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Abstract— The communicationsub-systenof complex IC
systemsis increasingly critical for achieving systemperfor
mance Giventhis, it is importantthat the on-chip communi-
cationarchitecture shouldbeincludedin any quantitativeeval-
uationof systendesignduring designspaceexploration. While
there are several mature methodolgiesfor the modelingand
evaluationof architectuesof processingelementsthere is rel-
atively little work donein modelingof an extensiverange of
on-chip communicatiorarchitectures,and integrating this into
a single modelingand simulationervironmentcombiningpro-
cessingelementind on-chip communicatiorarchitectures. This
paperdescribesa modelingframevorkwith accompanyingim-
ulation tools that attemptsto fill this gap. Basedon an analy-
sisof a widerange of on-chip communicatiorarchitectuies,we
describehow a specifichierarchical classlibrary can be used
to develop new on-chip communicatiorarchitectures, or vari-
antsof existingoneswith relativelylittle incrementaleffort. We
demonstatethis throughthreecasestudiesincluding two com-
meircial on-chip bus systemsand an on-chip padket switching
network. Here we showthat through careful analysisand con-
structionit is possiblefor the modelingervironmento support
thecommorfeaturesof thesearchitectuesaspart of thelibrary
and permitinstantiationof the individual architectuiesasvari-
antsof the library design. As part of this methodolgy we also
showhowdifferentlevelsof abstractionof themodelcanbesup-
portedand viewed as different variantsthat can be usedin an
accuracyversussimulationtimetrade-of.

[. Intr oduction

The distributed computationarchitectureof a System-on-a-
Chip (SoC)canbe generallydecomposedhto two interrelated
parts:ProcessinglementgPEs)andthe On-ChipCommunica-
tion Architecture(OCA). The PEsareresponsibldor the com-
putationof thedesiredunctionsandmaybehardwired(referred
to asthe ApplicationSpecificintegratedCircuit or ASIC part)or
programmablerocessorsThe OCA providescommunication
mechanismsvhich make it possiblefor distributedcomputation
amongdifferentPEsasshowvn in Figure1l. A suitableOCA is
vital for the succes®f an SoCdesignin termsof timing perfor
mance gnegy consumptioranddesigncost.

Technologyadwanceshave enableddesignergo have greater
freedomin selectingfrom different types of communication
schemesThe traditionalway of interconnectingon-chipmod-
ulesis via on-chipbusessuchasthelBM CoreConnecBusAr-
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chitecture[1] andthe ARM AMBA bussystem[2]. An emep-
ing optionfor integratinga large numberof processorss to use
on-chipnetworksasthe backbondor intermodulecommunica-
tion[3], [4].

Clearly thesetwo communicationstyles differ greatly in
terms of interface, topology and communicationprotocols.
However, adesignervironmentthatcouldpotentiallyselectone
over the othermustbe ableto modelandsupportthesechoices
with their variants. The choicesbetweencompetingOCAs are
drivenby therequirementsf theapplication.A streamingrideo
SoCandanSoCtargetingnetwork routingmayhave very differ-
entcommunicatiorcharacteristicsthushaving completelydif-
ferentneedsfor the OCA. However, makingthe correctchoice
for the OCA is hard,becausé involvesa completeunderstand-
ing of the computatiorandcommunicatiorrequirementsor the
specificapplicationandthusinterplay betweerthe application,
PEarchitecturesindthe OCA.

In this paperwe presentinexplorationframework thathelps
adesigneto understandhisinterplayandmake theright design
choicesjn particulartheright OCA choice.Theorganizatiorof
the restof paperis asfollows. Somebackgroundconceptsand
terminologyareintroducedn Sectionll. Sectionlll detailsour
proposedmodelingmethodologyfor OCAs from both beha-
ioral andstructuralpointsof view. SectionlV describeshetwo
modelingand simulationernvironmentswe are usingto apply
this methodology The detailedmodelingexercisetogethemwith
somemodelingstratgiesandtechniquesrediscussedn Sec-
tion V. SectionVl examineghecriteriato evaluateour method-



ology andmodelingframework. Finally, conclusionsaandfuture
work areprovidedin SectionVIII.

II. Background

In this section we introducesomeconceptsandterminology
that are usedin the rest of the paper We also highlight the
similaritiesanddissimilaritiesbetweerthemodelingof PEsand
OCAs.

