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Abstract

As on-chip integration matures, single-chip systemde-
signers mustnot only be concernedwith component-level
issuessuch as performanceand power, but also with on-
chip system-level issuessuch as adaptabilityand scalabil-
ity. Recenttrends indicate that next generation systems
will require new architectures and compilation tools that
effectivelydealwith theseconstraints. In this paper, a new
single-chip interconnectarchitecture, adaptiveSystem-On-
a-Chip, is describedthat not only providesscalabledata
transfer, but alsocanbeeasilyreconfiguredasapplication-
level communicationpatternschange. An importantaspect
of the architecture is its support for compile-time, sched-
uledcommunication.To illustrate thebenefitsof thearchi-
tecture, threeDSPbenchmarkshavebeenmappedto can-
didateSoCdevicesof assortedsizeswhich containthenew
interconnectarchitecture. The describedinterconnectar-
chitecture is shownto be up to 5 timesmore efficient than
bus-basedSoCinterconnectarchitecturesvia parallel sim-
ulation. Additionally, a preliminary layoutof our architec-
ture is shownand derivedarea and performanceparame-
tersarepresented.

1 Introduction

The steadyincreaseof VLSI transistorcapacityoffers
thepromiseof high-performance,single-chipcomputingin
the nearfuture. The most recentSemiconductorIndustry
Association(SIA) [2] roadmappredictsmassproductionof
deviceswith over1.4billion transistorsby 2012.Suchdra-
maticshifts in availabletechnologyhave alreadystartedto
affect theway ASICsaredesignedandproduced.System-
on-a-chipintegratorsmustnow considera largenumberof
designissues,botharchitecturalandphysical,whenassem-
bling new architectures.Someof themostimportantissues
facingSoCgrowth andacceptanceincludethedesignof in-
tellectualpropertycores,theon-chipcoordinationof com-

municationbetweencores,andthedevelopmentof effective
system-widecompilationenvironments. In this paper, we
addressthefirst two of theseconcernsthroughthedevelop-
mentof a new SoCinter-corecommunicationarchitecture
andsupportingarchitecturalsimulator. Thecommunication
architectureis scalableto largenumbersof coresandcanbe
reconfiguredonaper-applicationbasisto achieveadaptable
performance.

Inter-chipbandwidthhaslong beenrecognizedasa lim-
iting factor in board-level systemdesign. This bottleneck
can be largely attributed to two factors: capacitive off-
chip signal delays and a need for growing numbersof
functional componentsto sharecommoninterconnectre-
sources.While theformerissuehasbeenrecentlyaddressed
throughmigration of individual componentsto SoC sub-
strates,scalableinterconnectcontinuesto beanissue,even
for SoCenvironments.As largesingle-chipsystemsarede-
signed,on-chipglobal communicationis likely to become
thelimiting factorto overallsystemperformance.Dynamic
arbitrationfor sharedcommunicationresourcesacrosseven
a small numberof componentscanquickly form a perfor-
mancebottleneckand long, heavily-loaded on-chip buses
arelikely to leadto longglobalcommunicationcycles,lim-
iting systemthroughput.

Our approachto on-chip communicationis to supple-
ment each SoC intellectual property core with a small,
highly-optimizedcommunicationinterface. As shown in
Figure 1, each core and associatedinterface effectively
forms a computationalnode. Communicationbetween
nodestakesplacevia pipelined,point-to-pointconnections.
By limiting inter-core communicationto short wires ex-
hibiting predictableperformance,high-speedcommunica-
tion canbe achieved. For many SoCapplicationsit is ex-
pectedthat communicationbetweennodescan primarily
be predictedat compile time and inter-nodecommunica-
tion canbe performedwithout the needfor significantdy-
namicarbitration. This compile-timeapproachto scalable
system-widecommunicationis drawn from previouswork
in coarse-grainedparallelprocessing.In anumberof previ-
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Figure 1. Adaptive System-on-a-Chip (aSOC)

ousprojects[7] [18] [21], distributed,pipelinedroutinghas
beenusedto moderateglobalcommunicationcyclesacross
largeparallelsystems.

