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Abstract
In this paper, we presenta systemsynthesisalgorithm, called
MOCSYN, which partitions and schedules embeddedsystem
specificationsto intellectualpropertycores in an integratedcir-
cuit. Givena systemspecificationconsistingof multipleperiodic
taskgraphsas well as a databaseof core and integratedcircuit
characteristics, MOCSYNsynthesizesreal-time heterogeneous
single-chip hardware-software architectures using an adaptive
multiobjectivegeneticalgorithm that is designedto escapelocal
minima. The useof multiobjectiveoptimizationallows a single
systemsynthesisrun to produce multiple designswhich trade
off different architectural features. Integrated circuit price,
powerconsumption,andareaare optimizedunderhard real-time
constraints. MOCSYNdiffers frompreviouswork by considering
problemsuniqueto single-chip systems.It solvesthe problemof
providing clock signalsto corescomposinga system-on-a-chip. It
producesa bus structure which balanceseaseof layout with the
reductionof bus contention. In addition, it carries out floorplan
block placementwithin its innerloopallowingaccurateestimation
of globalcommunicationdelaysandpowerconsumption.

1 Intr oduction
The processof concurrentlydefining the hardware andsoftware
portionsof an embeddedsystemwhile consideringdependencies
betweenthe two is called hardware-software co-design[1]–[4].
Time pressuremakesit difficult for anengineerto explorethenu-
merousalternativedesignswhichhavethepotentialtomeetagiven
setof specifications.As a result,anengineerfrequentlyselectsa
conservative architectureafter little experimentation,resultingin
a needlesslyexpensive system. The majority of pastresearchin
theareaof hardware-softwareco-designhasattemptedto easethe
processof designexploration,allowing anengineerto examinea
numberof alternative implementationsin theshorttimeavailable.
Co-synthesisis theautomationof thegenerationof anembedded
systemarchitecture.Given an embeddedsystemspecification,a
co-synthesissystemselectshardwareandsoftwareprocessingele-
ments,devicesuponwhich tasksexecute.In addition,thesystem
assignseachtask to a processingelementandensuresthat tasks
which needto communicatewith eachotherarecapableof doing
so. Finally, schedulesareproducedfor tasksandcommunication,
suchthat real-timeconstraintsaremet [5], [6]. Co-synthesissys-
temsgeneratefeasible,low-costarchitectureswithoutdesignerin-
tervention.

It is possibleto implementsomeembeddedsystemsusing a
single integratedcircuit (IC), therebyreducingcostand improv-
ing performance[7]. Economicand time pressuresfrequently
make it impractical to do an in-housedesignfor eachcompo-
nent in a single-chipsystem. Fortunately, the numberof intel-
lectual property (IP) coresavailable from the industry hasdra-
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matically increasedin thepastyear. Companieslike Alta Group,
VAutomatic Inc., Virtual Chips,and Intronic offer a wide range
of IP cores,e.g., protocolprocessors,general-purposeprocessors,
micro-controllers,digital signalprocessors,memory, andDataEn-
cryptionStandardengines.

Optimal co-synthesisis an intractable problem. Alloca-
tion/assignmentand schedulingare eachNP-completefor dis-
tributedsystems[8]. As a result, it is not surprisingthat all co-
synthesissystemswhichemploy optimalmixedintegerlinearpro-
gramming[9], [10] and exhaustive exploration [11] can only be
appliedto small instancesof theco-synthesisproblem.Thereare
a numberof co-synthesisalgorithmswhich make the solutionof
largeprobleminstancestractable.To achieve reasonablerun-time,
however, it is necessaryto sacrificethe guaranteeof solutionop-
timality. Iterative improvementalgorithmsstartwith a complete
solution and make local changesto it in an attemptto improve
thesolution’s cost[5], [12], [13]. Constructive algorithmsbuild a
systemby incrementallyaddingcomponentsto it [14], [15]. Sim-
ulatedannealingalgorithmshave beensuccessfullyusedto par-
tition hardware-software systems[16]. Geneticalgorithmshave
beenappliedto the hardware/softwarepartitioningproblem[17].
A multiobjective geneticalgorithmwasappliedto the moregen-
eralco-synthesisproblem[18].

MOCSYN, which standsfor multiobjective core-basedsingle-
chip systemsynthesis, differs from past work by considering
a number of issuesunique to core-basedsingle-chip systems.
MOCSYN determinestheclock frequenciessuppliedto different
cores.It generatespriority-basedbusstructureof arbitrarytopol-
ogy, balancingeaseof routing andbus contentionminimization.
In addition,it conductsfloorplanblock placement[19] within its
inner loop, allowing estimatesof globalwiring delaysandpower
consumptionto be usedduring schedulingand cost calculation.
Experimentalresultsdemonstratethata globalbus is, in general,
inferior to theuseof priority-basedarbitrarybustopologies.Con-
ductingblock placementin theinner loop frequentlyresultsin an
improvementin solutionquality whencomparedwith worst-case
or best-casecommunicationdelayestimates.

2 Data structuresand definitions
In this section,we describethedatastructuresusedin MOCSYN
anddefinebasicco-synthesisterms.

Cost: A cost is a variablethat a synthesissystemattemptsto
minimize. Price,power dissipation,andIC areaareexamplesof
costs.

Task graph: As shown in Fig. 1, a task graphis a directed
acyclic graphin which eachnodeis associatedwith a task and
eachedgeis associatedwith ascalardescribingtheamountof data
thatmustbetransferredbetweenthetwo connectedtasks.A task
with an incomingedge,i.e., a tasktowardwhich anedge’s arrow
points,may executeonly after receiving datafrom theothertask
to which the edgeis connected.Thus, in Fig. 1, DCT is data-
dependenton NEG. Theperiod of a taskgraphis the amountof
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Figure1: Taskgraph

timebetweentheearlieststarttimesof its consecutive executions.
A nodewithoutany outgoingedgesis asinknode. A deadline, the
timeby which thetaskassociatedwith thenodemustcompleteits
execution,exists for every sink node.Othernodesmayalsohave
deadlinesassociatedwith them.

