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Abstract

In this paper we presenta systemsynthesisalgorithm, called

MOCSYN, which partitions and sdedules embeddedsystem
specificationgo intellectual property coresin an integrated cir-

cuit. Givena systenspecificationconsistingof multiple periodic

taskgraphsas well as a databaseof core and integrated circuit

characteristics, MOCSYN synthesizeseal-time hetepgeneous
single-tip hardware-softwae architectues using an adaptive
multiobjectivegeneticalgorithmthat is designedo escapdocal

minima. The useof multiobjectiveoptimizationallows a single
systemsynthesisrun to produce multiple designswhich trade
off different architectual featues. Integrated circuit price,

powerconsumptionand areaare optimizedunderhard real-time
constaints. MOCSY Ndiffers from previouswork by considering
problemsuniqueto single-dip systems.lt solvesthe problemof

providing clodk signalsto corescomposing system-on-akap. It

producesa bus structue which balanceseaseof layout with the

reductionof bus contention. In addition, it carries out floorplan

blodk placementvithin its innerloop allowingaccuiateestimation
of global communicatiomelaysand powerconsumption.

1 Intr oduction

The processof concurrentlydefining the hardware and software
portionsof an embeddedystemwhile consideringdependencies
betweenthe two is called hardware-softvare co-design[1]—[4].
Time pressurenalesit difficult for anengineeto explorethenu-
merouslternatve designavhich have thepotentialto meetagiven
setof specifications As aresult,an engineeifrequentlyselectsa
conserative architectureafter little experimentationresultingin
a needlesslyexpensve system. The majority of pastresearchn
theareaof hardware-softvareco-desigrhasattemptedo easethe
procesof designexploration,allowing an engineeito examinea
numberof alternatve implementationén the shorttime available.
Co-synthesiss the automatiorof the generatiorof anembedded
systemarchitecture.Given an embeddedystemspecificationa
co-synthesisystenselectshardwareandsoftwareprocessingle-
ments,devicesuponwhich tasksexecute.In addition,the system
assignseachtaskto a processingelementand ensureghat tasks
which needto communicatevith eachotherarecapableof doing
so. Finally, schedulesreproducedor tasksandcommunication,
suchthatreal-timeconstraintsaremet[5], [6]. Co-synthesisys-
temsgeneratdeasible Jow-costarchitecturesvithout designein-
tervention.

It is possibleto implementsomeembeddedsystemsusing a
single integratedcircuit (IC), therebyreducingcostandimprov-
ing performance7]. Economicand time pressuredrequently
male it impracticalto do an in-housedesignfor eachcompo-
nentin a single-chipsystem. Fortunately the numberof intel-
lectual property (IP) coresavailable from the industry hasdra-
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matically increasedn the pastyear Companiedike Alta Group,
VAutomatic Inc., Virtual Chips, and Intronic offer a wide range
of IP cores,e.g., protocolprocessorsgeneral-purposprocessors,
micro-controllersdigital signalprocessoranemory andDataEn-
cryption Standardengines.

Optimal co-synthesisis an intractable problem. Alloca-
tion/assignmentnd schedulingare each NP-completefor dis-
tributed systemg8]. As aresult,it is not surprisingthat all co-
synthesisystemavhich employ optimalmixedintegerlinearpro-
gramming[9], [10] and exhaustve exploration[11] canonly be
appliedto smallinstanceof the co-synthesiproblem. Thereare
a numberof co-synthesislgorithmswhich male the solution of
large probleminstancesractable.To achiere reasonableun-time,
however, it is necessaryo sacrificethe guaranteef solutionop-
timality. Iterative improvementalgorithmsstartwith a complete
solution and male local changedo it in an attemptto improve
the solutions cost[5], [12],[13]. Constructve algorithmsbuild a
systemby incrementallyaddingcomponentso it [14], [15]. Sim-
ulatedannealingalgorithmshave beensuccessfullyusedto par
tition hardware-softvare systemg16]. Geneticalgorithmshave
beenappliedto the hardware/softvare partitioning problem[17].
A multiobjective geneticalgorithmwasappliedto the moregen-
eralco-synthesiproblem[18].

MOCSYN, which standsfor multiobjective core-basedingle-
chip systemsyrthesis, differs from pastwork by considering
a numberof issuesunique to core-basedsingle-chip systems.
MOCSYN determineghe clock frequenciesuppliedto different
cores. It generategriority-basedous structureof arbitrarytopol-
ogy, balancingeaseof routing and bus contentionminimization.
In addition, it conductdloorplanblock placemen{19] within its
innerloop, allowing estimateof global wiring delaysandpower
consumptionto be usedduring schedulingand cost calculation.
Experimentakesultsdemonstrat¢hat a globalbusis, in general,
inferior to the useof priority-basedarbitrarybustopologies.Con-
ductingblock placementn theinnerloop frequentlyresultsin an
improvementin solutionquality whencomparedwith worst-case
or best-caseommunicatiordelayestimates.

