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Abstract— The communicationsub-systemof complex IC
systemsis increasingly critical for achieving systemperfor-
mance. Given this, it is important that the on-chip communi-
cationarchitecture shouldbeincludedin anyquantitativeeval-
uationof systemdesignduring designspaceexploration. While
there are several mature methodologies for the modelingand
evaluationof architecturesof processingelements,there is rel-
atively little work done in modelingof an extensiverange of
on-chip communicationarchitectures,and integrating this into
a singlemodelingand simulationenvironmentcombiningpro-
cessingelementandon-chip communicationarchitectures.This
paperdescribesa modelingframeworkwith accompanyingsim-
ulation tools that attemptsto fill this gap. Basedon an analy-
sisof a widerangeof on-chip communicationarchitectures,we
describehow a specifichierarchical classlibrary can be used
to developnew on-chip communicationarchitectures,or vari-
antsof existingoneswith relativelylittle incrementaleffort. We
demonstratethis throughthreecasestudiesincludingtwo com-
mercial on-chip bus systemsand an on-chip packet switching
network. Here weshowthat throughcareful analysisandcon-
structionit is possiblefor themodelingenvironmentto support
thecommonfeaturesof thesearchitecturesaspart of thelibrary
andpermit instantiationof the individual architecturesasvari-
antsof the library design.Aspart of this methodology wealso
showhowdifferentlevelsof abstractionof themodelcanbesup-
portedand viewedas different variantsthat can be usedin an
accuracyversussimulationtimetrade-off.

I. Intr oduction

The distributed computationarchitectureof a System-on-a-
Chip (SoC)canbe generallydecomposedinto two interrelated
parts:ProcessingElements(PEs)andtheOn-ChipCommunica-
tion Architecture(OCA). ThePEsareresponsiblefor thecom-
putationof thedesiredfunctionsandmaybehardwired(referred
to astheApplicationSpecificIntegratedCircuit or ASIC part)or
programmableprocessors.The OCA providescommunication
mechanismswhichmake it possiblefor distributedcomputation
amongdifferentPEsasshown in Figure1. A suitableOCA is
vital for thesuccessof anSoCdesignin termsof timing perfor-
mance,energy consumptionanddesigncost.

Technologyadvanceshave enableddesignersto have greater
freedomin selectingfrom different types of communication
schemes.The traditionalway of interconnectingon-chipmod-
ulesis via on-chipbuses,suchastheIBM CoreConnectBusAr-
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Fig. 1. An SoCwith PEsand OCA

chitecture[1] andtheARM AMBA bussystem[2]. An emerg-
ing optionfor integratinga largenumberof processorsis to use
on-chipnetworksasthebackbonefor inter-modulecommunica-
tion [3], [4].

Clearly these two communicationstyles differ greatly in
terms of interface, topology and communicationprotocols.
However, adesignenvironmentthatcouldpotentiallyselectone
over theothermustbeableto modelandsupportthesechoices
with their variants.ThechoicesbetweencompetingOCAsare
drivenby therequirementsof theapplication.A streamingvideo
SoCandanSoCtargetingnetwork routingmayhaveverydiffer-
entcommunicationcharacteristics,thushaving completelydif-
ferentneedsfor theOCA. However, makingthecorrectchoice
for theOCA is hard,becauseit involvesacompleteunderstand-
ing of thecomputationandcommunicationrequirementsfor the
specificapplicationandthusinterplaybetweentheapplication,
PEarchitecturesandtheOCA.

In thispaper, wepresentanexplorationframework thathelps
adesignerto understandthisinterplayandmaketheright design
choices,in particulartheright OCA choice.Theorganizationof
the restof paperis asfollows. Somebackgroundconceptsand
terminologyareintroducedin SectionII. SectionIII detailsour
proposedmodelingmethodologyfor OCAs from both behav-
ioral andstructuralpointsof view. SectionIV describesthetwo
modelingand simulationenvironmentswe are using to apply
thismethodology. Thedetailedmodelingexercisetogetherwith
somemodelingstrategiesandtechniquesarediscussedin Sec-
tion V. SectionVI examinesthecriteriato evaluateourmethod-

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0-7803-7607-2/02/$17.00 ©2002 IEEE 



ologyandmodelingframework. Finally, conclusionsandfuture
work areprovidedin SectionVIII.

II. Background
In this section,we introducesomeconceptsandterminology

that are usedin the rest of the paper. We also highlight the
similaritiesanddissimilaritiesbetweenthemodelingof PEsand
OCAs.

Virtual prototyping [5] helps make designchoicesstarting
from the very early stagesof the designcycle. It enablesus
to predicttheresponseandcritical performanceattributesfrom
aconstructedtrustworthyprototype,evenbeforeaphysicalpro-
totype is built. The virtual prototypeis often a heterogeneous
architecturecomposedof software and hardware modulesin
different levels of granularity. Early designspaceexploration
is only possiblethroughexecution-driven virtual prototyping.
Correctperformancemodelsinclude cycle-accurateheteroge-
neousandhierarchicalmodelsfor both the PE andOCA. The
coordinationbetweentheseconcurrentcomponentsin the PE
and OCA modelsis describedby the model of computation
(MoC) [6]. Our systemdesignmethodologyprovides an in-
tegratedmodelingframework that enablesindependentdesign
spaceexplorationof thePEarchitectureaswell astheOCA [7].