The availability of instruction-configurableprocessors
andbitstream-configurableFPGA resourcesbringsan im-
portant aspectof hardware adaptability to SoC environ-
ments. It is our belief that not only must the function-
ality of individual IP cores changefrom application-to-
application, but also that communicationresources be-
tweencoresshouldbe allocatedon a per-applicationba-
sis.Sincecommunicationin statically-scheduledsystemsis
predictableandeasily-verified,webelieve thatreconfigura-
tion of intra- andinter-corefunctionalitywill besimplified,
fulfilling ourgoalof anadaptivesystem-on-a-chip(aSOC).

In this paperwe evaluatethe performanceof 9 and16
coreaSOCdeviceswith threecommonDSPbenchmarks.
Throughtheuseof a parallelsimulator, directcomparisons
canbedrawn betweenthenew on-chipinterconnectarchi-
tectureand traditional on-chip buses. A preliminary lay-
out of the interfaceyields areaandperformanceestimates
relative to the nodecores. Availablearchitecturalsimula-
torshavebeenintegratedinto oursimulationenvironmentto
providefor accurateevaluationof on-chipsystemscontain-
ing heterogeneouscores. An initial layout of the interface
shows that it canbe constructedefficiently andcanallow
for fast,pipelinedperformance.

2 Related Work

While therearenumerouscurrentproposalsfor on-chip
interconnect,choicescangenerallybedividedinto two cat-
egories: arbitratedbus andpacket-switchednetwork. The
mostcommoncommunicationmodelusedfor on-chipcom-
municationis the multi-component,arbitratedbus. This
mediumis characterizedby aneedfor busarbitrationwhich

resultsin a singlebusmaster. Severalcommercialventures
have focusedattentionspecifically towardson-chip inter-
connect.Sonics,Inc. [19] allows IP designersthecapabil-
ity to adda standardbus interfaceto cores,facilitating ar-
bitratedon-chipbus transfer. Similarly, the Virtual Socket
InterfaceAlliance (VSIA) hasattemptedto setthe charac-
teristicsof this interfaceindustry-widethroughthecreation
of an on-chipbusstandard.Threecommercialon-chipin-
terconnects,Wishbone[16], AMBA [10] andCoreConnect
[11], supportthe connectionof multiple busesin arbitrary
topologies.All of thesystemsmentionedabove,while flex-
ible, appearto have limited scalabilitydueto thearbitrated,
non-pipelinednatureof their interconnectionbuses.While
it is likely that a small numberof corescanbe accommo-
datedby abus,new approacheswill benecessaryassystem
sizesscale.Additionally, for many applicationscommuni-
cationpatternsbetweenmodulesarelargely predictableat
compiletime limiting the needfor constantrun-timearbi-
tration.

Packet-switchedinterconnectbasedon both compile-
time static and run-time dynamic routing has beenused
effectively for multiprocessorcommunicationfor over 25
years. In general,a large majority of multiprocessornet-
works have usedpurely run-time dynamicroute determi-
nationto simplify softwaredevelopment.While many ap-
plicationsrequireat leastsomedynamicroutesupport,in
many casesstatic routing canbe usedfor most, if not all,
communication. Compile-timestatic routing of commu-
nication has beenusedeffectively in a numberof paral-
lel processingsystems.In iWarp [7], inter-processorcom-
municationpatternsweredeterminedduringprogramcom-
pilation and implementedwith the aid of programmable,
inter-processorbuffers. This conceptwasextendedby the
NuMesh project [18] to include collectionsof heteroge-
neousprocessingelementsinterconnectedin a meshtopol-



ogy. Both of theseearly systemsincorporateda single
processingelementper chip and were primarily applied
to signal processingapplicationswhich exhibited well-
definedcommunicationpatterns. More recently, the Re-
configurableArchitectureWorkstation(RAW) project[21]
hasre-examinedstaticcommunicationasa mechanismfor
general-purposecomputing. The compiler for this single-
chip systemautomaticallypartitions program fragments
acrossmultiplehomogeneousprocessingelementsandthen
determinesinter-processorcommunicationusing a space-
timescheduler.