Virtual prototyping[5] helps make designchoicesstarting
from the very early stagesof the designcycle. It enablesus
to predictthe responseandcritical performancettributesfrom
aconstructedrustworthy prototype evenbeforea physicalpro-
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OCA. Sectionlll-B discussesur proposedOCA moduleclas-
sification hierarchyand shavs by exampleshow to utilize this

totypeis built. The virtual prototypeis often a heterogeneous hierarchicaktructure.

architecturecomposedof software and hardware modulesin

differentlevels of granularity Early designspaceexploration A. Functional Primiti vesof OCAs

is only possiblethrough execution-driven virtual prototyping.
Correct performancemodelsinclude cycle-accurateéheteroge-
neousand hierarchicalmodelsfor both the PE and OCA. The
coordinationbetweentheseconcurrentcomponentdn the PE
and OCA modelsis describedby the model of computation
(MoC) [6]. Our systemdesignmethodologyprovides an in-

tegratedmodeling framework that enablesndependentlesign
spaceexplorationof the PEarchitectureaswell asthe OCA [7].

A. Modeling of PEsvs. OCAs

Thedisciplineof computerarchitectureclearly distinguishes
betweenthe InstructionSet Architecture(ISA), which is seen
outsideof the processgrandthemicro-architectureywhichcom-
prisesimplementationdetails such as the numberof pipeline
stages,size and organizationof on-chip cachememoriesand
numberof FunctionUnits (FUs), etc. This distinctionenables
computerarchitectsto explore the functionalandimplementa-
tion aspectsof processorseparately It recognizesthat one
functional specificationcan have mary differentimplementa-
tions with differentvaluesfor designmetrics. OCAs canalso
beanalyzedn the samefashion.Onthefunctionside,thereex-
ist differentwaysof sendingandreceving datafrom the OCA,
e.g. read/writedatain a sharedmemorymodel, send/receie
datapacletsin amessag@assingnodel. FromaPEviewpoint,
an OCA canalways be abstractedas a pipe with lateng/ with
either memoryreadsandwrites or inte-PE messagesOn the
implementatiorside, the OCA containsvariousdetailssuchas
input/outputcontrollers,buffers, arbiters,crossbarsetc. How-
ever, a major dissimilarity exists betweenthe architectureand
microarchitecturalichotomybetweerthe modelingof PEsand
OCAs. Both the ISA andmicro-architecturdor PEsarewell-
understoodand defined,which is not the casefor OCAs. In
generathereexist nowell-definedsemanti@andstructuralprim-
itivesfor OCAs. Filling this gapis aprimarygoalof this paper

lll. Methodology

In this section,we presenbur modelingmethodologywhich
will enabledesignersto easily classify and develop modular
software modelsfor OCAs. Sectionlll-A describeghe coun-
terpartof the PE “ISA” for OCAs - the functional primitives
thatalsosene asthebridgebetweerthe PEarchitectureandthe

The ISA of PEshasbeenwell studiedfor more than two
decades.However, therehasnot beenmuchwork doneon its
counterparin OCAs. To shedlight on theseOCA functional
primitives,our first stepis to classifyvariouskinds of commu-
nicationmechanisminto a smallandwell-definedsetof func-
tional primitiveswhich would allow the decouplingof the PE
architectureandthe OCA.

Therearetwo basicmodelsof parallelcomputation:shared
memoryandmessagassing.We definethe following atomic
constructasthefunctionalprimitivesof the OCA in theshared
memoryandmessag@assingnodels(eachPEis denotedy its
addresg € N):

OCAread(z, u) movesdataz in the sharednemoryinto local
variableu

OCAwrite (y, v) writesthevalueof localvariabley into shared
variablev

OCAsend(z, i) sendghevalueof z to PE¢ asynchronously
OCAreceive(y, j) receves the value of z from PE j syn-
chronously

This genericOCA “ISA” providesa basisfor the communi-
cation primitivesneeded.For a specificOCA, the actualfunc-
tional primitivesmay vary, but they arelikely to be variantsof
theabove (e.g.remotereadsandwrites). This separatiorof the
functional primitivesand their actualimplementationis useful
in both systemsimulationand compilation. Functionalsimu-
lation needsto understandanly the semanticof the primitives
andthuscanbe fast. Detailedtiming simulationwill naturally
requirethe micro-architecturaimplementatiormodels.

For example,a busreadtransactiorwould involve one OCA
readprimitiveandone OCA write primitivein asharednemory
model.LikewiseoneOCA sendprimitive andoneOCA receve
primitive are neededo accomplisha paclet datasend/receie
transactionn amessag@assingnodel. Eventhoughthesefour
constructareenoughfor our modelingandsimulationpurpose,
further refinementand additionis possible,suchas composite
primitivesof remotereadandwrite operations.