A. Modeling of PEsvs. OCAs

Thedisciplineof computerarchitectureclearlydistinguishes
betweenthe InstructionSetArchitecture(ISA), which is seen
outsideof theprocessor, andthemicro-architecture,whichcom-
prisesimplementationdetailssuchas the numberof pipeline
stages,size and organizationof on-chip cachememoriesand
numberof FunctionUnits (FUs), etc. This distinctionenables
computerarchitectsto explore the functionalandimplementa-
tion aspectsof processorsseparately. It recognizesthat one
functional specificationcan have many different implementa-
tions with differentvaluesfor designmetrics. OCAs canalso
beanalyzedin thesamefashion.On thefunctionside,thereex-
ist differentwaysof sendingandreceiving datafrom theOCA,
e.g. read/writedatain a sharedmemorymodel, send/receive
datapacketsin amessagepassingmodel.FromaPEviewpoint,
an OCA canalwaysbe abstractedasa pipe with latency with
eithermemoryreadsandwrites or inter-PE messages.On the
implementationside,the OCA containsvariousdetailssuchas
input/outputcontrollers,buffers,arbiters,crossbars,etc. How-
ever, a major dissimilarity exists betweenthe architectureand
microarchitecturedichotomybetweenthemodelingof PEsand
OCAs. Both the ISA andmicro-architecturefor PEsarewell-
understoodand defined,which is not the casefor OCAs. In
generalthereexist nowell-definedsemanticandstructuralprim-
itivesfor OCAs.Filling thisgapis aprimarygoalof thispaper.

III. Methodology
In this section,we presentour modelingmethodologywhich

will enabledesignersto easily classify and develop modular
softwaremodelsfor OCAs. SectionIII-A describesthe coun-
terpartof the PE “ISA” for OCAs - the functional primitives
thatalsoserveasthebridgebetweenthePEarchitectureandthe
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Fig. 2. FaçadebetweenPE and OCA

OCA. SectionIII-B discussesour proposedOCA moduleclas-
sificationhierarchyandshows by exampleshow to utilize this
hierarchicalstructure.

A. Functional Primiti vesof OCAs

The ISA of PEs hasbeenwell studiedfor more than two
decades.However, therehasnot beenmuchwork doneon its
counterpartin OCAs. To shedlight on theseOCA functional
primitives,our first stepis to classifyvariouskindsof commu-
nicationmechanismsinto a smallandwell-definedsetof func-
tional primitiveswhich would allow the decouplingof the PE
architectureandtheOCA.

Therearetwo basicmodelsof parallelcomputation:shared
memoryandmessagepassing.We definethe following atomic
constructsasthefunctionalprimitivesof theOCA in theshared
memoryandmessagepassingmodels(eachPEis denotedby its
address-/.10 ):
OCAread( 2 , 3 ) movesdata2 in thesharedmemoryinto local
variable3
OCAwrite ( 4 , 5 ) writesthevalueof localvariable4 into shared
variable5
OCAsend( 2 , - ) sendsthevalueof 2 to PE - asynchronously
OCAreceive( 4 , 6 ) receives the value of 2 from PE 6 syn-
chronously

This genericOCA “ISA” providesa basisfor the communi-
cationprimitivesneeded.For a specificOCA, the actualfunc-
tional primitivesmayvary, but they arelikely to be variantsof
theabove(e.g. remotereadsandwrites). This separationof the
functionalprimitivesandtheir actualimplementationis useful
in both systemsimulationand compilation. Functionalsimu-
lation needsto understandonly thesemanticsof theprimitives
andthuscanbe fast. Detailedtiming simulationwill naturally
requirethemicro-architecturalimplementationmodels.

For example,a busreadtransactionwould involve oneOCA
readprimitiveandoneOCA write primitivein asharedmemory
model.LikewiseoneOCA sendprimitiveandoneOCA receive
primitive areneededto accomplisha packet datasend/receive
transactionin amessagepassingmodel.Eventhoughthesefour
constructsareenoughfor ourmodelingandsimulationpurpose,
further refinementandaddition is possible,suchascomposite
primitivesof remotereadandwrite operations.

In addition, theseOCA primitivesserve as the basisof the
Façade[8], a high level unified interfaceto the functionalityof
theOCA sub-systemthatis presentedto thePEsub-system.As
shown in Figure2, theseparationbetweenthetwo complex sub-
systems,PEsandthe OCA, enablesdistinct explorationwithin
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thetwo domains.After we identify thisdesiredunifiedinterface
for awholefamily of communicationarchitectures,wedesigna
“wrapper”classthatcanencapsulatetheuseof thesub-systems.
Theclientof thecommunicationsub-system,which is theinter-
PEcommunicationpart is only exposedto a façadewhich pro-
videsauniversal“wrapper”of dataexchangefunctionalitywith-
out thecomplex detailsof thecommunicationsub-system.This
façadetranslatesthe inter-PE communicationinstructionsinto
the pre-definedinternal OCA intrinsics of the communication
subsystems.TheseOCA intrinsicsareimplementationspecific
andnotseenonthePEside.Thenthecommunicationsubsystem
actsupontheseOCA intrinsicsto generatean implementation
specificOCA operationsequence,suchasgeneratinga request
for acommunicationresource,injectingadatapacket,etc.