3 Scheduled Communication Architecture

Our experimentalarchitecturehasbeendevelopedwith
the belief that most, if not all, communicationin data-
intensive applicationscan be determinedat compile-time.
This approachemphasizedhardwareminimizationandin-
terconnectperformanceat the cost of some flexibility .
While thearchitecturedescribedin thispapercurrentlysup-
portssomedata-dependentrouting capabilitiesin termsof
thenumberof datavaluestransferredbetweena sourceand
destination,dynamicdeterminationof datadestinationsat
run-timeis not supported.Extensionsto thearchitectureto
more fully supportrun-timedestinationdeterminationare
currentlyunderway anda high-level view of the approach
is describedin Section6.

Through the use of mappingapproachesdescribedin
Section3.2, it is possibleto pre-determinecommunication
in astatically-scheduledaSOCsystem.In general,for static
routing,not all inter-corevaluesneedto be communicated
on every cycle. As a result, inter-core valuesare mul-
tiplexed eliminating the overheadfound in point-to-point
circuit-switchedapproaches. A benefit of this approach
is that inter-componentcommunicationcan be pipelined,
keepingcommunicationthroughputhigh andcommunica-
tion delayspredictable.

Asshown in Figure1,sinceourconceptualsystemis reg-
ularandbasedonanoptimizednode,devicefamiliescanbe
easilyextendedanddevice testabilityis enhanced.As a re-
sultof systemscalability, numerousheterogenouscorescan
belinkedto eachothervia communicationinterfaces.Since
the communicationinterface is isolated from computing
components,thearchitecturecanmakefull useof resources
suchas processors,FPGAs,multiplier-accumulators,and
otherembeddedcomponents.

Before examining the detailed implementation of
the intra-nodecommunicationinterface, the architectural
piecesof the interfaceareexamined.A high-level view of
the interfacearchitecture,shown in Figure2, revealsfour
distinct logical parts:FIFOswhich buffer IP coredataval-
ues,the interfacecrossbarwheredatavaluesarephysically
exchangedbetweenneighboringnodesandthe intellectual
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Figure 2. Core and Comm unication Interface

propertycore,aninterconnectmemorythatholdsper-cycle
multiplexer selectsettings,andan instructionpointer(PC)
that selectsa single interfaceconfigurationstoredin the
configurationmemoryon a givenclock cycle. Effectively,
this typeof high-level interfacearchitecturecanbethought
of asa reconfigurable communicationsprocessorwith in-
struction pointer (configurationpointer) and instructions
(configurationmemory). In a purely systolic mode, the
instructionpointer repetitively selectsthe samesequence
of communicationinstructionsover and over again in a
compiler-determinedfashion. The multiplexer andassoci-
atedlogic in the instructionpointersectionof the interface
cancomparedatavaluestakenfrom thecrossbarto promote
branchesby changingthe instructionpointer(PC) to point
to a new sequenceof crossbarsettings. By usingthis ap-
proach,eachinter-nodewire may be assigneddatafrom a
differentsourceon eachcommunicationcycle, effectively
applyingcommunicationresourceswherethey areneeded.

The FIFO interface betweena core and an interface
crossbarallows for synchronizationbetweenpotentially
differing clock domainsaswell assomebuffering capabil-
ity. Synchronizationbetweencoresis aidedby the useof
a one-bittag valuethat is transferredwith eachdatavalue
throughthe systemto indicatedatavalidity. If an attempt
is madeto readanemptyFIFO, a datavaluewith a tag la-
belled invalid will be obtained. If invalid dataarrives at
a core,its valueis ignored. The interfaceFIFOsthatwere
implementedandusedin simulationwerearbitrarilychosen
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Figure 3. Detailed Comm unication Interface

to beof a depthof four to limit buffer areawhile providing
multiplestoragelocations.

