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Abstract—With designcomplexitiesincreasingdaily, the multi-
core community is entertaining the idea of increasingthe level
of abstraction to transaction-level modeling (TLM) and design.
However, the proper de nition, style or semanticsof TLM s
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 corresponding model transformations that can be
usedto transform onemodelinto another. Thesetransformations
and re nements are the enabler for automatic synthesis and
veri cation on TLM. We will also discussthe algorithms and
ow 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 compleity of embeddeddesignshasreacheda level
beyond what humansystemdesignersan producewith tradi-
tional approachesnd EDA tools. Our approachsummarized
in this paperincorporatesmore than 15 yearsof researchin
systemsynthesisto provide a solution that will reduceboth
time and effort neededn the systemdesignprocessGiven a
systemspeci cation of the applicationdescribedgraphically
in form of hierarchicallycomposedC code togetherwith a
platform target architecturedescription,our approachallows
to automaticallygeneratdransaction-leel models(TLM) [1]
for simulation,analysisandveri cation, aswell asa pin- and
cycle-accuratanodel (P/CAM) for implementation.

Il. TLM ABSTRACTION LEVELS

The standardoroductdesignstartswith anapplicationcode
for which designerservision 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.Eachcomponentn the architecturemustfurther
bere ned to a pin- andcycle-accuratdevel for synthesiswith
standardeEDA tools. Similarily, the applicationcode mustbe
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re ned to allow communicationthroughthe network on the
platform.

In order to automatethis re nement, we needto de ne
properabstractionlevels, designdecisionsat eachlevel, and
necessarye nementstepsfor eachsystemmodel,in orderto
generatea new modelcorrespondindo thosedesigndecisions.

In generalthreemodelsare necessary

(a) thesystemspeci cation,written by applicationdesigners

(b) TLM, to validatethe systemspeci cationontheselected
platform, and

(c) PICAM, generatedby system designersfor input to
standardeDA tools.

{
| |
vl |
[ Application " Application 1
1 E L Presentation oo O TTToTTTTToconn Presentation /
|
2 Session Session {
,
E 1 Transport Transport i 1
| E Network Network 4 E
H 1
I Link + Stream Link + Stream [
1 |
E 4 Media Access ‘ TLM . Media Access E ]
e Protocol  J----temm e Protocol -
H
Physical Physical 1
| TSI |
| [ T :
(L T 1
L conwies
\_I_PICAM 1 ¢/ :

Fig. 1: Model abstractiorand communicatiorlayers.

Figurel illustratesthe abstractiorevels of themodelsin the
design o w with respecto OSllayers[2]. Theinput speci ca-
tion modelis a untimed,hierarchical functionaldescriptionof
the system usingabstraccommunicatiorchannelsThetimed
intermediateTLM is partitionedinto the system$ processing
elementscommunicatingover fastand timing-accurateérLM
channelsThe nal implementationmodelis pin- and cycle-
accurateandfeedsdirectly into standarddesigntools at lower
levels.



I1l. DESIGN FLOW

The design ow to the correspondingabstractionlevels
allows an applicationdesignerto capturethe systemspeci-
cation at a higherabstractiorlevel. The speci cationis then
validated and evaluatedto determineits necessaryspeci cs
andrequiredpropertieusingatransaction-leel model(TLM).

The application engineercan then changethe platform
componentsand connectionsor the application code until
satishctory resultsare obtained.Once the platform and the
code satisfy the given requirements,the system designer
generatepin- and cycle-accuratecode.

The TLM and P/CAM modelscan be generatecautomati-
cally using a decision-basede nement methodology Sucha
methodologyassociatesvith eachdesigndecisionor design
changea correspondingnodelre nementor changefesulting
in a model transformationthat producesa nev model that
re ects the selecteddesigndecisions.

Specification

Platform
Architecture

Application
Model

System Definition

System Synthesis

Crom>

Implementation

Fig. 2: Embeddedsystemdesign o w.

Figure'2 shavs an overview aboutthe overall design ow
and the system design ervironment supportingit. Such a
design o w startswith the captureof the application mode]
a purely behaioral descriptionof the systemfunctionality
Independently the system platform architectue is de ned
as a systemnetlist of major systemcomponentsjncluding
processorsdedicatedhardware acceleratorsmemoriesand

IPs,interconnectethy systembussesbridges,andtransducers.

Together the applicationmodel and the platform architecture
form the systemspeci cation asinput to the designerviron-
ment.