For instance,ononesideof thefaçade,thePEdatapathissues
OCA sharedmemoryfunctionalprimitives,suchaswrite ( 4 , 5 ).
Ontheotherside,it is aon-chipbussystemwith OCA intrinsics
suchasbus request, bus write, bus release, etc. It is the job of
the façadeto translatebetweenthesetwo domains,generating
intrinsicscorrespondingto a bus write transactionconforming
to the specificbus protocol. Then the OCA modulesexecute
upontheseOCA intrinsicsasa scriptfor concreteOCA actions
in sequence.

B. The ReusableClassHierar chy of OCA Structural Prim-
iti ves

Figure3 shows the derived classinheritancehierarchyafter
theobject-orientedanalysis(OOA) [9] of OCA functionalunits.
In this diagramthereare4 basictypesof OCA structuralcom-
ponentswith which it is sufficient to constructacompleteOCA,
suchasbusesandpacket-switchingnetworks. They are links,
buffers, resource schedulers and interfaces. Links connectdif-
ferenttypesof OCA functionalunitstogether. Buffers temporar-
ily storedataor tokens.Resourceschedulersdecidewhichmod-
ule has the right to accessspecificcommunicationresources.

public class FIFO extends Buffer{
    Queue _queue;
    public int enqueue(PacketToken t){
        ...
    }
     public PacketToken peekAndDequeue(){
        ...
     }
}
public class MultiQueue extends Buffer{
      Queue [] _queue;
      public int enqueue(PacketToken t){
         ...
      }
       public PacketToken peekAndDequeue(){
         ...
       }
}

Fig. 4. Codeexamplein PtolemyII

Interfacestranslatedatapathcommunicationactionsinto imple-
mentationspecificactions,suchasbusrequestandinjectionof
generatedpackets. All of them sharecertainparametersand
characteristics,suchasdata-widthandlatency which arecom-
monly inheritedfrom the root classClockedModule. Further-
more,eachclasshasits own non-inheritedfeatures.For exam-
ple,by incrementallyinheritingthelink class,morecomplicated
interconnectionlatency andfunctionalcharacteristicsareadded.
Modulessuchasbus backplaneandcrossbararechild classes
of link. In short,this classdiagramcapturesboththestructural
primitivesandthe behavior relationshipbetweenthesesimilar
components.

Figure 4 shows someJava codeskeletonsof the buffering
moduleswe have developedin PtolemyII. By inheriting the
commonancestor, Buffer, bothFIFO andMultiQueueoverride
the methodsenqueueandpeekAndDequeueto implementtheir
own buffering algorithm. Also, both of them sharethe same
inputandoutputportswhicharenot shown in Figure4.

To develop a reusableresource scheduler, we studieddif-
ferent typesof implementationsof OCA arbitrationunits. We
differentiatethemfrom both the interfaceandarbitrationalgo-
rithms. A baseArbiter classencapsulatesbasicskeletonsof re-
quest/grantstyleport lists andarbitrationalgorithmicmethods.
A priority basedarbitrationmodule,known asPriorityArbiter,
inheritstheArbiter classwhile addingonemoreinput port pri-
ority. Correspondinglythearbitrationmethodof PriorityArbiter
needsto bemodifiedto reflectthepriority basedalgorithm.On
theotherside,a round-robinstylearbitrationmodule,known as
RRArbiter, only needto overrideits inheritedarbitrationmethod
from its superclassArbiter withoutmodificationin theinterface.
Cycleaccuratetiming informationof eachmoduleis alsomod-
eledatthisstage.Togetherwith thebufferingmodules,themod-
ule library is eventuallypopulatedwith testedandtrustworthy
modulesuponwhicha completeOCA canbebuilt.

A behavioral hierarchystructurealsohelpsin locatingdiffer-
ent designchoicesfrom an organizedmodulerepository. Sim-
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ilarly novel buffering algorithmscanbe incorporatedby easily
overridingthe inheritedmethods.Richerfunctionaldetailscan
be addedto specificmodulesthroughinheritanceand “white-
box” reuseof theexisting modules.

Determininga reusableand flexible hierarchicalclassdia-
gramis not a one-timeeffort. Theclassdiagramandthelibrary
needto evolve over the designprocess.Technologyadvances
andnew applicationdomainsoftengivefreshinputsto themod-
els. Thesenew functionalmodulescanbeplacedin theappro-
priate spot in the modulelibrary while sometimespart or the
wholehierarchicalstructuremayneedto bemodifiedto respond
to new modelingrequirements.

After theinstantiationof thesedevelopedOCA modulesinto
specificOCAs,theoriginalsystemblockdiagramis transformed
into a netlist of modulessuchasarbiters,buffers, links andin-
terconnectionsbetweenthem. After eachmoduleis provided
theneededparameters,theOCA modelis readyto besimulated
togetherwith theOCA stimulusor thePEmodel.

IV. Modeling Infrastructur e
We have implementedthemethodologydescribedin Section

III using two distinct modelingand simulationenvironments.
Thefirst oneis in-house- the Liberty SimulationEnvironment
(LSE)[10] developedfor programmablearchitecturalplatforms.
In additionto this, we have alsoimplementedour methodology
usingPtolemyII [6]. The following taxonomyis usedthrough-
out the following sections. The basicbuilding blocks of the
modular modelingenvironmentare called “modules” or “ac-
tors”. Eachmodulehasportsthroughwhich “tokens”aresent
to eachother.