A similar, fixed-hardware implementationof the logi-
cal functionof thecommunicationinterfacehaspreviously
beendescribedin [6]. In theearlierimplementation,which
wastargetedto ASICs, the logical functionof thecommu-
nicationinterfacecontrollerwasdefinedon a per-nodeba-
sisasa large,fixedstatemachine.This interfacecircuitry,
whichwasgeneratedby the ��� �"!$# compiler, wasthensyn-
thesizedandimplementedin ASIC hardwareandcouldnot
bechangedfrom application-to-application.Our approach
providesa moreconfigurablesolutionat the costof a pro-
grammableinterconnectmemory. The memorycanbe re-
programmedto accommodateasetof differentapplications
usingthe samecomputingdevice. Additionally, the com-
municationcontrollerdescribedin this paperinterfacesto
a heterogenoussetof IP cores,eachrunningat potentially
differentclock rates.

3.1 Communication Interface

A detailedview of the interconnectmemorysequencer
and interfacecrossbar(minus tagsandFIFOs) appearsin
Figure3. Eachinstructionaccessedfrom the interconnect
memorycontainsa numberof datafields. Eachof the six
three-bit fields representsthe sourceport for one of the
interfacecrossbaroutput ports. Enablingpasstransistors

within the crossbarare driven by the output of three-to-
five decoders.Additional fields within eachcommunica-
tion instruction indicate the interconnectmemory branch
address,a comparison-selectenablebit, anda bit to force
asequencerjump.

In mostcasesthePCincrementsaftereachcommunica-
tion clock cycle to point to thenext instructionin theinter-
connectmemory. In the figure it can be seenthat a path
from the crossbarto the interfacecontrol doesallow for
somerun-timerouting decision-makingregardingtransfer
lengths.Thefunctionalityof thiscircuitry is bestillustrated
throughtheuseof a brief example.Considerthemulti-step
transferof datafrom thelocal IP core(FIFO port #&%(' ) to a
setof destinationports.It is known atcompiletime thatthe
multi-steptransferwill beperformedanumberof times,but
theexactnumberof sequencesis not known. Oneiteration
of thesequenceis asfollows:

1: Fifo out (Cin) -> South port (Sout)
2: Fifo out (Cin) -> West port (Wout)
3: Fifo out (Cin) -> East port (Eout)
4: Fifo out (Cin) -> Interface port (Iout)

The first threetransferscan be accomplishedby three
consecutive statewordsstoredin the interconnectmemory
which, after decoding,configurethe local crossbar. For
thesethreesteps,thePCis incrementedfollowing eachstep
completion.During thefourth step,a countvaluefrom the
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IP coreis testedby the comparatorto seeif it hasreached
a value of zero. If this value has beenreached,the PC
is allowed to incrementonceagainand the next seriesof
communicationpatternsis started.Otherwise,thePCis re-
set to the addressof the stateword for Step1 (storedinhjilknmporq

) andthe sequenceis startedagain. This type of
repetitivedatatransferovera fixedsetof iterationsis simi-
lar to themechanismusedfor DMA transferin currentbus
architectures.Notethatthe s$tvuxw signalfrom theintercon-
nectmemorycanalsobe usedto force the PC to jump to
the stored

hjilkymporq
locationto createrepetitive loops. In

theabsenceof sztvu{w or apositivevaluefrom thecompara-
tor, thePCwill incrementto point to thenext interconnect
memorylocation.

3.2 Application Mapping

In this sectionthestepsneededto mapanapplicationto
an aSOCdevice aredescribed.While for this paperthese
stepswereperformedusingbothsoftwaretoolsandmanual
intervention,aneffort is currentlyunderwayto automatethe
entirecompilationprocess.

1. Thefirst stageof mappingis theassignmentof compu-
tationto cores.An applicationis partitionedontohet-
erogeneouscoresbasedon thenatureof computation.
For example,high-densitymultiplication is assigned
to multiplier-accumulators,bit operationsaretargeted
to the FPGAs,andsequentialcodeis assignedto the
RISCs.