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

A. Applicationmodel

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

To enabletrue design spaceexploration, the application
model doesnot contain ary implementationdetails. In par
ticular, the modelis architecture-lesghatis, it is void of ary
structuralinformation.

To allow functional validation, the applicationmodel also
containsstimulusandmonitor behaiors thatbuild a testbench
for the designmodel.
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Figurel3 shavs an exampleof a simple applicationmodel.
Four concurrentfunctional blocks B1 throughB4 communi-
catevia sharedvariables(vl) and abstractchannelsC1 and
c2

Fig. 3: Application modelexample.

B. Platform architectue

As outlined abore, the platform architectureis the second
input to our design ow. The platform model describesa
system netlist of the major components,such as software
processorsdedicatedhardware blocks, memoriesand intel-
lectual property (IP) componentsFollowing a generalblock



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

Figurel4 shavs a platform architecturesuitable for the
example shawvn in Figure[3. This simple example system
consistsof a general-purposerocessorCPy a hardware
accelleratoHWa sharednemoryMemanda third-partyblock
IP . Thefour componentsreconnectedy the mainprocessor
bus and a bridgeto the IP bus.

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

Figure5 shavs the systemspeci cation of the example
design as a model that combinesthe functional aspectsof
the applicationmodel with the structuralinformation of the
platform architecture Note that the two aspectspbehaior and
structure arefully complementaryi.e. non-overlapping).This
is highlighted in Figure 5 which simply is an overlay of
Figure 3/ and Figure/4.

D. TLM geneation

Fromthe systemspeci cationmodel,our ervisioneddesign
ervironmentcan then automaticallygeneratea corresponding
transaction-leel model (TLM).
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Fig. 6: Generatedransaction-leel model (TLM).

Figurel6 shavs the generated'LM for the simple example
de ned in Figure 5, In the model, transaction-leel commu-
nication layers have beeninsertedto re ect the transactions
on the systembussesbetweenthe components.The busses
themseles are representedy TLM channelsCPU Bus and
IP  Bus. In the softwarecomponentCP additionallayersof
hierarcly have beeninsertedto accuratelyre ect the hardware
abstractiorlayer (HAL) of the processarAlso, the functional
blocksB1 andB2 arenow modeledastasks,beingscheduled
by an abstractoperating system OS channeland commu-
nicating via integrated Drivers . The insertedcomponents
stemfrom templatemodelsin the systemdatabasevhich are
customizedaccordingto the actual designdecisionsapplied
by the systemdesigner

E. Pin- and cycle-accuate modelgeneation

System synthesistools allow to automatically generate
a pin- and cycle-accuratemodel (P/CAM) that re ects the
intendedimplementatiorof the systemaccuratelydown to the
interconnectingpins and wires.

Figure 7] shavs the generated®/CAM for the TLM shown
in Figure 6. The lowerlevel communicatiorlayers,that were
abstractedaway in the TLM channels,are nowv properly
modeledasan inner layer that samplesand drivesthe explicit
bus wires accordingto the selectedcommunicationprotocol
andtiming.
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Fig. 7: Generatecin- and cycle-accuratenodel (P/CAM).

IV. SYSTEM ENVIRONMENT

The above describednodelsanddesign o w canbe united
in a systemervironmentfor automaticgenerationof TLMSs.
Suchan ervironmentincludesextensive simulationandanaly-
sisenginedor detailedfeedbackaboutdesignmodelbehaior
and quality metrics.Apart from capturingthe systemspeci -
cation and later designdecisionsit's graphicaluserinterface
(GUI) supportsa wide variety of visualizationsfor simulation
andanalysisresults.This allows the systemdesignerto focus
her/his efforts on the critical aspectsin the systemdesign
ow and exploration, thus arriving at an optimal design
implementationin a shortamountof time.
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Fig. 8: Systemdesignervironment.

Figure/8 shavs the main componentof the ervironment,
all driven andvisualizedby an easy-to-us&UIl. The heartof
the ervironmentis the modelre nementenginethatcombines
the applicationmodel and platform architectureto a system

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

Validationof both input and outputmodelsis performedby
integratedsimulationandveri cation tools. An estimationtool
is alsoincluded,allowing early and rapid feedbackaboutthe
quality metricsof the designat hand.

Suchan ervironmentoffers the following features:

Graphicalentry of platformtargetarchitectureasa netlist
of componentsand busses.