Liberty SimulationEnvironment. LSE is a fast execution-
driven compiled-codemodeling and simulation framework.
LSE constructsconcurrentstructuralmodelsand retargetable
compiledcodesimulatorsfrom a unifiedstructuralmachinede-
scriptionandspecificationdatabase.Thesedescriptionsareeas-

ier to write thanhand-codedmicro-architecturesimulators,en-
ablingrapidevaluationof many architecturaldesigns,from gen-
eralpurpose(e.g. Alpha, IA-64) to applicationspecificsuchas
IBM PowerNP and Intel IXP1200. Its flexibility ties in with
ourend-goalof providing acompleteenvironmentfor exploring
emerging SoC architectures,whereboth PE architecturesand
OCAsplay acritical role.

In LSE, physical hardware blocks are modeledas logical
functional modulesthat communicatethroughports. Data is
sentbetweenmoduleports via messagepassing. Eachmod-
ulehasits own pre-definedparametersandcustomcontrolfunc-
tions. For example,typical parametersfor a buffer modulein-
cludebuffer sizeandwidth, with portssuchasread/writeports.
EachLSE moduleis a pieceof sequentialcodeexecutingcon-
currentlywith othermodules.Modulesarewritten in C for fast
simulation. LSE instantiatesthe modulesfrom a customma-
chineconfiguration,separatelycompiling and linking them in
building aninstanceof thesimulator.

PtolemyII. PtolemyIIisanobject-oriented,heterogeneousde-
signandmodelingframework. It targetsthemodeling,simula-
tion anddesignof concurrentheterogeneoussystemswhich are
usuallyhardto modelin oneunifieddesignframework. Its de-
scriptionlanguagecaneasilydescribecomplex hierarchicalin-
terconnectionsof parameterizedexecutablecomponents.Ptole-
myII, like LSE,supportsconstructionof executablemodelsin a
modularfashion.

Figure5 showsthegeneralprocessof building acustomsim-
ulator using PtolemyII and LSE. PtolemyII is a fully object-
oriented modeling environment written in Java - a modern
object-orientedlanguage.In comparison,LSEusesC andmacro
processinglanguagesto support the modular constructionof
compiled-codesimulators. The usageof C by LSE provides
it with an efficiency advantage,but more effort is requiredin
implementingthe hierarchicalclassdiagramsby explicit code
inheritancewithin a modularinfrastructure.

For bothPtolemyIIandLSE,a simplifieddistributeddiscrete
event (DE) [11] modelasa MoC enablesus to simulatemul-
tiple PEsandan OCA togetherin an executiondrivenfashion.
In OCA modeling,cycle-accuratemodelsarebuilt basedon the
DE timestampmechanism.Clocks may also be usedto syn-
chronizeevents.Thesystemsimulatorupdatesits stateat each
clockcycle. In this scenarioeachsimulator, includingPEsimu-
latorsandOCAsimulatorscanbetreatedasindividualprocesses
andmayproceedindependentlyandprocesseventsin theirown
eventqueues.

V. CaseStudies

In this section,we presentourmodelingeffort of two distinct
OCAswhicharecurrentlyemployedby SoCdesigners- on-chip
busesandon-chippacket switchingnetworks. SectionV-A de-
scribesthe modelingof two commercialon-chip bus systems
andSectionV-B discussesthemodelingof anexperimentalon-
chippacketswitchingnetwork reusingsomecomponentsdevel-
opedin thebusmodelingexercise.
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A. Modeling of Two Modern On-Chip Bus Systems

We modeledthe AMBA [2] andCoreConnect[1] bus sys-
temsasourfirst exerciseof modelingOCAsusingthemethodol-
ogydescribedabove. Westudiedthesetwo commercialon-chip
bus standardstogetherwith the European-developedbus stan-
dard,theOMI PeripheralInterconnect(PI) Bus[12]. They share
many commoncharacteristicsand are similar, both in perfor-
mancemetricsandin detailedoperation.All threeof themare
high performancesynchronousbusesusing centralarbitration
andmaster/slave interfaces. Although the detailedimplemen-
tation of a modernon-chipbus systemoften involvescomplex
busprotocolsandprecisetiming behavior, a modularstructural
decompositionof thesetwo systemsis possible.

Basiccycle accurateoperationalsemanticsareimplemented
at the transactionlevel according to the specification, e.g.
read/write,etc. The architectureof a simple bus systemcon-
nectingtwo PEsis illustratedin Figure6. Typical on-chipbus
architecturesoftenincludeasinglebusthroughwhichotheron-
chip modulesareconnectedto eachother. Transfersoccurbe-
tweena masterinterfaceandaslave interface.