2. Portionsof theapplicationarewritten in a formatap-
propriatefor the specificcore. This includesC code

for theMIPsR4000,RTL Verilog for theFPGA,anda
simpleRTL for multiply-accumulate.

3. Sourcesarecompiledfor target technologies.For ex-
ample, GCC is usedto target the MIPS R4000and
Quartussoftwareis usedto synthesizetheFPGAlogic
design.

4. Datatransferbetweencoresis broken into communi-
cationstreamswhichfollow shortestpathsfrom source
to destinationcores.Wherepossible,communicating
streamsthat passthrougha communicationinterface
arecombinedto allow multiple datatransferson the
samecommunicationclockcycle throughtheinterface
crossbar.

5. Stream data that passesthrough a communication
interface is scheduledfor a specific communication
clock cycle basedon datalink availability. Note that
sincecommunicationis coordinatedthroughouttheen-
tire system,theschedulesof communicationinterfaces
arecoordinated.Theresultof schedulingfor eachin-
terfaceis a setof instructionsfor its associatedinter-
connectmemory.

3.3 IP Core Models

For this paperthreetypesof cores(Altera FPGA,MIPS
R4000,andmultiplier-accumulators)areusedin 9 and16
coreconfigurations.Asshown in Figure4, the9-coremodel
contains2 RISCs,1 FPGA and6 multiplier-accumulators.
The 16-coremodel contains4 RISCs, 2 FPGAs and 10
multiplier-accumulators.The diagramshows a rough lay-
out of the variouscomponentsand their interconnection.
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While eachSoCimplementationis roughly a mesh,cores
arespacedto accommodatevaryingcoresizes.

4 Evaluation Methodology

To evaluatethe benefitsof aSOCinterconnect,archi-
tectural simulatorsfor FPGA logic, a MIPs R4000, and
a multiply-accumulateunit were used. Thesesimulators
were integratedwith NSIM [15], an interconnectsimula-
tor thatsupportsbothstaticanddynamicroutingprotocols.
Theflow usedto performthesimulationsappearsin Figure
5. For eachcore,an individual componentsimulatorwas
usedto determinecoreexecutiontime until datatransfers
betweencoreswere needed. The network simulatorwas
usedin responseto communicationrequeststo simulate
datatransferin thenetwork. Specificinformationaboutthe
simulatorsincludes:| SimpleScalarsimulator[8] - This scalarmicroproces-

sor simulatorprovidesa cycle-accuratesimulationof
theMIPS R4000architecture.TheSimpleScalarsim-
ulatorwasusedtoapproximatetheoperationof aRISC
processor.| Altera Quartussimulator [5] - This simulatordeter-
minesthe behavior of RTL-level circuits targetedto
FPGAs.FPGAlogic blockcountsweredeterminedby
synthesizingdesignsto hardwareusingtheembedded
Quartussynthesistools.| NsimParallel InterconnectSimulator[15] - This sim-
ulator determinescommunicationtime for mesh-type

Acknowledge:

A/D Bus:

Request:

Clock:

Address

Data

Figure 6. MIPS R4000 Bus Arbitration

networksbasedon bothstaticanddynamiccommuni-
cation. The operationof multiple communicationin-
terfacescanbe evaluatedsimultaneouslythroughthe
invocation of multiple processingthreads. For dy-
namic routing, packet headersare usedto determine
datamovement.

To perform accuratesimulation,execution-rateparam-
eterswere set for eachcomponent. The per-core clock
ratesused in our evaluation are discussedin Section5.
Execution-rateparameterswere obtainedby running the
simulatorsindependentlyandusingpolling at the coresto
determinewhen requesteddataarrived. NSIM schedules
datatransferso that accuratecommunicationcycle times
canbe determined.Following applicationexecution,post-
run statisticscanbe gatheredto determinethe numberof
cyclesneededfor computationandcommunication.