Multi-rate: A multi-ratesystemcontainstaskgraphswith dif-
ferentperiods. It wasshown in [20] that, in orderto guaranteea
valid schedulefor a multi-ratesystem,eachtaskgraphmust re-
peatedlyexecuteuntil the leastcommonmultiple (LCM) of the
periods,termedas the hyperperiod,of all the taskgraphsin the
systemhaselapsed.

Core: A coreexecutesoneor moretasks.Multiple coresmay
be locatedon the sameIC, upon which multiple tasksmay ex-
ecutesimultaneously. The following informationestablishesthe
relationshipbetweentasksandcores:� A two-dimensionalarray indicating the relative worst-case

executiontimeof eachtaskoneachcore.� A two-dimensionalarray indicating the relative average
power dissipationof eachtaskoneachcore.� A two-dimensionalarray indicating the core types upon
whicheachtasktypemaybeexecuted.

In addition,eachcorehasapricewhichcorrespondsto royalties
paid to the IP produceron a per-usebasis.This price is zerofor
royalty-freeIP cores.If IP hasaone-timefeeinsteadof, or in ad-
dition to, a per-useroyalty, thepriceis equivalentto theone-time
fee divided by the expectedproductionvolume. Eachcorehasa
width, a height,a maximumclock frequency, a variableindicat-
ing whetheror not its communicationis buffered,andan energy
consumptionpercyclededicatedto communication.

Coreallocation: Theinformationdenotingthenumberof cores
of eachtypepresentin anIC.

Link: A link is apotentialpoint-to-pointcontactbetweenapair
of cores. Any given link may be mergedwith otherlinks during
busformation(seeSection3.7),therebyceasingto exist.

Task assignment: The information denotingthe core upon
whichagiventaskis executed.

Ar chitecture: A setof allocation,assignment,andscheduling
informationwhichdefinesanembeddedsystem.

3 The MOCSYN algorithm
In thissection,wegiveanoverview of MOCSYN(seeSection3.1)
anddescribethealgorithmsof which it is composed.Section3.2
describesthealgorithmusedto determinetheclockfrequency used
for eachtype of core. Section3.3 describesthe initialization of

MOCSYN’s datastructures.Section3.4 describeshow coreallo-
cationandtaskassignmentaredetermined.Section3.5 explains
how links areprioritized. Theblock placementalgorithmusedby
MOCSYNis describedin Section3.6. Bustopologygenerationis
explainedin Section3.7. Schedulingis explainedin Section3.8.
Finally, costcalculationis describedin Section3.9.

3.1 Algorithm overview
In this subsection,we give a high-level description of the
MOCSYNalgorithm.MOCSYNcarriesout thefollowing tasks:

1. Determinea clock frequencyfor eachcore type, subjectto
trade-off betweenexecutiontimeandpower consumption.

2. Determinetheallocationof coresto use.
3. Determinethetasksto assignto eachcore,subjectto trade-

off betweeneaseof routing and minimizationof bus con-
tention.

4. Determineabusstructure to useon theIC.
5. Derive a block placementfor thecores,allowing anestima-

tion of wire delay, wire powerconsumption,andsiliconarea.
6. Assigneachcommunicationeventto abus.
7. Schedule the tasks on the cores and the communication

eventson thecommunicationlinks.
MOCSYNusesa geneticalgorithmto optimizeembeddedsys-

tem architectures.In general,geneticalgorithmshave the abil-
ity to escapelocal minima. They allow solutionsto cooperatively
shareinformationwith eachother. Geneticalgorithmsareespe-
cially useful for simultaneouslyoptimizing more than one cost.
Conventionaliterativeimprovementandsimulatedannealingalgo-
rithmsmaintainonly onesolutionat a time. Most single-solution
optimizationalgorithmscollapseall costsintoasinglevaluewith a
weightedsum[21], [22]. Geneticalgorithmsmaintainapoolof so-
lutionswhichevolvein parallel.Thisallowssolutionsto beranked
relative to eachother. Geneticalgorithmsarecapableof truemul-
tiobjective optimization,exploring thePareto-optimalsetof solu-
tions,i.e., thosesolutionswhich arebetterthanany othersolution
in at leastoneway. In ageneticalgorithm,solutionsareiteratively
improved by mutation, randomizedlocal changesto a solution,
andcrossover, duringwhich informationis sharedbetweendiffer-
entsolutions.In thispaper, weconcentrateontheuniqueproblems
encounteredwhendesigningsingle-chipcore-basedsystems.
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Figure2: MOCSYNoverview

An overview of the MOCSYN algorithm is shown in Fig. 2.
Initially anoptimal,but potentiallyslow, algorithmdeterminesthe
clock frequency to provide to eachcore.Basicdatastructuresare
theninitialized. MOCSYN is a hierarchicalalgorithm. It usesa
geneticalgorithmto improve the task assignmentsof individual



architectures.More detailedinformationaboutthis geneticopti-
mization framework can be found in [23]. After this phasehas
beenrepeatedan arbitrary (user-selectable)numberof times,an
attemptis madeto improve the coreallocationof a clusterof ar-
chitectures,i.e., acollectionof architectureswhichsharethesame
coreallocationbut may have different taskassignments.Within
the architectureoptimizationloop, a numberof deterministical-
gorithmsareusedto concurrentlyevaluatethecoreallocationand
taskassignmentof eacharchitecture.First,apriority is assignedto
eachlink, i.e., thecommunicationcarriedoutbetweeneachpairof
cores.Theseprioritiesareusedto generatea block placementfor
the cores,ensuringthat corepairsfor which communicationpri-
ority is high arelocatedneareachother. Links arere-prioritized
basedon globalwiring delayinformationwhich is extractedfrom
the block placement.A bus structurewhich tradesoff potential
buscontentionfor easeof routingis produced.At thispoint, tasks
areprioritized anda scheduleis generatedfor the tasksassigned
to eachcore.Communicationeventsareconcurrentlyassignedto,
andscheduledon, busses.At thecompletionof eacharchitecture
optimizationloop,changesaremadeto thetaskassignmentsin an
attemptto improve them. At thecompletionof eachclusteropti-
mizationloop, changesaremadeto the coreallocationsin an at-
temptto improve them.Eachof thesub-algorithmsnotedin Fig. 2
is describedin thefollowing sections.