Various bus implementationsoften share common mas-
ter/slave port assignments,suchasaddress/data,request/grant,
etc. Our first stepis to designa genericmasterandslave inter-
facewhichcanbefurtherextendedby busimplementationswith
moreadvancedfeatures.For example,our genericbus model
only usesonesetof arbitrationsignalpairs, i.e. request/grant,
which is commonamonga numberof bus implementations.
However, therearemorecomplex busprotocolscalling for sep-
aratedataand addressarbitration. One way to accommodate
thiscapabilityis to addanew setof arbitrationsignalports.An-
otherapproachis to reusethepreviousportswith differentdata
fields indicatinga differentkind of arbitrationtype. Both ap-
proachesarepossiblewithin our framework. After we decom-
posedand analyzedthesetwo bus architectures,we observed
that they sharea numberof key building blocks.Thusour final
busmodelis basedonseveralkey modulesdescribedasfollows:7 MasterInterface:Thisis amoduleinterpretingdatapathcom-
municationeventsinto datatokenscompliantwith bus proto-
cols. As part of the Façadepattern,datapathcommunication
eventsarerepresentedin a unified format. It is the job of the
masterinterfaceto translatethesegeneralcommunicationoper-
ationsinto applicationspecifictokensunderstoodby thehierar-
chicalcommunicationchannels.7 SlaveInterface:Thisis amodulewhichcantranslatereceived
datatokensbackinto datapathcommunicationevents.Moread-
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vancedslave interfacescaninitiate bustransfersby themselves,
suchasin thecaseof split-transactionbuses.Usuallyit needsto
storeincomingdatatokensin FIFO-likebuffers.Themajordif-
ferencebetweentheAMBA interfaceandthe CoreConnectin-
terfaceis thesupportof deepaddresspipeliningandunaligned
byte. As shown in Figure 6, both PE8 andPE9 areequipped
with instancesof the MasterInterfaceandthe Slave Interface.
Both MasterInterfaceandSlave Interfacearechild classesof
interfacein Figure3.7 BusControl Unit/Arbiter: This unit arbitratesthe ownership
of the communicationresource(physicalbackplane)with the
request/grantport convention. Usually therecan be only one
ownerof thebusandthearbitrationpolicy canbeflexible, such
asround-robin,fixed-priority, etc. It is a child classof resource
scheduler in Figure 3. In comparisonto the AMBA bus, the
CoreConnectbussupportsupto four levelsof priority by having
extrapriority signals.7 Physicalbackplane:This is a communicationchannelwhich
transmitsdatabetweendifferent bus mastersand slave inter-
faces. The backplaneis connectedto all masterandslave in-
terfaces,but at any time, thereis at mostoneenabledconnec-
tion betweenthemasterandslave interfaces.It is a child class
of link in Figure3. CoreConnectsupportsup to 64-bit address
buswhile AMBA only supports32-bit addressbus. Both of the
protocolssupportup to 256-bitdatabusimplementations.7 Buffers: In mostcircumstances,bus interfacessendand re-
ceive tokensfrom andinto buffers. In our busmodels,we only
usebufferswith theFIFO policy.

B. Modeling RAW - An On-Chip Packet-Switching Net-
work

An on-chippacket-switchingnetwork appearsradicallydif-
ferentfrom thebussystemmodelingexercisedescribedin Sec-
tion V-A. Insteadof establishingdedicatedcircuits from the
sourceto the end, packet-switchingnetworks transportdata
from one terminal to anotherin small formatteddatachunks
calledpackets.Performanceof suchapacket-switchingnetwork
canbe measuredby its throughputand latency. Several inter-
relateddesignfactorsexist in thedesignof packet-switchingnet-
works, suchasbuffering, routing algorithm,etc. Our method-
ology is able to exposeall thesedesignfactorsdirectly to the
usersof the modelingandsimulationenvironmentby support-
ing a wide rangeof designchoicessuchaswormhole,virtual
channelandcentralbuffer basedsystems.



As apoint-to-pointpipelined2D meshnetwork, theRAW [4]
network is highly modularandflexible, facilitatingour decom-
positioneffort. Figure7 shows theinterconnectionbetweenin-
stantiatedmodulesin PtolemyIIandLSEfor asimplifiedrouter
architecturein RAW. Large boxescorrespondto modulesand
smallshadedboxesrepresentports.Eachmodulesharessignif-
icantcommonalitywith its counterpartin thebusmodelwhich
is demonstratedasfollows.
7 Router interface: This interface serializescommunication
eventsemittedby the datapathinto packets recognizedby the
routersin theOCA. Functionallytherouterinterfacecanbede-
composedinto two separateparts,SendInterfaceandReceive
Interface, which sharecommonfunctionswith the Master In-
terfaceandSlaveInterfacedescribedearlierin thebusexample.
Herewe implementa genericsendinganda receiving interface
class.TheRouterInterfaceis thecompositionof thesetwo in-
terfaces.In Figure 7, “source”and“sink” areinstancesof these
two interfaces.7 Allocator (Scheduler):This child classof resourcescheduler
in Figure 3 implementsalmostexactly the samefunctionality
asthe arbiterin the busarchitecture,exceptfor the fact that in
thebusexample,thereareonly oneor two resourcesavailable,
while usuallytheallocatorheredecidesfor multiple resources.
Both of themnonethelesssharethesamerequest/grantstyle in-
terface.We areableto successfullymodela wide rangeof vari-
ant allocatordesignsdescribedin the literature[13], [14], in-
cludingaRAW round-robinallocator, by inheritingtheresource
schedulerclassandmodifying only a few algorithmicmethods
definedin thesuperclass.7 Crossbar:This is a space-division parameterizedswitchand
a child classof link in Figure3. In the RAW caseit is a 5 : 5
crossbar. It is very similar to the bus backplaneemployed in
thebusexamplebothin termof interfaceandfunctionality. The
only differenceis thatwhile thereis onlyoneinputportavailable
for thebusbackplaneatonetime,thecrossbarcanhavemultiple
input/outputportsenabledat thesametime. In our hierarchical
classdiagram,they areboth sub-classesof DuplexLink which
encapsulatesthe input-outputrelationshipof a duplex link, i.e.
a conceptual2 : 2 crossbar.7 Buffers: Buffering is widely usedin both bus systemsand
RAW-like networks. In our modelingprocess,we areable to
freely reusethe buffer moduledevelopedin the bus exercise.
EventhoughtheRAW network utilizesa ratherstraightforward
buffering scheme,we areableto employ morecomplex buffer-
ing schemessuchascentralbufferingandmulti-queuebuffering
by reusingandthenspecializingtheexistingbuffer module.For
example,a subclassof a central pool buffer couldbeemployed
as a routing table that storeestablishedroutesat eachrouter.
Furthermore,buffer organizationschemessuchas input queu-
ing,outputqueuingor combinedinput/outputqueuing[15], [16]
could be tried out by simply instantiatingexisting buffer mod-
ulesandmanipulatingtheir interconnectionswith otherswitch
modules.