In addition, theseOCA primitives sene asthe basisof the
Facade[8], a high level unified interfaceto the functionality of
the OCA sub-systenthatis presentedo the PE sub-systemAs
shavnin Figure2, theseparatiometweerthetwo comple sub-
systemsPEsandthe OCA, enabledistinct explorationwithin
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Fig. 3. Classlnheritance Hierar chy of OCAs

thetwo domains After we identify this desiredunifiedinterface
for awholefamily of communicatiorarchitecturesywe designa

“wrapper” classthatcanencapsulatéhe useof thesub-systems.

Theclientof thecommunicatiorsub-systemyhichis theinter-
PE communicatiorpartis only exposecdto a facadewhich pro-
videsauniversal‘wrapper”of dataexchangdunctionalitywith-
outthe complex detailsof the communicatiorsub-systemThis
facadetranslateshe inter-PE communicationnstructionsinto
the pre-definednternal OCA intrinsics of the communication
subsystemsTheseOCA intrinsicsareimplementatiorspecific
andnotseeronthePEside. Thenthecommunicatiorsubsystem
actsupontheseOCA intrinsicsto generatean implementation
specificOCA operationsequencesuchasgeneratinga request
for acommunicatiorresourceinjectinga datapaclet, etc.

Forinstancepnonesideof thefacade the PEdatapathssues
OCA sharednemoryfunctionalprimitives,suchaswrite (y, v).
Ontheotherside,it is aon-chipbussystemwith OCA intrinsics
suchasbusrequestbuswrite, busreleaseetc. It is the job of
the fagadeto translatebetweenthesetwo domains,generating
intrinsics correspondindo a bus write transactionconforming
to the specificbus protocol. Thenthe OCA modulesexecute
upontheseOCA intrinsicsasa scriptfor concreteOCA actions
in sequence.

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

Figure 3 shows the derived classinheritancehierarchyafter
the object-orientecdnalysigOOA) [9] of OCA functionalunits.
In this diagramthereare 4 basictypesof OCA structuralcom-
ponentswith whichit is sufficientto constructacompleteOCA,
suchasbusesand paclet-switchingnetworks. They arelinks,
buffers, resouce sthedules andinterfaces Links connectdif-
ferenttypesof OCA functionalunitstogether Bufferstemporas
ily storedataor tokens.Resoucesctedulesdecidewhich mod-
ule hasthe 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 Ptolemyll

Interfacedranslatedatapatlcommunicatioractionsinto imple-
mentationspecificactions,suchasbusrequestandinjection of
generatedpaclkets. All of them sharecertainparameterand
characteristicssuchas data-widthand lateng/ which arecom-
monly inheritedfrom the root classClodkedModule Further
more,eachclasshasits own non-inheritedfeatures.For exam-
ple, by incrementallyinheritingthelink classmorecomplicated
interconnectiomateng andfunctionalcharacteristicareadded.
Modulessuchasbus badkplaneand crossbarare child classes
of link. In short,this classdiagramcapturesoththe structural
primitives and the behaior relationshipbetweenthesesimilar
components.

Figure 4 shavs someJava code skeletonsof the buffering
moduleswe have developedin Ptolemyll. By inheriting the
commonancestarBuffer, both FIFO andMultiQueueoverride
the methodsenqueueand peekAndDequeu® implementtheir
own buffering algorithm. Also, both of them sharethe same
inputandoutputportswhich arenot showvn in Figure4.

To develop a reusableresouce scheduler we studieddif-
ferenttypesof implementation®of OCA arbitrationunits. We
differentiatethemfrom both the interfaceandarbitrationalgo-
rithms. A baseArbiter classencapsulatebasicskeletonsof re-
guest/granstyle port lists andarbitrationalgorithmicmethods.
A priority basedarbitrationmodule,known asPriorityArbiter,
inheritsthe Arbiter classwhile addingonemoreinput port pri-
ority. Correspondinglyhearbitrationmethodof PriorityArbiter
needso be modifiedto reflectthe priority basedalgorithm.On
theotherside,around-robinstyle arbitrationmodule known as
RRArbiter only needto overrideits inheritedarbitrationmethod
fromits superclasgrbiter withoutmodificationin theinterface.
Cycle accuratdiming informationof eachmoduleis alsomod-
eledatthis stage.Togethemwith thebufferingmodulesthemod-
ule library is eventually populatedwith testedand trustworthy
modulesuponwhichacompleteOCA canbe built.