3.2 Clock selection
In this subsection,we discussthe problemsassociatedwith se-
lectinga clock frequency for eachcorein an IC anddescribethe
algorithmusedin MOCSYNto solve theseproblems.

Communicationbetweencoresin anIC canbesingle-frequency
synchronous, multi-frequency synchronous, or asynchronous
[24], [25]. Single-frequency synchronouscommunicationhasthe
potentialto keepcommunicationoverheadat a minimum. How-
ever, its userequiresthat all the coreswhich communicatewith
eachotherbeclockedat thesamefrequency. Whendifferentcores
have differentmaximumfrequencies,all coresmustbeclockedat
a frequency lessthanor equalto the maximumfrequency of the
slowestcore. Thus,usinga single-frequency synchronouscom-
municationprotocolwill generallyforcesacrificesin corespeed.
Multi-frequency synchronouscommunicationallows coreswith
differentclock periodsto communicatewith eachotherat a rate
proportionalto the LCM of the communicatingcore’s periods.
Unfortunately, when coreshave different minimum periodsand
efforts aremadeto allow eachcoreto run nearits maximumfre-
quency, the LCM of the periodsof communicatingcorescanbe
significantlyhigher than the period of any individual core, e.g.,
LCM
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�	�
. This generallyresultsin slow communication.

A third optionis asynchronouscommunication.Althoughit hasa
reputationfor increasingcommunicationoverhead,webelievethat
it is thebestavailableoptionfor systemsin which differentcores
are clocked at significantly different frequencies. Using asyn-
chronouscommunication,communicationspeedis boundedonly
by thebusbandwidthandrateat which communicatingcorescan
transmitand receive information. Using asynchronouscommu-
nicationhasthe additionaladvantageof makinginter-coreclock
skew irrelevant.Pastwork providesaframework for automatically
synthesizingasynchronousinterfaceprotocols[25].

Given that oneis usingasynchronouscommunication,the se-
lectionof clock frequenciesfor thecorescomprisingasingle-chip
systemneednotbeconstrainedby communicationconsiderations.
However, thereare a numberof other problemswhich must be
dealtwith. Supplyingeachcorewith anarbitraryclock frequency
wouldrequirea largenumberof frequency generators,e.g., analog
timers basedon RC delay or crystal oscillation. Thesecompo-
nentsaredifficult to integratewith conventionalCMOS IC pro-
cesses.Usingdiscretecomponentsis a pooroptionbecauseeach
additionalexternalcomponentincreasesthe price andareaof an
embeddedsystem.Thus,aclockingapproachwhichrequiresonly

For each� between1 and � , inclusive,
thereis anarray, ��� , of size ������� ,
whichcontainsintegers.

Eachof theseintegersis thecurrentdenominator
for thenumeratorequivalentto its index.

Optimize � for thecurrent � ’s.
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�
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Figure3: Clockselectionkernel

onefrequency sourcebut allowsnearlyarbitraryfrequenciesto be
deliveredto eachcorewouldbeadvantageous.

Weuseanapproachin whichasingleexternaloscillatoris used
to supplyabasefrequency. A cyclic counteror interpolatingclock
synthesizerassociatedwith eachcore is usedto divide this fre-
quency by an integer, in the caseof a cyclic counter, or multiply
the frequency by a rationalnumber, in the caseof an interpolat-
ing clock synthesizer[26]. A descriptionof the clock selection
algorithmusedin MOCSYN follows, which is capableof dealing
with interpolatingclock synthesizers.As thecyclic counterclock
selectionproblemis a specialcaseof the interpolatingclock syn-
thesizerclockselectionproblem,thealgorithmusedin MOCSYN
is capableof solvingeitherproblem.

Given: A maximum external clock frequency ( �*����� ) and
a maximum frequency associatedwith each of the � cores� �������(+ � �������-, �/.0.�.0� �����1�32 � .

Eachcore’s clock frequency multiplier is a rational number,�4� 
 �)�  &5� , with a positive integer numerator�)� lessthanor
equalto a user-suppliedmaximum,������� , andapositive integer
denominator, &6� . A core’s internalfrequency, �0� , is equalto the
externalfrequency ( � ) multipliedby its multiplier, � � .

MOCSYN maximizestheaverageof theratiosof thecorefre-
quencies( � � ) to thecorefrequency maxima( ������� � ), i.e.,7 28 �:9;+ � �  ������� �=<  �

It is simpleto determinean optimal externalfrequency ( � ) if
the value of eachmultiplier

� �4� � is known. Obviously, for an
optimal � , >1�@?BA $ � ��C suchthat � � 
 �����1� � . Thus,oneneed
only considera smallsetof � ’s. D���?EA $ � �-C � �F� 
 �����1�3�  �4� .
The G@HJI 2�K9;+ � � for which L 2�K9;+ � �FM �����1� � is theoptimal � for
agivensetof � ’s.

The only remainingproblemis to determinean optimal setof� ’s. It is obviousthat,for any givenpairof ������� ’s, �����1�ON and��������P , if ������� NRQ ��������P thenan optimal � NSQ �4P . This
observationallows thesolutionspaceof � ’s to bepruned.