Summary. ThemodelingprocessdemonstratesthattheRAW
routermodelinghelpsus reexaminemoduleswith similar be-
havior usedin the previous bus models. After the extraction

of commonalitybasedon interface, attribute and functional-
ity analysis,a generalizationprocessleadsus to devisea more
abstractmodelwhich encapsulateskey commoninterfaces,at-
tributesand functionalitieswithout loss of generality. At the
sametime, this commonalityextraction processalso helpsus
find the “discriminating” featureswhich distinguishone from
another. Finally specificfunctionality can be achieved by in-
heriting this reusableroot modelandaddingor modifying new
functionalitiesandattributeswithin a specificapplicationcon-
text.

VI. ToolsetEvaluation

In this section,we discussthebasiccriteriawe have usedto
evaluatetheproposedOCA modelingmethodology.

A. DesignSpaceExploration

As a proof of conceptwe have implementedtwo on-chipbus
systemsandoneon-chippacket-switchingnetwork within two
differentmodularmodelingandsimulationenvironments.Our
experienceshows that both of them can be decomposedand
modeledas a collection of communicatingsoftware modules.
Further, a cycle-accuratesystemmodelandsubsequentperfor-
manceanalysisis also achievable throughthe compositionof
performancemodelsof individualmodules.

In our methodology, designspaceexplorationis bothexplicit
andtrustworthy. BecauseeachPEis exposedto auniforminter-
facewhencommunicatingto otherPEsvia theOCA, designers
have choicesover the typesof communicationmechanismfor
the OCA, e.g. busesvs. packet-switchingnetworks. On the
otherhand,insideeachOCA, module-wisedesignchoicescan
beimplementedandevaluatedquickly throughexplicit parame-
terizationandspecializationof individualmodules.

B. Reusability Analysis

Throughanalyzingthe structuralandbehavioral similarities
of theaboveOCA schemes,we take advantageof thecommon-
alities acrossthe boardto designa tree-like inheritanceOCA
modulestructure. As observed in our modelingexerciseson
on-chipbusarchitecturesandpacket switchingnetworks,these
commonalitiescangreatlysimplify theprocessof futuredesign
oncea fairly completemodule library is ready. “White-box”
reuseboostsproductivity by directlyreusingthecodepreviously
developedandgivesthe new modeldesignersfreedomto add
andmodify new functionalitiesto theenhancedmodel.

We measurethe reusability and productivity through code
sizeanddevelopmenttime comparison.Figure8 illustratesthis
in ahierarchicalwayin thecontext of developingdifferenttypes
of busslave interfaces.It is worth noticingthatwhenwe devel-
opedthe AMBA slave interface,a large amountof codeand
knowledgereuseenabledus to finish the modeling job much
quicker thanusuallyrequired.As our experienceshows,adopt-
ing thereusableclasshierarchycangreatlyreducethedevelop-
ment time, thusreducingthe lengthof the entiredesigncycle
andtheoverallSoCdesigncost.
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Fig. 8. Comparison of codesizein lines of code(LoC) and
developmenttime

C. Trade-off Capabilities in Modeling

Different levels of abstractionsallow efficient trade-off be-
tweenmodel accuracy and systemsimulationspeed. For the
functionalsimulationof the OCA “ISA”, we abstractaway the
low-level protocolspecificdetailsof the implementationof the
OCA. The usageof a simplified concurrency model such as
PRAM [17]canspeedup thesystemsimulationsignificantly.

Thisenablesdesignersto quickly evaluatethemulti-PEcom-
putationenvironmentwith a lessaccurateOCA model in the
veryearlystagesof design.

In thenext step,cycle-accuratemodelsareconstructedcorre-
spondingto the hardwarearchitectureof the chosenOCA that
canreflectdetailedtiming behavior. However, within eachmod-
ule, therealsoexist different levels of granularity. For exam-
ple, in theimplementationof a variantof high speedsymmetric
crossbararbiter/scheduler[18], the averagelatency of arbitra-
tion for a crossbararbiter is almostconstantif the input load
(i.e. the numberof requestin progress)is lessthanhalf of the
arbitercapacity, but it dependsheavily ontheinput loadafterthe
loadexceedshalf of thecapacity. To accuratelycapturethiskind
of input-sensitive dynamictiming behavior, themodelneedsto
incorporatethe empirically observed implementationbehavior
in calculatingtherealisticarbitrationlatency. Thiscanbeeasily
achievedby our modelingprocess.Howeverundertheassump-
tion that the probabilityof thearbiterbeingoverloadedis rela-
tively small,constantarbitrationlatency is acceptablefor a less
accurate,dataindependentbut moreefficientmodelandmodel-
ing is mademuchsimpler.