A behaioral hierarchystructurealsohelpsin locatingdiffer-
entdesignchoicesfrom an organizedmodulerepository Sim-
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ilarly novel buffering algorithmscanbe incorporatecby easily
overriding the inheritedmethods.Richerfunctionaldetailscan
be addedto specificmodulesthroughinheritanceand “white-
box” reuseof theexisting modules.

Determininga reusableand flexible hierarchicalclassdia-
gramis notaone-timeeffort. The classdiagramandthe library
needto evolve over the designprocess. Technologyadwances
andnew applicationdomainsoftengive freshinputsto themod-
els. Thesenew functionalmodulescanbe placedin the appro-
priate spotin the modulelibrary while sometimespart or the
wholehierarchicabktructurenayneedto be modifiedto respond
to new modelingrequirements.

After theinstantiationof thesedevelopedOCA modulesinto
specificOCAs,theoriginal systenblockdiagramis transformed
into a netlistof modulessuchasarbiters,buffers, links andin-
terconnectiondbetweenthem. After eachmoduleis provided
theneededparameterghe OCA modelis readyto be simulated
togethemith the OCA stimulusor the PEmodel.

IV. Modeling Infrastructur e

We have implementedhe methodologydescribedn Section
Il usingtwo distinct modeling and simulation ervironments.
Thefirst oneis in-house- the Liberty SimulationEnvironment
(LSE)[10] developedior programmablarchitecturaplatforms.
In additionto this, we have alsoimplementecbur methodology
usingPtolemyll[6]. The following taxonomyis usedthrough-
out the following sections. The basic building blocks of the
modular modeling ervironmentare called “modules” or “ac-
tors”. Eachmodulehasportsthroughwhich “tokens” are sent
to eachother

Liberty SimulationErnvironment. LSE is a fast execution-
driven compiled-codemodeling and simulation framework.
LSE constructsconcurrentstructuralmodelsand retaigetable
compiledcodesimulatorsfrom a unified structuralmachinede-
scriptionandspecificatiordatabaseThesedescriptionsareeas-

ier to write thanhand-codednicro-architecturesimulators,en-
ablingrapidevaluationof mary architecturatlesignsfrom gen-
eralpurposgle.g. Alpha, IA-64) to applicationspecificsuchas
IBM PawverNP and Intel IXP1200. Its flexibility ties in with
our end-goabf providing acompleteernvironmentfor exploring
emeging SoC architectureswhere both PE architecturesand
OCAsplay acritical role.

In LSE, physical hardware blocks are modeledas logical
functional modulesthat communicatethrough ports. Datais
sentbetweenmodule ports via messageassing. Eachmod-
ule hasits own pre-define¢parameterandcustomcontrolfunc-
tions. For example,typical parametersor a buffer modulein-
cludebuffer sizeandwidth, with portssuchasread/writeports.
EachLSE moduleis a pieceof sequentiatodeexecutingcon-
currentlywith othermodules.Modulesarewrittenin C for fast
simulation. LSE instantiateshe modulesfrom a customma-
chine configuration,separatelycompiling and linking themin
building aninstanceof the simulator

Ptolemyll Ptolemyllis anobject-orientedheterogeneouse-
signandmodelingframework. It targetsthe modeling,simula-
tion anddesignof concurrenheterogeneousystemswvhich are
usuallyhardto modelin oneunified designframeawork. Its de-
scriptionlanguagecaneasilydescribecomplex hierarchicalin-
terconnectionsf parameterizeéxecutablecomponentsPtole-
myll, like LSE, supportsconstructiorof executablemodelsin a
modularfashion.

Figure5 shavsthegeneraprocesof building a customsim-
ulator using Ptolemyll and LSE. Ptolemyll is a fully object-
oriented modeling ervironment written in Java - a modern
object-orientedanguageln comparisonl. SE usesC andmacro
processinganguageso supportthe 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 both PtolemyllandLSE, a simplified distributeddiscrete
event (DE) [11] modelasa MoC enablesus to simulatemul-
tiple PEsandan OCA togetherin an executiondrivenfashion.
In OCA modeling,cycle-accuratenodelsarebuilt basednthe
DE timestampmechanism. Clocks may also be usedto syn-
chronizeevents. The systemsimulatorupdatests stateat each
clockcycle. In this scenariaachsimulator including PE simu-
latorsandOCA simulatorscanbetreatedasindividualprocesses
andmay proceedndependenthandprocessventsin theirown
eventqueues.