Initially, all & ’s areequalto 1 andall � ’s areequalto �����1� .
Therefore,all � ’sareequalto ������� .

To maximizethe averageof core frequency to maximumfre-
quency ratios, one needonly repeatedlyexecutea simple algo-
rithmic kernel,while keepingtrack of the bestsetof � ’s, until� M �*����� . This kernelis shown in Fig. 3. Although,given a
maximumhighestinternalclock frequency of �����1�ON anda min-
imum highestinternalclock frequency of ��������P , this algorithm
takes T � ��U0�������VU������1�ON  ��������P � time, in practiceit is fast
(seeSection4).

Linear interpolating clock synthesizersare compatiblewith
standarddigital designtools and processes.Their useprovides



asignificantadvantage:onecandistributeabaseglobalclock fre-
quency which is well below themaximumlocalclockfrequencies,
therebyreducingpower consumptionin theglobalclock distribu-
tion net.However, interpolatingclocksynthesizersaremorecom-
plicatedthancyclic counters.In addition,they arelikely to require
morearea[26]. If onechoosesto usecyclic clock division coun-
ters, insteadof linear interpolatingclock synthesizers,the same
clockselectionalgorithmis used.However, ������� is setto 1.

3.3 Initialization
At the startof an optimizationrun, eachcluster’s coreallocation
is initialized. Oneof threeinitialization routinesis randomlyse-
lected:

1. Add onecoreof a randomlyselectedtype.
2. Add onecoreof eachtype.
3. Repeatedlyaddcoresof randomtypesuntil arandomnumber

(rangingfrom one to twice the numberof core types)has
beenadded.

MOCSYN ensuresthatthereis at leastonecorecapableof ex-
ecutingeachtypeof taskin the input taskgraphs.It checkseach
taskandaddsan appropriatecoreto theallocationif noneof the
corescurrentlyin theallocationarecapableof executingthetask.
Eacharchitecture’s tasksareassignedusingthe taskassignment
algorithmdescribedin Section3.4. Theglobaltemperatureof the
geneticalgorithmis set to one. This temperaturedecreasesdur-
ing the run of the algorithmand is usedto control the probabil-
ity of makinga coreallocationor taskassignmentchangewhich
decreasesthe quality of a solution[23]. At the beginning of an
optimizationrun, randomchangesaremade.As time progresses,
MOCSYN becomesgreedier, makingonly thosechangeswhich
result in an improvementin core allocationor task assignment
quality. ThispropertyincreasestheprobabilitythatMOCSYNwill
escapelocalminima[27].

3.4 Coreallocation and task assignment
Coreallocationsareoptimizedby MOCSYN’s geneticalgorithm.
The allocationschangevia crossover and mutationof the data
structurewhich maintainsthe coreallocationsfor eachclusterof
architectures.Whenmutationoccurs,a coreis addedor removed
from thecoreallocation.Theprobabilityof addingacoreis equiv-
alentto MOCSYN’sglobaltemperature,whichgraduallychanges
from oneto zeroduring the run of the algorithm. This resultsin
allocationsbeingmorelikely to increaseduring thestartof a run
andmorelikely to beprunedneartheendof arun. After removing
acore,MOCSYNensuresthatthereis at leastonecorecapableof
executingeachtypeof taskpresentin the input taskgraphsusing
themethoddescribedin Section3.3.

Coreallocationcrossoverswapsportionsof thecoreallocations
of twoclusterswith eachother. MOCSYNusesanovel methodfor
selectingportionsof thecoreallocationsto beswapped.Theprob-
ability of theallocationsof two typesof coresremainingtogether
during a crossover, i.e., the probability that both areswappedor
thatbotharenotswapped,is proportionalto thesimilaritybetween
thedatadescribingthecoretypes,e.g., prices,executiontimevec-
tors,andpower consumptionvectors.

Taskassignmentmutationcausestasksto bereassignedto dif-
ferent cores. A task graph is randomlyselectedand a number
of taskswithin thegrapharerandomlyselectedfor reassignment.
The numberof tasksto be reassignedis equivalent to the num-
ber of tasksin the taskgraphmultiplied by the global tempera-
ture.For eachtaskselected,anew coreassignmentis determined.
A core’s Pareto-rankis the numberof other coresfor which at
leastone propertyis inferior. First the propertiesof eachcore,
whenexecutingthe given task,areusedto determinethe Pareto-
ranksof all the corescapableof executingthe task. Execution
time,energy consumption,corearea,andweight,ameasureof the
time requiredto executethe tasksalreadyassignedto a core,are
usedin thePareto-rankingprocess.An arrayof coresis sortedin

orderof increasingPareto-rank.The core to which the selected
taskis re-assignedis determinedby indexing into thesortedarray
by W � $FXSY Z#[J\ ]^[`_3a � U [`]�]^[`b cedgfih/j whereflat randis auniform
randomvariablerangingfrom [0, 1) andarraysizeis the sizeof
thesortedarrayof cores.

Taskassignmentcrossover causesthe taskassignmentsof one
or more task graphsto be swappedbetweentwo architectures.
The probability of the task assignmentsof two task graphsre-
maining togetherduring a crossover is proportionalto the simi-
larity betweenthe datadescribingthe task graphs,e.g., periods
anddeadlines.A similaralgorithmis usedfor bothcoreallocation
crossover andtaskassignmentcrossover.

3.5 Link prioritization
Thissubsectiondescribesthealgorithmusedby MOCSYNto pri-
oritize links. Communicationpriority is composedof two values:
slackandcommunicationvolume.Slack is thedifferencebetween
the earliestfinish time and latestfinish time of a task. Thus, it
is theamountof time by which a task’s executioncanbedelayed,
from its earliestpossibleexecutiontime,withoutcausingany other
tasksto misstheirdeadlines.Earliestfinishtimesarecomputedby
consideringtaskexecutiontimesduringatopologicalsearchof the
taskgraph,startingfrom thenodewith no incomingedges.Latest
finish timesarecomputedby conductinga backward topological
searchof thetaskgraph,startingfrom thenodeswhichhavedead-
lines.