Table1 givesthe simulationresultswe obtainedin the pro-
cessof developinga PI-BusBus Control Unit (arbiter)within
the two modelingenvironmentsdescribedin SectionIV. We
have comparedour simulationresultswith a referenceimple-
mentationprovided by the VHDL designtoolkit undera uni-
form randomstimulus.We simulatedour modelson a Pentium

Table 1
Comparisonof averagesimulation speedand development

effort

Models Simulation
Speed (re-
quest/sec)

Code
Size
(lines)

Development
Time (days)

PI-Bus
ControlUnit
(VHDL)

30K 1008 ; 100 (es-
timated)

PI-Bus
ControlUnit
(PtolemyII)

5K 445 ; 30

Bus Arbiter
(LSE)

72K 475 ; 50

III 800GHzmachinerunningLinux. On averagethesimulation
speedof LSE model is more than twice as fastas the VHDL
model. Within LSE, even with a rathercomplex OCA model
suchasa 4 : 4 packetswitchingnetwork with flow control,the
simulationspeedof the OCA model is able to matchthe sim-
ulation speedof multiple PE models,leadingto a seamlessly
integratedmulti-PE simulationenvironment. We believe that
LSE’s performanceadvantagecomesfrom the efficient mod-
ule schedulingkernel. Also, LSE is significantly fasterthan
PtolemyII modeldueto benefitsof low level specificationlan-
guageoverhead(C vs. Java) andcompiledcodesimulation.

D. Flexibility and Extensibility

OurmethodologycanaccommodateunorthodoxOCA candi-
dates. SinceOCA designis still an emerging field wherethe
appearanceof novel ideasis thenorm,we have investedsignif-
icant effort to ensurethat our methodologyis flexible enough
to testandevaluatenovel ideas. In addition to the successful
modelingof traditionalbus architecturesandcrossbaron-chip
packet switchingnetworks,we have alsosuccessfullymodeled
a sharedcentralbuffer [19] basedon-chipnetworks by adding
only two moremodules.We believe the following key design
characteristicsmake our toolsetflexible andeasyto extendto
new paradigms:7 New functionality can be definedas mereenhancementsto
existing modulesthroughinheritance.New interfaceportscan
be added,semanticscanbe changed,parameterscanbe tuned,
etc.7 If theaboveprocedureis not sufficient,a completenew mod-
ulecanbewrittenandinsertedinto thehierarchy.

VII. RelatedWork

Rowson et al. [7] proposeda systemdesignmethodology
which separatesbehavior andcommunicationbasedon theob-
servationthatsystemsarecomposedof moduleswhicharecom-
municatingwith eachother. Objectorientedanalysisandmod-
elinghasbeenusedin hardware-softwareco-designandsynthe-
sis [20], [21]. Our work draws uponthe methodologyof sep-
aratingPE architectureandOCA while integratinga reusable



classhierarchyto classifyvariouskind of OCA function mod-
ulesbasedonobjectorientedanalysis.Basedonamodularmod-
eling infrastructureencompassingboth PEsandthe OCA, our
framework focuson theprocessof analyzingandderiving a li-
braryof reusablecomponentsfor a wide rangeof architectural
candidatesof OCA. Further, our designflow targetsthe early
stagesof SoCdesignto facilitatedesignspaceexploration.

SystemC[22], [23] is a generaldigital synchronousmodel-
ing anddesignframework usingC++ system-level models.Us-
ing somebasicprimitives,SystemC2.0 providesa mixed-level
abstractmodel for inter-function-unit communication,provid-
ing an up to a 100xsimulationspeedupversustraditionalRTL
models.A new designunit, interface,is providedby SystemC
to enabletheseparatedesignof systemcommunicationmodels
and systemfunctionality models. Using a built-in simulation
mechanism,the interfaceis capableof translatingcommunica-
tion betweendifferentlevelsof communicationabstractions.In
this context, designersare interestedin refining the communi-
cationmechanismwith aprogressively detailedmodelthanksto
the seamlessintegrationof the interfaceunits. Given the fact
thatSystemCis adesignlanguagebasedonaC++ classlibrary,
we believe that our proposedmethodologycan also be easily
appliedto aSystemCbaseddesignprocess.

VIII. Conclusionsand Future Work

In this paperwe show that a systematicand effective ar-
chitecturalexploration of diverseon-chip communicationar-
chitecturesis possiblebasedupona limited setof OCA func-
tional primitives, a disciplinedhierarchicalmoduleclassifica-
tion schemebasedonanobject-orienteddomainandreusability
analysisof OCA models,and a modularmodeling/simulation
environment.Our experiencein developingthis library andas-
sociatedtools demonstratesthe effectivenessandflexibility of
this methodology. This framework enablesdesignersto make a
varietyof designchoicesin theearlystagesof OCA designwith
differentdegreesof modelinggranularity. Fastandaccurateper-
formanceresultshelp designersto make comparisonsbetween
differentdesignoptions. Modeling accuracy andspeedtrade-
offs canbemadethroughoutthedesignprocess.In futurework
we will try to identify a benchmarkingapproachfor evaluating
OCAs andapply our methodologyto SystemC[22] basedde-
signs.

Acknowledgements

This works is part of the MESCAL project of the
Gigascale Silicon ResearchCenter (GSRC) supported by
DARPA/MACRO. We would like to thankDavid August,Kurt
Keutzer, Andrew Mihal andLi-ShiuanPehfor valuablediscus-
sionsrelatedto this work.