V. CaseStudies

In this sectionwe presenbur modelingeffort of two distinct
OCAswhicharecurrentlyemployedby SoCdesigners on-chip
busesandon-chippaclet switchingnetworks. SectionV-A de-
scribesthe modelingof two commercialon-chip bus systems
andSectionV-B discusseshe modelingof anexperimentalon-
chip paclet switchingnetwork reusingsomecomponentsievel-
opedin the busmodelingexercise.
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A. Modeling of Two Modern On-Chip Bus Systems

We modeledthe AMBA [2] and CoreConnect[1] bus sys-
temsasourfirst exerciseof modelingOCAsusingthemethodol-
ogy describedhbove. We studiedthesetwo commerciabn-chip
bus standardgogetherwith the European-deelopedbus stan-
dard,theOMI Peripheralnterconnec{Pl) Bus[12]. They share
mary commoncharacteristicand are similar, both in perfor
mancemetricsandin detailedoperation.All threeof themare
high performancesynchronoususesusing central arbitration
and master/slae interfaces. Although the detailedimplemen-
tation of a modernon-chipbus systemoften involvescomplex
bus protocolsandprecisetiming behaior, a modularstructural
decompositiorof thesetwo systemss possible.

Basiccycle accurateoperationakemanticsaareimplemented
at the transactionlevel accordingto the specification, e.g.
read/write,etc. The architectureof a simple bus systemcon-
nectingtwo PEsis illustratedin Figure6. Typical on-chipbus
architecturesftenincludeasinglebusthroughwhich otheron-
chip modulesareconnectedo eachother Transfersoccurbe-
tweena mastelinterfaceandaslave interface.

Various bus implementationsoften share common mas-
ter/slave port assignmentssuchas address/datagquest/grant,
etc. Our first stepis to designa genericmasterandslave inter-
facewhich canbefurtherextendedby busimplementationsvith
more advancedfeatures. For example,our genericbus model
only usesone setof arbitrationsignal pairs, i.e. request/grant,
which is commonamonga numberof bus implementations.
However, therearemorecomplex busprotocolscalling for sep-
aratedataand addressarbitration. One way to accommodate
this capabilityis to addanew setof arbitrationsignalports. An-
otherapproachs to reusethe previous portswith differentdata
fields indicating a differentkind of arbitrationtype. Both ap-
proachesrepossiblewithin our framework. After we decom-
posedand analyzedthesetwo bus architectureswe obsened
thatthey sharea numberof key building blocks. Thusour final
busmodelis basedn severalkey modulesdescribedasfollows:
« Masterinterface: Thisis amoduleinterpretingdatapatttom-
municationeventsinto datatokenscompliantwith bus proto-
cols. As part of the Fagade pattern,datapathcommunication
eventsarerepresentedn a unified format. It is the job of the
masterinterfaceto translatehesegeneralcommunicatioroper
ationsinto applicationspecifictokensunderstoody the hierar
chicalcommunicatiorchannels.

« Slavelnterface: Thisis amodulewhich cantranslateeceived
datatokensbackinto datapatttcommunicatiorevents.More ad-
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Fig. 7. Router architecture as modeledin both Ptolemyll
and LSE

+

vancedslave interfacescaninitiate bustransfersoy themseles,
suchasin the caseof split-transactiobuses.Usuallyit needdo
storeincomingdatatokensin FIFO-like buffers. The majordif-
ferencebetweenthe AMBA interfaceandthe CoreConnecin-
terfaceis the supportof deepaddresgipeliningandunaligned
byte. As shawvn in Figure 6, both PE, and PE; are equipped
with instanceof the Masterinterfaceand the Slave Interface.
Both MasterInterfaceand Slave Interfaceare child classe<f
interfacein Figure3.

« BusContmol Unit/Arbiter: This unit arbitratesthe ownership
of the communicationresource(physical backplane)with the
request/granport corvention. Usually therecan be only one
owner of thebusandthearbitrationpolicy canbeflexible, such
asround-robin fixed-priority, etc. It is a child classof resouce
schedulerin Figure 3. In comparisonto the AMBA bus, the
CoreConnedbussupportsupto four levelsof priority by having
extra priority signals.

« Physicalbadplane: This is acommunicatiorchannelhich
transmitsdata betweendifferent bus mastersand slave inter
faces. The backplaneis connectedo all masterand slave in-
terfaces,but at ary time, thereis at mostone enabledconnec-
tion betweerthe masterandslave interfaces.lt is a child class
of link in Figure3. CoreConnecsupportsup to 64-bit address
buswhile AMBA only supports32-bit addressus. Both of the
protocolssupportup to 256-bitdatabusimplementations.