Taskgraphedges,which signify communication,have a slack
equivalent to the averageof the slacksof the tasksthey connect.
Link priority determinationis conductedbeforeblock placement
andbustopologygeneration.Therefore,it is not possibleto take
communicationtime into accountduring communicationpriority
determination.Hence,at this stage,slackis only estimated.This
problemis correctedlater, during link re-prioritization. Commu-
nication volume is the quantityof communicationwhich passes
alonga link. Link priority is a weightedsumof thereciprocalsof
theslacksof thetaskgraphedgesalongit andits communication
volume.

3.6 Floorplan block placement
This subsectiondescribesthe block placementalgorithm used
within MOCSYN’s inner loop. This algorithmis basedon pre-
vious work. Initially, a balancedbinary treeof coresis formed,
basedon the priority of communicationbetweencorepairs. Ac-
countingfor the priority of communicationbetweencorepairsis
an extensionof the historical algorithm, which consideredonly
the binary presenceor absenceof communication[28]. As a re-
sult, thetimecomplexity of thepartitioningalgorithmis increased
from Tlkm� ,0n to Tokm� , U�prq	st� n where � is the numberof cores.
Coreswhichareadjacentin thebinarytreewill beadjacentin the
final block placement.After forming the binary tree,MOCSYN
optimally determinestheorientationsof all of thecoressuchthat
theaspectratio of theIC, i.e., theratio betweenwidth andheight,
doesnot exceeda valuespecifiedby the user. Underthis condi-
tion, IC areais minimized. This algorithmis basedon pastwork
andtakes T � ��U0prq`su� � time [29].

3.7 Bus formation
Thissubsectiondescribesthealgorithmusedby MOCSYNto pro-
duceanarbitrarybustopology.

MOCSYN recalculateslink priorities usingan algorithmsim-
ilar to that describedin Section3.5. The global wiring delayin-
formationextractedfrom theblockplacement,however, is usedto
estimatecommunicationtimeduringthiscalculation.

In Fig. 4, the coregraphrepresentsfour cores(A, B, C, and
D). Theedgesconnectingpairsof coresrepresentcommunication,
i.e., no edgesexist for corepairsbetweenwhich thereis no com-
munication.Thenumericlabelsontheedgesdenotethepriority of
thecommunicationoccurringbetweentheconnectedcores.Thus,
communicationwith a priority of seven occursbetweencore A
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andcoreD. Thefirst stepof MOCSYN’s busformationalgorithm
convertsthis coregraphinto a link graph,asshown in Fig. 4. For
every pair of coresbetweenwhich communicationoccurs,a node
with the priority equivalent to that pair’s communicationpriority
is addedto the link graph.Link graphnodeswhich shareat least
onecoreare connectedto eachotherwith edges. SincecoreA
communicateswith coreB with a priority of five, thereis a node
in thelink graph,calledAB, with avalueof five. Thereis anedge
betweennodeAB andAC becausethey sharecoreA. Thereis no
edgebetweennodeAB andCD becausethey sharenocore.

The link graphis incrementallychangedby merging the pair
of nodes,betweenwhich thereexists an edgeandfor which the
sumof prioritiesis minimal, i.e., lessthanthesumof thepriorities
of any otherpairof nodesbetweenwhichanedgeexists.Thenew
node’snameis thesetunionof themergednodes’names.Thenew
node’s priority is thesumof theprioritiesof thenodesmergedto
form it. Thus,whennodeAC ismergedwith nodeCD in busgraph
1, theresultingnodehasthenameACD andapriority of four (2 +
2). Thisalgorithmis haltedwhenthenumberof bussesis lessthan
or equalto auser-specifiedvalue.

After haltingthebusformationalgorithm,oneis left with abus
graphin which eachnoderepresentsa bus. Thus, in bus graph
2, thereexistsoneglobalbus(ABCD) andonepoint-to-pointlink
(AD). Notethatthealgorithmtendsto form largecommonbusses
for multiplelow-priority communicationswhile producingsmaller
bussesfor high-priority communication. In this way, bus con-
tentionis reducedfor high-priority communicationwhile routing
andmultiplexing complexity is reducedfor low-priority commu-
nication.

3.8 Scheduling
In this subsection,we describethe schedulingalgorithmusedin
MOCSYN. Schedulingis NP-completefor distributed systems
[8]. We, therefore,resort to a heuristic schedulingalgorithm.
MOCSYN usesa preemptive static critical path schedulingal-
gorithm. The resultingscheduleis static, i.e., the time at which
eachevent is carriedout is computedby MOCSYN to determine
whetheror notharddeadlinesaremetby theschedule.Suchguar-
anteesarenotpossible,in general,whentaskprioritiesareallowed
to varyduringtheoperationof thesynthesizedarchitecture.

We assumethatuniform buffersaredistributedthroughoutthe
communicationnetworksin orderto minimizecommunicationde-
lay. The useof regularly distributedbuffers reducesthe depen-
dency of delayon wire length from T k�v=w � ,0n to T � v=w � � where

v=w � is wire length.Giventheprocessparameters,andV xyx , opti-
mal buffer spacingis calculated.This valueis usedto determine
the RC delaybetweena pair of cores[30]. This valueis divided
by thebus width andmultiplied by thenumberof digital voltage
transitionsto determinethedelayfor acommunicationevent.Core
executiontime is equalto thenumberof executioncyclesdivided
by thecore’s frequency.