To comparethebenefitsof ascheduledinterconnectwith
anon-chipbus,abussimulatorwascreatedbasedonthear-
bitratedprocessorbusof theMIPS R4000architecture[3].
Thebuswassetto run at its highestarchitecturalspeedof
280MHz,whichis thesameastheclockspeedof theR4000
processor. As shown in Figure6, it takes5 clock cyclesto
finish a write/readtransaction.Neededcycles includere-
quest, acknowledge, address, data, and release. When
the bus is grantedto onemaster, all otherrequestsremain
pendinguntil the bus becomesavailableonceagain. The
masteris chosenrandomlyby the arbitrator if more than
onerequestarrivesduringthesamecycle.

4.1 Benchmark Designs

The benchmarksusedin our evaluationwere selected
from several importantapplicationdomains: communica-
tions, multi-media, and imageprocessing. Threebench-
markswere selected:an imageprocessingapplication,a
convolutionalencoder/Viterbi decoderandanIIR filter.

4.1.1 Image Processing

Thefirst benchmarkevaluatedwasanimageprocessingap-
plicationbasedon medianfiltering [1]. In this application,
a medianfilter is appliedto a 60 } 60 pixel image. The
medianfilter movesline by line acrossa picture.Thescale
valueof eachpixel is replacedby theaverageof thecurrent
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valueandits eight neighbors.The resultof this averaging
is a local smoothingof colorshadesin animage.This tech-
niqueis effective in increasingtoleranceto noise.

In our implementation,two RISCsand six multiplier-
accumulatorsareusedto performcomputation.As shown
in Figure7, theluminanceof thedarkpixel becomestheav-
erageof theshadowedarea.Theimageis dividedinto two
slicesandthemultiplier-accumulatorsperformtheaverag-
ing computations.For the16-coreaSOCmodel,four RISCs
andtenmultiply-accumulatecoresareused.Computational
partitioning for this aSOCorganizationtakes placealong
four slices.

4.1.2 Viterbi Decoding

Thesecondbenchmarkimplementedwasa communication
channelsimulator. This designimplementsthe operations
neededto simulatea communicationchannelencoderand
decoder. TheViterbi algorithm[20] wasappliedin thecon-
structionof the decoder. Four stageswereneededto com-
pletethedesign.First,datato betransmittedis fetchedfrom
local memoryfollowed by input encodingusingconvolu-
tional codes[20]. After the encodedsignalwassubjected
to randomwhite Gaussiannoise.thereceivedsignalswere
decodedwith a Viterbi decoder.

Dueto theirsequentiality, thedatageneratorandencoder
wereassignedto the RISCs. The multiplier-accumulators
wereusedto implementthenoisegeneratorandto addthe
noiseto theencodedinformationbit sequence.Finally, the
decoderwasmodeledon anFPGA.Thedecoderportion is
basedon single-bitoperations,which is well suitedto ex-
ploit the fine-grainedparallelismfound in FPGAs. Appli-
cationpartitioninganddataflow is shown in theFigure9.

4.1.3 IIR Filter

Infinite impulseresponse(IIR) filtersarewidely usedin sig-
nalprocessing.For this benchmark,afive stageIIR filter is
realized.Figure8 showsthepartitioningof computationsto
aSOCcomponents.After initial pre-processingby a RISC,
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eachmultiplier-accumulatorexecutesonestageof multipli-
cationandaccumulation.Theresultsaregatheredby a sec-
ond RISC. In the 9-coremodel,onefilter is implemented.
In the16-coremodel,sincethereare4 RISCsand10 mul-
tipliers, two IIR filters canbeexecutedat thesametime.

5 Results

5.1 Core and Interface Component Parameters

To better calibratearchitecturalsimulations,an initial
layout of both the communicationinterface and several
cores(FPGAandmultiplier-accumulator)werecreated.All
layoutwasperformedin 1.2 microntechnologyto serve as
a preliminaryproof-of-concept.To afford comparisonsto
othertechnologies(e.g. theR4000corein 0.3microntech-
nology),someparameterscalingwasneeded,asdiscussed
below. Theperformanceof thekey structureof thissystem,
the communicationinterface,including interfacecrossbar,
interconnectmemory, sequencer, andFIFOport to thelocal
core,wasevaluatedusingSPICE.