« Buffers: In mostcircumstancesbus interfacessendand re-
ceive tokensfrom andinto buffers. In our bus models,we only
usebufferswith the FIFO policy.

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

An on-chippaclet-switchingnetwork appearsadically dif-
ferentfrom the bus systemmodelingexercisedescribedn Sec-
tion V-A. Insteadof establishingdedicatedcircuits from the
sourceto the end, packet-switching networks transportdata
from oneterminalto anotherin small formatteddatachunks
calledpaclets.Performancef suchapaclet-switchingnetwork
canbe measuredy its throughputandlateng. Severalinter
relateddesignfactorsexistin thedesignof paclet-switchingnet-
works, suchas buffering, routing algorithm, etc. Our method-
ology is ableto exposeall thesedesignfactorsdirectly to the
usersof the modelingand simulationervironmentby support-
ing a wide rangeof designchoicessuchaswormhole,virtual
channelndcentralbuffer basedsystems.



As apoint-to-pointpipelined2D meshnetwork, the RAW [4]
network is highly modularandflexible, facilitating our decom-
positioneffort. Figure7 shaws the interconnectiorbetweenin-
stantiatednodulesin PtolemyllandLSE for asimplifiedrouter
architecturein RAW. Large boxescorrespondo modulesand
smallshadedoxesrepresenports. Eachmodulesharesignif-
icantcommonalitywith its counterparin the bus modelwhich
is demonstratedsfollows.

» Routerinterface: This interface serializescommunication
eventsemittedby the datapathinto pacletsrecognizedby the
routersin the OCA. Functionallytherouterinterfacecanbe de-
composednto two separatearts, Sendinterfaceand Receive
Interface which sharecommonfunctionswith the Master In-
terfaceandSlavelnterfacedescribedkarlierin thebusexample.
Herewe implementa genericsendinganda receving interface
class.The Routerlnterfaceis the compositionof thesetwo in-
terfaces.In Figure 7, “source”and"sink” areinstance®f these
two interfaces.

« Allocator (Scheduler): This child classof resouce scheduler
in Figure 3 implementsalmostexactly the samefunctionality
asthe arbiterin the bus architecturegxceptfor the factthatin
the bus example,thereareonly oneor two resourceswvailable,

while usuallythe allocatorheredecidesfor multiple resources.

Both of themnonethelessharethe samerequest/granstyle in-

terface.We areableto successfullymodela wide rangeof vari-

ant allocatordesignsdescribedn the literature[13], [14], in-

cludinga RAW round-robinallocator by inheritingtheresouce

sdchedulerclassand modifying only a few algorithmicmethods
definedin the superclass.

« Crossbar: This is a space-diision parameterizegwitch and
a child classof link in Figure3. In the RAW caseit is a 5x5

crossbar It is very similar to the bus backplaneemployed in

thebusexamplebothin termof interfaceandfunctionality. The
only differenceas thatwhile thereis only oneinputportavailable
for thebusbackplaneatonetime, thecrossbacanhave multiple

input/outputportsenabledat the sametime. In our hierarchical
classdiagram,they are both sub-classesf DuplexLink which

encapsulatethe input-outputrelationshipof a duplex link, i.e.

aconceptualx2 crossbar

« Buffers: Buffering is widely usedin both bus systemsand
RAW-like networks. In our modelingprocesswe are able to

freely reusethe buffer module developedin the bus exercise.
Eventhoughthe RAW network utilizesa ratherstraightforvard
buffering schemewe areableto employ morecomplex buffer-

ing schemesuchascentralbufferingandmulti-queuebuffering

by reusingandthenspecializingheexisting buffer module.For

example,a subclas®f a central pool buffer could be employed
as a routing table that store establishedoutesat eachrouter

Furthermore buffer organizationschemesuchasinput queu-
ing, outputqueuingor combinednput/outputqueuing[15], [16]

could be tried out by simply instantiatingexisting buffer mod-
ulesand manipulatingtheir interconnectionsvith otherswitch
modules.

Summary Themodelingprocesslemonstratethatthe RAW
router modeling helps us reexamine moduleswith similar be-
havior usedin the previous bus models. After the extraction

of commonality basedon interface, attribute and functional-
ity analysis,a generalizatiorprocesdeadsus to devise a more
abstractmodelwhich encapsulatekey commoninterfaces at-
tributes and 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
functionalitiesand attributeswithin a specificapplicationcon-
text.