MOCSYN targetsmulti-rateembeddedsystems.It ensuresva-
lidity of schedulesby schedulingcopiesof taskgraphsuntil the
hyperperiodhasbeenreached. It is, therefore,possibleto have
multiple taskcopiesin the schedulefor a singletaskspecifiedin
theinput taskgraphs.Whentherearemultiple copiesof thesame
taskgraph,they arenumberedin orderof increasingstartnodeear-
lieststarttime. Eachcopy’snumberis its taskgraphcopynumber.
Taskgraphsmay have periodswhich arelessthanthe maximum
deadlinein the taskgraph. This makesit possiblefor the execu-
tion of multipleinstancesof thesametaskgraphto overlapin time.
MOCSYN handlesthis casecorrectlyandis capableof interleav-
ing tasksfrom differentcopiesof thesametaskgraph,aswell as
from differenttaskgraphs.

Beforescheduling,MOCSYN assignsa priority to eachtask.
Thispriority is theslackof thetask.It differsfrom theslackcom-
putedin Section3.5because,at this point, a block placementhas
beengenerated.Thus,slacktakescommunicationdelayinto ac-
count. Unfortunately, the effectsof bus contentionareunknown
beforeschedulingis carriedout.

Whentheschedulingalgorithmbegins,all taskswith noincom-
ing edgesareenteredinto a pendinglist which is sortedin order
of decreasingslack. Tiesarebroken by orderingthe taskswhich
sharethesameslackby increasingtaskgraphcopy number. Tasks
areiteratively removedfrom theendof thependinglist andsched-
uled. After a task is scheduled,taskswhich aredata-dependent
uponit arecheckedto determinewhetherall of theirdependencies
have beensatisfied.Taskswhichpassthis testareenteredinto the
pendinglist andthependinglist is sortedagainbeforescheduling
thenext task.

Beforeschedulingan individual task, z , MOCSYN schedules
all of its incomingedges,i.e., communicationevents.Eachedgeis
scheduledon abusconnectingthecoreto which z is assignedand
the core to which z ’s parentis assigned.Whenmultiple busses
are available, MOCSYN selectsthe bus upon which the com-
municationevent will completeat the earliesttime. If eitherof
the communicatingcoresdoesnot have communicationbuffers,
MOCSYN schedulesthe communicationevent to the unbuffered
coresaswell.

Every timeataskis scheduledonacore,MOCSYNdetermines
whetheror notpreemptionis likely to resultin animprovedsched-
ule. MOCSYN first tentatively schedulesa task, z , to theearliest
time slot on its core,which startsafter its incomingedgeshave
completedexecution,andhasalongenoughdurationto accommo-
datethe task. MOCSYN thenchecksto seewhetherpreempting
thetask,{ , whichis scheduledto thesameprocessoras z , previous
andadjacentto z , would result in a net improvement, wherenet
improvementis definedasthe X (increasein finish time for { ) "
(decreasein finishtimefor z ) X ( z slack)" ({ slack).If preemption
resultsin anetimprovement,thereis enoughtimeavailableon the
coreprocessorbeforethe next scheduledtask,andpreempting{
doesnot changethetimesat which it communicateswith taskson
othercores,thenthepreemptionis carriedout.

3.9 Cost
In this subsection,we describethe mannerin which an architec-
ture’s costsarecalculated.As mentionedbefore,MOCSYN opti-
mizesarchitectureprice,area,andpower consumptionunderhard
real-timeconstraints.An architectureis invalid if any taskwith
a deadlineviolatesthatdeadline.Power consumptionis the sum
of the energy consumptionsof all of an IC’s tasksexecutedon
all its cores,throughoutthehyperperiod,in additionto theenergy



consumedin theglobalclockdistributionandcommunicationnet-
works,dividedby thehyperperiod.Asdiscussedin Section3.8,we
assumeregularlyspacedbuffersin theglobalcommunicationnet-
work. In addition,theclocknetwork is assumedto beconstructed
with bufferedsegments.Leakagecurrentis assumedto benegli-
gible. This allows delayandenergy consumptionto beestimated
aslinear functionsof wire lengthandtransitioncount,with con-
stantfactorsderivedfrom theprocessparametersandV xyx . Ulti-
mately, threesuchconstantfactorsarecomputed:communication
wire delay factor, communicationwire energy factor, and clock
energy factor. Theenergy consumedby theglobalclock network
is determinedby estimatingthetotal wire lengthof this network,
multiplying thisvalueby thenumberof transitionsoccurringdur-
ing ahyperperiod,andalsomultiplying by theclockenergy factor.
Thewire lengthestimateis derivedfrom a minimal spanningtree
of thecorepositionsin theblock placement.This providesa con-
servative estimateon wire length. A Steinertreemay be usedin
thefinal post-optimizationroutingoperation.However, computa-
tion of minimal Steinertreesis time-consuming(NP-complete).
Hence,it is not usedin inner-loop routingestimates.Energy con-
sumptionin theglobalcommunicationnetworksis similarly com-
puted.A separateminimalspanningtreeis computedfor eachbus.
The transitionsrequiredfor the communicationeventsoccurring
oneachbusareusedto computethebusenergy consumptions.

An architecture’s price is thesumof thepricesof all thecores
on theIC plusthearea-dependentpriceof theIC. Theareaof the
IC is equivalentto thetotal rectangulararearequiredfor its block
placement.

4 Experimental results
In this section,we presentexperimentalresultsdemonstratingthe
effects of a numberof algorithmsemployed within MOCSYN.
Section4.1 shows the resultsproducedby the clock selectional-
gorithmwhenrun on anexample. In Section4.2,we empirically
determinethe influenceof a numberof MOCSYN’s specialized
algorithms.Section4.3shows theresultof runningMOCSYN on
anumberof examplesin multiobjective optimizationmode.