Theentirecommunicationinterface,designedin 1.2mi-
crontechnology, is about�n�"�����������*��������� in sizeandcon-
tainsabout50,000transistors.As shown in the Figure10,
theinterfacecrossbaris about�n���������r���*��������� in sizeand
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containsabout2,300transistors.In the SPICEsimulation,
thecritical paththroughtheinterfacecrossbarin 1.2micron
technologyis about8.5ns.Basedon thefixed-voltagescal-
ing relationshipfor shortchanneldevices[17], thepropaga-
tion delayis determinedto be �� whenthetechnologyscales
down by a factorof s. Thus,the interfacecrossbarcanbe
expectedto run in 1-2 nS clock in 0.3 micron technology.
To allow for conservativeestimation,weassumethatthein-
terfacecrossbaroperatesundera 3 nS clock periodat this
featuresize. The layout of the sequencerdid not limit the
clock frequency of theinterface.Thesizeof thememoryin
this layoutwas256x32bits.

Through simulation, the multiplier was determinedto
performmultiplicationandaccumulationwith aclockcycle
of 5 nS.Theperformanceof theFPGAfor eachdesignwas
takenfrom Quartusestimatesandvariedfrom designto de-
sign.All FPGAdesignsrequiredfewer than500four-input
look-up tables.Areaandperformanceinformationregard-
ing theMIPS R4000corewastakenfrom [4]. This coreis
approximately��� ������� in sizein 0.18microntechnology
andrunsat a clock speedof 280MHz. Notethat thesefig-
uresdo not considerthe associatedR4000cache.Overall
layoutresultsaresummarizedin Table1.

5.2 Simulation Results

Oncetheperformanceof theaSOCstructuresweredeter-
mined,it waspossibleto comparethenew staticroutingar-
chitecturewith existingbus-basedmodels.SincetheNSIM
tool usedfor simulation also supportsadaptive dynamic
routing [9], numbersusing this packet-switchedapproach
werealsogenerated.In general,thesenumbersshouldbe
consideredfor comparative purposesonly as it is unclear

Speed Area( �n� )
interface 3 ns 6000 � 5000

MIPsR4000(w/o cache) 3.5ns 4.3 ���l��� [4]
multiplier 4ns 1500 � 1000

FPGA 20ns 10000 � 10000
FIFO Async 1500 � 2200

Table 1. Component Parameter s

whetherthis typeof communicationprotocolwould beap-
propriatefor anSoCenvironment.

Thesimulationresultsof thethreebenchmarksusingthe
9 and16 coremodelsarepresentedin Table2. The times
notedin thetableindicatethesimulatedexecutiontimesfor
eachbenchmarkconsideringthe componentspeedsmen-
tioned previously. The performanceof eachapplication
executedon a single RISC corewith attachedmemoryis
providedfor reference.Thespecifiedlink utilization is the
averageof the individual link utilizationsacrossall links.
Eachper-link utilization is calculatedby dividing the total
numberof communicationinterfacecyclesby the number
of cycles the link is occupiedby valid data. The bus has
only one link, the 9-coremodelhas12 links, and the 16-
coremodelhas24 links.

Fromtheresultsin Table2, it canbeseenthatstaticcom-
municationyieldssubstantiallybetterperformancethanthe
embeddedbusmodel. Link utilizationsfor aSOCaresub-
stantiallysmallerthanthebussincecommunicationis dis-
tributed and pipelinedthroughoutthe system. In the im-
ageprocessingandIIR benchmarks,thebusis fully utilized
while utilization for staticcommunicationis about10 to 20



ImageProcessing IIR Viterbi

Risc Bus Dyn. aSOC Risc Bus Dyn. aSOC Risc Bus Dyn. aSOC
9 cores Time(mS) 1072 332 151 133 114 25.0 22.4 21.6 29.7 6.4 6.0 5.5