VI.

In this section,we discussthe basiccriteriawe have usedto
evaluatethe proposeddCA modelingmethodology

ToolsetEvaluation

A. DesignSpaceExploration

As a proof of conceptwe have implementedwo on-chipbus
systemsand one on-chip packet-switchingnetwork within two
differentmodularmodelingand simulationernvironments. Our
experienceshaws that both of them can be decomposednd
modeledas a collection of communicatingsoftware modules.
Further a cycle-accuratesystemmodeland subsequenperfor
manceanalysisis also achiesable throughthe compositionof
performancenodelsof individual modules.

In our methodologydesignspacesxplorationis both explicit
andtrustworthy. BecauseeachPEis exposedo a uniforminter-
facewhencommunicatingo otherPEsvia the OCA, designers
have choicesover the typesof communicatiormechanisnfor
the OCA, e.g. busesvs. paclet-switchingnetworks. On the
otherhand,insideeachOCA, module-wisedesignchoicescan
beimplementedandevaluatedquickly throughexplicit parame-
terizationandspecializatiorof individual modules.

B. Reusability Analysis

Throughanalyzingthe structuraland behavioral similarities
of theabare OCA schemesye take advantageof thecommon-
alities acrossthe boardto designa tree-like inheritanceOCA
module structure. As obsened in our modeling exerciseson
on-chipbus architecturesndpacket switchingnetworks, these
commonalitiesangreatlysimplify the procesf futuredesign
oncea fairly completemodulelibrary is ready “White-box”
reuseboostgproductvity by directlyreusingthecodepreviously
developedand givesthe new model designersfreedomto add
andmodify new functionalitiesto theenhanceadnodel.

We measurethe reusability and productvity through code
sizeanddevelopmentime comparisonFigure8 illustratesthis
in ahierarchicalvayin the context of developingdifferenttypes
of busslave interfaces.It is worth noticingthatwhenwe devel-
opedthe AMBA slave interface,a large amountof codeand
knowledgereuseenabledus to finish the modelingjob much
quicker thanusuallyrequired.As our experienceshavs, adopt-
ing thereusableclasshierarchycangreatlyreducethe develop-
menttime, thusreducingthe length of the entire designcycle
andthe overall SoCdesigncost.
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C. Trade-off Capabilities in Modeling

Differentlevels of abstractionsllow efficient trade-of be-
tweenmodel accurag and systemsimulationspeed. For the
functionalsimulationof the OCA “ISA”, we abstractaway the
low-level protocolspecificdetailsof the implementatiorof the
OCA. The usageof a simplified concurreng model suchas
PRAM [17]canspeedup the systemsimulationsignificantly

This enableglesignerso quickly evaluatethe multi-PEcom-
putationenvironmentwith a lessaccurateOCA modelin the
very early stageof design.

In thenext step,cycle-accuratenodelsareconstructedorre-
spondingto the hardware architectureof the chosenOCA that
canreflectdetailedtiming behaior. However, within eachmod-
ule, therealso exist differentlevels of granularity For exam-
ple,in theimplementatiorof a variantof high speedsymmetric
crossbararbiter/schedulef18], the averagelateng of arbitra-
tion for a crossbararbiteris almostconstantif the input load
(i.e. the numberof requestin progress)s lessthanhalf of the
arbitercapacitybutit dependfieaily ontheinputloadafterthe
loadexceeddhalf of thecapacity To accuratelycapturehiskind
of input-sensitie dynamictiming behaior, the modelneedsto
incorporatethe empirically obsened implementatiorbehaior
in calculatingtherealisticarbitrationlateng. This canbeeasily
achievedby our modelingprocessHowever underthe assump-
tion thatthe probability of the arbiterbeingoverloadeds rela-
tively small, constanfarbitrationlateng is acceptabldor aless
accuratedataindependenbut moreefficient modelandmodel-
ing is mademuchsimpler

Table 1 givesthe simulationresultswe obtainedin the pro-
cessof developinga PI-Bus Bus Control Unit (arbiter) within
the two modelingervironmentsdescribedin SectionlV. We
have comparedour simulationresultswith a referenceimple-
mentationprovided by the VHDL designtoolkit undera uni-
form randomstimulus. We simulatedour modelson a Pentium

Table 1
Comparison of averagesimulation speedand development

effort
Models Simulation | Code Development
Speed (re- | Size Time (days)
quest/sec) | (lines)
PI-Bus 30K 1008 ~100 (es-
ControlUnit timated)
(VHDL)
PI-Bus 5K 445 ~ 30
ControlUnit
(Ptolemyll)
Bus Arbiter | 72K 475 ~ 50
(LSE)