Previousco-synthesissystemsdonottargetthesingle-chipsyn-
thesisproblem.As a result,thereis not a bodyof exampleswith
which MOCSYN’s performancecanbecompared.It is, however,
possibleto experimentallydeterminetheeffectsof thealgorithms
comprisingMOCSYN. Theexamplesdiscussedbelow attemptto
determinehow clockselection,blockplacement,andbustopology
generationaffectthesolutionof thesingle-chipsynthesisproblem.
Thedatausedin theseexamplesareavailablevia anonymousFTP
at ftp://ftp.ee.princeton.edu/pub/dickrp/MOCSYN.

4.1 Clock selection
MOCSYN automaticallyselectsclock frequenciesfor eachcore
usingthe algorithmdescribedin Section3.2. In this subsection,
weexaminetheresultsproducedby thisalgorithmwhenrunonan
exampleproblem.

In the interestof decreasingthepower consumedin theglobal
clock distribution network, onemay reducethe frequency of the
baseclock. Thereis a trade-off betweenpower consumptionand
executiontime. However, this relationshipis not linear. Fig. 5
shows the relationshipbetweenmaximum referenceclock fre-
quency and the averageproportionof maximuminternal clock
ratesat which thecoresareclocked for a setof eightcores,each
of whichhasa randommaximuminternalfrequency rangingfrom
2 to 100 MHz. Eachsamplepoint lies at the optimal reference
clock frequency for a setof coremultiplier values.The top solid
line shows the averageratio of actualcore frequenciesto maxi-
mum core frequenciesfor linear interpolatingclock synthesizers
with a maximumnumeratorof eight. Thebottomsolid line corre-
spondsto a cyclic counterclock divider. Thedottedlinesindicate
themaximumratio encounteredbeforeor at eachfrequency. The
increasein powerconsumedby theclockreferencefrequency dis-
tribution network is approximatelya linearfunctionof frequency.
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Figure 5: Clock selectionquality as a function of external fre-
quency

As shown in Fig. 5, thequalityof theinternalclock frequenciesis
asub-linearfunctionof referenceclock frequency. If onewereus-
ing aninterpolatingsynthesizerwith maximumnumeratorof eight
for thecoresin this example,choosinga maximumreferencefre-
quency greaterthan100MHzwould not resultin a significantin-
creasein executionspeedbut mayhave a negative impacton sys-
tempower consumption.

4.2 Featurecomparisons
Thissubsectionempiricallyshowstheinfluenceof anumberof the
core-basedsynthesisalgorithmsusedin MOCSYN.

Table1 showstheresultsof synthesizinganumberof ICsusing
MOCSYN with varioussetsof featuresenabled.For theseexam-
ples,pricewasoptimizedunderhardreal-timeconstraints.If mul-
tiobjectiveoptimizationwereused,it wouldbedifficult to compare
thesolutionsproducedby differentversionsof MOCSYNbecause
eachproblemmighthavemorethanonesolution(seeSection4.3).
Eachexamplein Table1 is producedwith theaid of TGFF [31],
a randomizedtaskgraphandcoregeneratorwhich allows corre-
lation betweendifferentattributes. The examplesaremulti-rate.
Eachcontainssix taskgraphswith anaverageof eight taskseach
andavariability of seventasks.For eachtaskwith a deadline,the
deadlineis equalto

�~} w {Oz�� "S$ � U �����	�	�i� swhere
} w {Oz�� is thedis-

tanceof a task,in nodes,from thestartnodeof a taskgraph.Each
communicationeventrequiresanaverageof 256kilobytes,with a
variability of 200 kilobytes,of datato be transferred.Thereare
eight coretypes,eachof which hasan averagepriceof 100with
a variability of 80. Eachcore hasan averagewidth and height
of 6 mm anda width andheightvariability of 3 mm. The core
maximumfrequency averageis 50 MHz with a variability of 25
MHz. Coreshavebufferedcommunication92%of thetime. Com-
municationon coresrequiresanaverageof 10 nJpercycle with a
variability of 5 nJ per cycle. Tasksrequirean averageof 16,000
cyclesto executewith avariability of 15,000cycles.Taskpreemp-
tion takesan averageof 1,600cycleswith a variability of 1,500
cycles. Tasksdissipateanaverageof 20 nJpercycle with a vari-
ability of 16 nJ per cycle. 57% of the coretypesarecapableof
executingany given tasktype. Communicationwire delayfactor,
communicationwire energy factor, andclockenergy factorarecal-
culatedbasedon the0.25

�
m processparametersgiven in the lit-

erature[32], with a V xtx of 2.0 V. Communicationnetworksare
assumedto be 32 bits wide. Wire delayandpower consumption
per

�
m per transitionarecalculatedbasedon the useof a buffer

separationdistancewhichoptimizesdelayper
�

m. Themaximum
clock referencefrequency is 200MHz andthemaximuminterpo-



Table1: Featurecomparisons
Worst-case Best-case Single

Example
MOCSYN

commun. commun. busprice
price price price

2 181 181 181 181
3 255 255 255
4 211 211 211 211
5 154 154 154 154
6 230
7 174 174 174 174
8 219 219
9 182 182 182
10 901
11 166 166 166 166
12 405 405
13 636
14 166 368 166
15 151 151 151 151
16 389
17 302
18 315
19 320 365 320
20 176 176 176 176
21 212
22 170 257 257 257
23 322 323 322
24 421 421
25 113 113 113 113
26 440
27 173 173 173 173
28 858
29 169 169 186 169
30 203 203 203
32 396 406
33 317
34 368
35 694
36 269
37 132
38 460 460
39 179 270 179 270
40 327 327
41 273 273 273
42 426
43 72 72
44 182 182
45 148 148 148 148
46 344 344 344
47 404 404 285
48 135 135
49 60 60 60 60
50 291 357 211

Better 0 0 0 3
Worse 0 26 31 24

latingclocksynthesizernumeratoris eight.For eachexample,the
sameparametersaregivento TGFFandMOCSYN. Only theran-
domseedgiven to TGFFis varied,to producedifferentexamples
basedon thesameparameters.