Link Util. - 100% 11.1% 6.3% - 100% 12.2% 5.5% - 40% 2.4% 1.5%
UsedLinks - 1 9 9 - 1 7 8 - 1 7 6

16 cores Time(mS) 1072 333 81.1 71.5 114 44.6 11.2 10.9 29.7 8.2 6.4 6.2
Link Util. - 100% 17.0% 10.6% - 100% 24.4% 13.5% - 84% 2.8% 1.2%

UsedLinks - 1 11 10 - 1 14 13 - 1 13 16

Table 2. Performance of the Benc hmarks

Figure 10. Layout of the Interface Crossbar

percent. This implies that performancewill likely be im-
provedasthenumberof SoCcoresis increased.In effect,
throughstatic schedulingit was possibleto eliminatethe
congestioncausedby the busandheaderoverheadpresent
in dynamicrouting.

Observationof theresultsof staticanddynamiccommu-
nication indicatesthat the former achievesa run time im-
provementfor the benchmarksversusdynamiccommuni-
cation.Note that theseresultsarebasedon theassumption
thatbothstaticanddynamiccommunicationinterfacesop-
erateat the samespeed,which generallywould not be the
case. Becauseof the needfor run-timeheaderprocessing
andvirtual circuit evaluation,theinterfacewould likely re-
quireadditionalcomplexity, leadingto slowerperformance.

A limitation of the static architectureis its instruction

memory, which may requirethe interfacecontrol circuitry
to be large to accommodatea spectrumof communication
patterns.For thebenchmarkschosenin thisstudy, thenum-
berof requiredmemorylocationswassmall (generally5 -
20)dueto theregularityof theapplications.

6 Summary and Future Work

In this paper, we have analyzeda new communication
substratefor on-chipcommunication.Theperformanceof
this architecturehasbeencompareddirectly to traditional
on-chipSoCbuseswith dynamicroutingusedfor compar-
ative reference.The useof scheduledcommunicational-
lowsfor predictabledatatransferatafastclockrate.Its dis-
tributednatureallowsfor scalablebandwidthacrossarange
of heterogenouscores.It hasbeenshown thatthis architec-
turecanbedevelopedcompactlysothatit canbeintegrated
into a varietyof possiblecores.Additionally, this structure
canaccommodatecoresof varyingsizes,alignedin amesh-
likestructure.

Severalimportanttasksremainin thedevelopmentof the
SoCenvironment.We arecurrentlyin theprocessof adapt-
ing a heterogeneouscompiler to our computationalsub-
strate.Thiscompilerdividesapplicationsinto parts,eachof
whichfit into aspecificcore.Thecompilerdeterminesdata
communicationsbetweenthecoresin a space-timefashion
alongthelinesof [12] andhasthecapabilityto generatein-
terconnectmemorycontentsfor eachindividual interface.
Recentapproachesto heterogeneoussoftwarepartitioning
andsoftware-hardwareco-designhave alsobeenproposed
in [13].

A significantlimitation of the currentarchitectureis its
lackof supportfor dataroutingto destinationsthataredeter-
minedat run-time.Oneapproachthatis underevaluationis
to designatesomescheduledroutingcyclesasdynamic.On
a numberof thesecycles,headersmaybeexaminedby in-
terfacecircuitry anddestinationinformationmaybestored
in a smallmemory. Subsequentdynamicdatatransferscan
thenusethis storedheaderinformationto forwarddatato-
wardthecorrectdestination.A high-level view of this type



of approachwaspreviously outlinedin [14], but not subse-
quentlyimplemented.

Thereis still work to be doneto improve hardwareim-
plementation.In our experiments,the communicationin-
terfaceis assumedto runatabout333MHz, which is about
thesamespeedasa low-endRISCprocessor. It is believed
thatwith additionalinterfacecrossbarandinterfacecontrol
pipelining,higherrun-timespeedscanbeachieved,perhaps
approaching1GHz.
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