel(Figure12) showed
a signi�cant speedimprovement,but the framedeadlinecould
still not bemetdueto high buscontentionon theAMBA main
bus.



mainBus

OSDr ivers

PCM

. HuffEnc

AliasRed

AliasRed

IMDCT

IMDCT

ARM

Mem

PCM

FilterCore

HW1

FilterCore

HW2

pcm Bus

HAL

mainBus

OSDr ivers

PCM

. HuffEnc

AliasRed

AliasRed

IMDCT

IMDCT

ARM

Mem

PCM

FilterCore

HW1

FilterCore

HW2

pcm Bus

HAL

Fig. 13: MP3 decoderexample,generatedTLM 3.

Again, we adjustedthe target platform. We connectedthe
FilterCoreunits directly to the PCM output unit, eliminating
theneedfor thebusbridge,asshown in Figure13. This design
successfullymet the framedelay.

Figure 14 shows some simulation and estimationresults
obtainedfor eachof the TLM alternatives.The graphsclearly
show that only the third designalternative meetsthe frame
delaydeadline.
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Fig. 14: Estimationresultsfor thegeneratedTLM alternatives.

We would like to emphasizethat the entire designexplo-
ration for this example can be performedin less than one
hour of time. This is possibledue to an intuitive GUI that
allows easycapturingand modifying of designmodels,and
in particulardueto theautomaticmodelgeneratorthatcreates
TLMs within secondsfor the selectedplatform architecture.

In summary, the MP3 designstudyclearly shows that ESE
Frontendenablesrapid designspaceexploration.

VI . CONCLUSION

In summary, ESEFrontendoffersa truesystem-level design
�o w with the following bene�ts:

� Designdecisionsandmodelscanbe easilyexchangedin
electronicform, providing simpli�ed globally-distributed
design.

� Designscanbeeasilymodi�ed andprototyped,providing
bettermarket penetrationthroughcustomization.

� Models and design decisionscan be reused,providing
easierchangeandversionmanagement.

� Models are automatically generated,providing shorter
time to market.

� No needfor manualmodeldevelopment,providing 1000x
productivity gains.

ACKNOWLEDGMENT

Theauthorswould like to thankthemembersof theSystem-
on-Chip Environment group in the Center for Embedded
ComputerSystemsat UC Irvine who contributedto this work,
especiallyAndreasGerstlauer, Junyu Peng,Dongwan Shin,
SamarAbdi, andRogerAng.

REFERENCES

[1] T. Grötker, S.Liao, G. Martin, andS.Swan,SystemDesignwith SystemC.
Kluwer AcademicPublishers,2002.

[2] ISO, ReferenceModel of Open SystemInterconnection(OSI), 2nd ed.,
InternationOrganizationfor Standardization(ISO), 1994, iSO/IEC 7498
Standard.
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