The bottom two rows in Table1 display the numberof solu-
tionswhicharesuperiorandthenumberof solutionswhicharein-
ferior to thoseproducedby MOCSYN with all its featuresturned
on. The first columnin Table1 shows the randomseedgiven to
TGFFto generatethecorrespondingexample.Thesecondcolumn
showsthepriceof solutionsproducedby MOCSYNwhencarrying
out blockplacement-basedwire delayestimationsandusingup to
eightbussesorganizedto reducebuscontention.Emptypriceen-
triesindicateexamplesfor whichnosolutionwasfound.Example
11 is omitted from Table1 becauseno solution was ever found

for them. Note that thereis no guaranteethat solutionsexist for
all of the problemsproducedby TGFF. Eachof theexamplesin
thissectiontook lessthantwo minutesto completeona200MHz
PentiumProrunningLinux.

The third column shows the price of solutionsunder the as-
sumptionthat the distancein the block placementbetweeneach
pair of coresis equalto themaximumdistancebetweenany pair
of cores. Although this estimatemay appearconservative, it is
not possibleto derive a tight boundon the maximumseparation
betweenany pair of coreswithout carryingout block placement
in the inner loop. Thus, in practice,this estimatewould proba-
bly beevenmoreconservative if an inner-loop block placerwere
not available. Using worst-casecommunicationdelay assump-
tions never resultedin superiorresultsto block placement-based
communicationdelay assumptions.However, MOCSYN’s per-
formancewith block placementbasedcommunicationdelay es-
timateswassuperiorto its performancewith worst-caseestimates
for 26examples,many of whichwereunsolvablewhentheworst-
casecommunicationdelayassumptionwasused.

The fourth column shows the price of solutionswhich result
from carryingoutoptimizationundertheassumptionthatcommu-
nicationeventstake almostno time. After theoptimizationrun is
complete,solutionswhich areinvalid dueto unschedulabilityare
eliminated. Best-casecommunicationdelay estimatesnever re-
sultedin animprovementin solutionqualityoverblockplacement-
basedcommunicationdelayestimates.However, theuseof block
placement-basedcommunicationdelayestimatesresultedin supe-
rior solutionsfor 31 of theexamples.

Thefifth columnshowsthepriceof solutionswhichresultfrom
allowing MOCSYNto carryoutblockplacementin theinnerloop
to accuratelyestimatecommunicationdelaybut allowing only a
globalbusto beused,insteadof anarbitrarypriority-basedtopol-
ogy of up to eightbusses.For threeexamples,thisapproachactu-
ally resultedin animprovementover thesolutionsproducedwhen
allowing up to eightbusses.For theseexamples,therewasavalid
solutionwhichcontainedonly twoor threecores,therebyreducing
theamountof off-corecommunication.Theavailability of a large
numberof bussesreducedbus contention,makingit practicalto
usea larger numberof cores. However, whenonly onebus was
available,it becameessentialto minimizecommunicationin order
to minimizebuscontention.Thus,with only onebus,MOCSYN
wasforcedto concentrateits optimizationeffortsonsolutionswith
allocationscontainingonly a few cores.For acoupleof examples,
this focussedexplorationof thesolutionspacepaidoff. However,
thereis no guaranteethata solutionwith a smallnumberof cores
exists. Thus,for 24 examples,beingforcedto concentrateon so-
lutionswith a smallnumberof coresresultedin inferior solutions
to thoseproducedwheneightbusseswereavailable,or nosolution
at all. In general,the featuresemployedby MOCSYN to synthe-
sizecore-basedsystemsresultin superiorperformanceto simpler
approaches.

4.3 Multiobjecti ve optimization
In this subsection,theresultsof usingMOCSYN to conductmul-
tiobjective optimizationon a numberof examplesarepresented.
When MOCSYN is run in multiobjective optimizationmode, it
producesa set of solutions,eachof which is superior, in some
way, to at leastoneothersolution.Table2 shows thesetsof solu-
tionsproducedfor tenexamples.Theseareproducedwith theaid
of TGFF. They usethesameparametersastheexamplesin Sec-
tion 4.2 with oneexception: theaveragenumberof tasksin each
taskgraphis relatedto theexamplenumber( h^� ) in thefollowing
manner:$u" w ��Ui� . Thus,thesix taskgraphsin Example10 each
hasanaverageof 21 tasks.Thevariability in thenumberof tasks
in eachtaskgraphis alwaysonelessthantheaveragenumberof
tasksin eachtaskgraph.MOCSYN took lessthansevenminutes
whenrun on eachof theseexamples.For someof the examples,
MOCSYN foundnumeroussolutionswhich tradeoff price,area,



Table2: Multiobjective Optimization
Example Price Area(mm, ) AveragePower (mW)

318 90 479.7
358 96 443.3

1 543 196 424.1
554 182 420.3
612 216 384.6
181 50 199.7

2 186 65 151.1
250 91 128.1
166 72 47.93
170 78 44.1
181 78 260.74
211 66 363.3
154 56 183.6

5 276 120 170.4
483 232 164.4
405 176 172.76
462 224 127.0

7 126 36 110.1
8 219 90 41.3
9 182 60 72.7
10 781 352 114.3

andaveragepowerconsumption.

5 Conclusionsand futur e work
In this paper, we presenteda methodfor the synthesisof core-
based,single-chip, low-price, low-power, real-time, multi-rate,
heterogeneousembeddedsystems.A multiobjective geneticalgo-
rithm, whichallowsexplorationof thePareto-optimalsetof archi-
tecturesinsteadof providing adesignerwith asinglesolution,was
appliedto a numberof examples. MOCSYN’s useof automatic
clock selection,block placement-basedcommunicationdelayes-
timation,andarbitrarybus topologygenerationallows it to solve
thecore-basedsynthesisproblem.
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