Graphical entry of system speci cation as application
codeconsistingof communicatingprocesses.
Automatic generatiorof platform transaction-leel mod-
els (TLMs) for simulation,analysisand veri cation.
Extensve platform simulationand analysisthroughfast
and accuratetransaction-eel simulation.

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

A. ESEFrontend

In the restof the paper we demonstrateand describethe
design ow using an example of a MP3 decoderusing a
prototypetool called EmbeddedSystemEnvironment (ESE)
Frontend ESEFrontendis atool thatsimpli es andautomates
thegeneratiorof TransactiorLevel Models(TLM). Automatic
model generationallows designerso move from ideato an
executablemodelin lessthanonehour. Furthermoreit enables
extensie exploration and validation of the computationand
communicationdesignspace.

The systemarchitectureis de ned as a netlist of major
systemcomponentsincluding processorsgedicatechardware
acceleratorsandotherprocessinglementsindependentlythe
systemapplicationis speci ed hierarchicallyand concurrently
by behaior and channelblocks containing ANSI C code.
Together thesetwo inputs form the systemspeci cation that
is capturedand senesasinput to the ESE Frontend.

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

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



ESE Frontendoffers the following advantagesover current
embeddedlesign o ws:

Freedomfrom system-lgel designlanguagesGraphical
entry of block diagramsand hierarchicalC code.
Easierdesignspaceexploration: Automatic TLM genef
ation from applicationcodeand designdecisions.

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

Early validationof designconstraintsPro ling andanal-
ysis tools provide feedbackfor evaluation.

V. DESIGN EXAMPLE

We will now useanMP3 decodempplication[3] asexample
to demonstratesystemdesignusing ESE Frontend.
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Fig. 9: MP3 decoderexample,functional block diagram.

Basedon a referenceC code,we have capturedthe func-
tionality of the MP3 decodelin ESEFrontend Our application
model re ects the major functional blocks in the decoder
pipeline, as shavn in Figure[9. In addition, the application
model containssmaller control blocks that handlethe input
andoutputof the byte streamsaswell asa testbenctwrapped
aroundthe designsuchthat the functionaly can be validated
throughsimulation.

. 10: Screenshobof ESE Frontend.

Next, we have capturedan initial platform architecturethat
mapsthe entire MP3 decoderfunctionality on an embedded
ARM7TDMI processarOnly 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, connectedogetherby a bridge unit.
Figure 10 shaws this platform architecturein a screenshobf
ESE Frontend.
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Fig. 11: MP3 decoderexample,generatedlLM 1.

To evaluatethis architectureof the MP3 decoderwe used
ESE Frontendto generatea TLM (Figure 11) and simulated
the model. The simulation results shaved that the ARM
processoralone cannot meet the required frame speed of
26.12ms.
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Fig. 12: MP3 decoderexample,generatedlLM 2.

To speedup the design,we extendedour platform archi-
tecture by introducing two additional hardware accelerators
dedicatedo the FilterCoreblocksfor the left andright audio
channelrespectrely. Theimprovedmodel(Figure12) shaved
a signi cant speedmprovement,but the frame deadlinecould
still notbe metdueto high bus contentionon the AMBA main
bus.
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Fig. 13: MP3 decoderexample,generatedlLM 3.

Again, we adjustedthe target platform. We connectecthe
FilterCore units directly to the PCM output unit, eliminating
the needfor thebusbridge,asshovn in Figure13. This design
successfullymet the frame delay

Figure 14 shavs some simulation and estimationresults
obtainedfor eachof the TLM alternatves. The graphsclearly
shav that only the third designalternatve meetsthe frame
delaydeadline.
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Fig. 14: Estimationresultsfor the generated LM alternatves.

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 the automaticmodelgeneratothat creates
TLMs within seconddor the selectedplatform architecture.

In summarythe MP3 designstudy clearly shawvs that ESE
Frontendenablesrapid designspaceexploration.

VI. CONCLUSION

In summaryESEFrontendoffersatrue system-lgel design
o w with the following bene ts:

Designdecisionsand modelscanbe easily exchangedn
electronicform, providing simpli ed globally-distrituted
design.

Designscanbe easilymodi ed andprototyped providing
bettermarket penetratiorthrough customization.
Models and design decisionscan be reused,providing
easierchangeand versionmanagement.

Models are automatically generated providing shorter
time to market.

No needfor manualmodeldevelopmentproviding 1000x
productvity gains.
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