[l 800GHzmachinerunningLinux. On averagethe simulation
speedof LSE modelis more thantwice asfastasthe VHDL
model. Within LSE, even with a rathercomplex OCA model
suchasa4 x 4 pacletswitchingnetwork with flow control,the
simulationspeedof the OCA modelis ableto matchthe sim-
ulation speedof multiple PE models,leadingto a seamlessly
integratedmulti-PE simulationervironment. We believe that
LSE’s performanceadvantagecomesfrom the efficient mod-
ule schedulingkernel. Also, LSE is significantly fasterthan
Ptolemyll modeldueto benefitsof low level specificationian-
guageoverheadC vs. Java) andcompiledcodesimulation.

D. Flexibility and Extensibility

Our methodologycanaccommodatenorthodoxOCA candi-
dates. Since OCA designis still an emeging field wherethe
appearancef novel ideasis the norm, we have investedsignif-
icant effort to ensurethat our methodologyis flexible enough
to testand evaluatenovel ideas. In additionto the successful
modelingof traditional bus architecturesand crossbaron-chip
paclet switching networks, we have alsosuccessfullymodeled
a sharedcentralbuffer [19] basedon-chip networks by adding
only two more modules. We believe the following key design
characteristicsnake our toolsetflexible and easyto extendto
new paradigms:

« New functionality can be definedas mere enhancementi®
existing modulesthroughinheritance.New interfaceportscan
be added semanticxanbe changedparameterganbe tuned,
etc.

« If theabove procedurds not suflicient, acompletenew mod-
ule canbewritten andinsertednto the hierarchy

VIl. RelatedWork

Rowson et al. [7] proposeda systemdesign methodology
which separatesehaior andcommunicatiorbasedon the ob-
senationthatsystemsarecomposeaf modulesvhicharecom-
municatingwith eachother Objectorientedanalysisandmod-
elinghasbeenusedin hardware-softwareco-desigrandsynthe-
sis[20], [21]. Our work draws uponthe methodologyof sep-
arating PE architectureand OCA while integrating a reusable



classhierarchyto classifyvariouskind of OCA function mod-
ulesbasednobjectorientedanalysis.Basednamodularmod-
eling infrastructureencompassingpoth PEsandthe OCA, our
framawork focuson the processof analyzingandderiing a li-
brary of reusablecomponentgor a wide rangeof architectural
candidatef OCA. Further our designflow tamgetsthe early
stageof SoCdesignto facilitatedesignspaceaxploration.

System(C[22], [23] is a generaldigital synchronousnodel-
ing anddesignframewnork using C++ system-leel models.Us-
ing somebasicprimitives,SystemC2.0 providesa mixed-level
abstractmodel for inter-function-unitcommunication provid-
ing anup to a 100x simulationspeeduprersustraditional RTL
models. A new designunit, interface,is provided by SystemC
to enablethe separatalesignof systemcommunicatiormodels
and systemfunctionality models. Using a built-in simulation
mechanismthe interfaceis capableof translatingcommunica-
tion betweendifferentlevels of communicatiorabstractionsin
this context, designersare interestedn refining the communi-
cationmechanisnwith aprogressiely detailedmodelthanksto
the seamlessntegration of the interfaceunits. Given the fact
thatSystemds a designlanguagebasecbn a C++ classlibrary,
we believe that our proposedmethodologycan also be easily
appliedto a SystemChaseddesignprocess.

VIIl. Conclusionsand Future Work

In this paperwe shav that a systematicand effective ar-
chitectural exploration of diverse on-chip communicationar-
chitecturess possiblebasedupona limited setof OCA func-
tional primitives, a disciplined hierarchicalmodule classifica-
tion schemébasedon anobject-orientedlomainandreusability
analysisof OCA models,and a modularmodeling/simulation
ervironment. Our experiencen developingthis library andas-
sociatedtools demonstrateghe effectivenessandflexibility of
this methodology This framawvork enablesiesignerso make a
varietyof designchoicesn theearlystageof OCA designwith
differentdegreesof modelinggranularity Fastandaccurateer
formanceresultshelp designerdo make comparisondetween
differentdesignoptions. Modeling accurag and speedtrade-
offs canbe madethroughouthe designprocessin futurework
we will try to identify a benchmarkingapproacHor evaluating
OCAs and apply our methodologyto SystemC[22] basedde-
signs.
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