References
[1] IBM Corp., “The CoreConnect<
= bus architecture”, TechnicalWhite

Paper, 1999.
[2] ARM Holdings PLC, “Advanced Microcontroller Bus Architecture

(AMBA) specificationrev 2.0”, 2001.
[3] M. Sgroi, M. Sheets,A. Mihal, K. Keutzer, S. Malik, J. Rabaey, and

A. Sangiovanni-Vincentell i, “Addressingthe system-on-a-chipintercon-

nect woesthroughcommunication-baseddesign”, in Proc. DesignAu-
tomationConference, 2001.

[4] Michael BedfordTaylor, JasonKim, JasonMiller, David Wentzlaff, Fae
Ghodrat,BenGreenwald, HenryHoffman,Paul Johnson,Jae-Wook Lee,
Walter Lee, Albert Ma, Arvind Saraf,Mark Seneski,NathanShnidman,
Volker Strumpen,Matt Frank,SamanAmarasinghe,andAnantAgarwal,
“The Raw microprocessor:A computationalfabric for softwarecircuits
andgeneral-purposeprograms”,IEEEMICRO, vol. 22,no.2, 2002.

[5] C. Valderrama,A. Changuel,and A. Jerraya, “Virtual prototypingfor
modularandflexible hardware-softwaresystems”,Journal of DesignAu-
tomationfor EmbeddedSystems, vol. 2, no.3/4,1997.

[6] JohnDavis II, ChristopherHylands,Bart Kienhuis,Edward A. Lee, Jie
Liu, Xiaojun Liu, Lukito Muliadi, Steve Neuendorffer, Jeff Tsay, Brian
Vogel,andYuhongXiong, “Heterogeneousconcurrentmodelingandde-
sign in java”, Tech.Rep.UCB/ERL M01/12,University of California at
Berkeley, 2001.

[7] Alberto Sangiovanni-Vincentelli JamesA. Rowson, “Interface-basedde-
sign”, in Proc.DesignAutomationConference, 1997.

[8] Erich Gamma,RichardHelm, RalphJohnson,andJohnVlissides, De-
signPatterns:Elementsof ReusableObject-OrientedSoftware, Addison-
Wesley PublishingCompany, New York, NY, 1995.

[9] JamesRumbaugh,Michael Blaha,William Premerlani,FrederickEddy,
andWilliam Lorensen,Object-OrientedModelingandDesign, Prentice-
Hall InternationalEditions,New York, NY, 1991.

[10] ManishVachharajani,Neil Vachharajani,David Penry, JasonBlome,and
David August, “Architectural exploration with Liberty”, Tech. Rep.
Liberty-02-01,Liberty ResearchGroup,PrincetonUniversity, June2002.

[11] Jayadev Misra, “Distributeddiscrete-event simulation”, ACM Computing
Surveys, vol. 18,no.1, pp.39–65,1986.

[12] OpenMicroprocessorSystemsInitiative (OMI), “PeripheralInterconnect
Bus(PI-Bus)”,1998.

[13] PankajGuptaandNick McKeown, “Designandimplementationof a fast
crossbarscheduler”,in Proc.Hot Interconnects6, 1998.

[14] Yuval Tamir andHsin-ChouChi, “Symmetriccrossbararbitersfor VLSI
communicationswitches”, IEEE Trans.on Parallel andDistributedSys-
tems, vol. 4, no.1, 1993.

[15] M. Karol, M. Hluchyj, andS.Morgan,“Input versusoutputqueueingona
space-division packet switch”, IEEE Trans.on Communications, vol. 35,
no.12,1987.

[16] Shang-TseChuang,AshishGoel,Nick McKeown, andBalaji Prabhakar,
“Matchingoutputqueueingwith acombinedinputoutputqueuedswitch”,
in Proc. IEEEConf. ComputerCommunications(INFOCOM’99), 1999.

[17] Steven Fortuneand JamesWyllie, “Parallelism in randomaccessma-
chines”, in Proc. theTenthAnnualACM Symposiumon Theoryof Com-
puting, 1978.

[18] JamesHurt, Andrew May, XiaohanZhu, andBill Lin, “Designandim-
plementationof high-speedsymmetriccrossbarschedulers”, in ICC-99,
1999.

[19] Manolis Katevenis, Panagiota Vatsolaki, and Aristides Efthymiou,
“Pipelined memory sharedbuffer for VLSI switches”, in Proc. Conf.
onApplications,Technologies,Architectures,andProtocolsfor Computer
Communication, 1995.

[20] Frank Vahid and Linus Tauro, “An object-orientedcommunicationli-
brary for hardware-softwarecodesign”, in Proc. InternationalWorkshop
onHardware/Software Co-Design(CODES’97), 1997.

[21] Martin Radetzki,Synthesisof digital circuitsfromobject-orientedspecifi-
cations, PhDthesis,Univ. Oldenburg, Germany, 2000.

[22] OpenSystemCInitiative, “SystemC”,http://systemc.org.
[23] PreetiRanjanPanda, “Systemc-amodelingplatformsupportingmultiple

designabstractions”,in Proc. InternationalSymposiumon SystemsSyn-
thesis(ISSS’01), 2001.


	Main
	ICCAD02
	Front Matter
	Table of Contents
	Author Index