2 Data structuresand definitions
In this section,we describethe datastructuresusedin MOCSYN
anddefinebasicco-synthesiserms.

Cost: A costis a variablethat a synthesissystemattemptsto
minimize. Price,power dissipation,andIC areaare examplesof
costs.

Task graph: As shawvn in Fig. 1, a taskgraphis a directed
agy/clic graphin which eachnodeis associatedvith a task and
eachedgeis associateevith ascalardescribingheamountof data
thatmustbe transferrecbetweerthe two connectedasks.A task
with anincomingedge,i.e., atasktowardwhich anedges arron
points, may executeonly after receving datafrom the othertask
to which the edgeis connected. Thus, in Fig. 1, DCT is data-
dependenbn NEG. The period of a taskgraphis the amountof
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Figurel: Taskgraph

time betweerthe earlieststarttimesof its consecutie executions.
A nodewithoutary outgoingedgess asinknode A deadling the
time by which thetaskassociateavith the nodemustcompleteits

execution,exists for every sink node. Othernodesmay alsohave

deadlinesassociateavith them.

Multi-rate: A multi-ratesystemcontaingtaskgraphswith dif-
ferentperiods. It wasshawn in [20] that, in orderto guarantea
valid schedulefor a multi-rate system,eachtask graphmustre-
peatedlyexecuteuntil the leastcommonmultiple (LCM) of the
periods,termedasthe hyperperiod,of all the taskgraphsin the
systemhaselapsed.

Core: A coreexecutesoneor moretasks.Multiple coresmay
be locatedon the samelC, uponwhich multiple tasksmay ex-
ecutesimultaneously The following information establisheshe
relationshipbetweertasksandcores:

e A two-dimensionakrray indicating the relative worst-case
executiontime of eachtaskon eachcore.

e A two-dimensionalarray indicating the relatve average
power dissipationof eachtaskon eachcore.

e A two-dimensionalarray indicating the core types upon
which eachtasktype maybe executed.

In addition,eachcorehasapricewhich correspondso royalties
paidto the IP produceron a perusebasis. This price is zerofor
royalty-freelP cores.If IP hasaone-timefeeinsteadof, or in ad-
dition to, a peruseroyalty, the priceis equivalentto the one-time
fee divided by the expectedproductionvolume. Eachcorehasa
width, a height,a maximumclock frequeng, a variableindicat-
ing whetheror not its communicatioris buffered,and an enegy
consumptiorpercycle dedicatedo communication.

Coreallocation: Theinformationdenotingthenumberof cores
of eachtypepresenin aniC.

Link: A link is apotentialpoint-to-pointcontacthetweera pair
of cores. Any givenlink may be meigedwith otherlinks during
busformation(seeSection3.7),therebyceasingo exist.

Task assignment: The information denotingthe core upon
which a giventaskis executed.

Architecture: A setof allocation,assignmentandscheduling
informationwhich definesanembeddedystem.

3 The MOCSYN algorithm

In thissectionwe give anoverviev of MOCSYN (seeSection3.1)
anddescribethe algorithmsof which it is composed Section3.2
describeshealgorithmusedo determingheclockfrequeny used
for eachtype of core. Section3.3 describeghe initialization of

MOCSY N's datastructures.Section3.4 describesiow coreallo-
cationandtaskassignmenare determined.Section3.5 explains
how links areprioritized. The block placemenglgorithmusedby
MOCSYN:is describedn Section3.6. Bustopologygenerations
explainedin Section3.7. Schedulings explainedin Section3.8.
Finally, costcalculationis describedn Section3.9.

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

1. Determinea clodk frequencyfor eachcoretype, subjectto
trade-of betweerexecutiontime andpower consumption.

2. Determinetheallocationof coresto use.

3. Determinethetasksto assignto eachcore,subjectto trade-
off betweeneaseof routing and minimization of bus con-
tention.

4. Determineabusstructue to useonthelC.

5. Derive a blodk placemenfor the cores,allowing an estima-
tion of wire delay wire powver consumptionandsiliconarea.

6. Assigneachcommunicatioreventto a bus.

7. Sdedule the tasks on the coresand the communication
eventsonthe communicatiorinks.

MOCSY N usesa geneticalgorithmto optimizeembeddedys-
tem architectures.In general,geneticalgorithmshave the abil-
ity to escapdocal minima. They allow solutionsto cooperatrely
shareinformationwith eachother Geneticalgorithmsare espe-
cially useful for simultaneouslyoptimizing more than one cost.
Corventionaliterative improvementandsimulatedannealingalgo-
rithms maintainonly onesolutionat a time. Most single-solution
optimizationalgorithmscollapseall costsinto asinglevaluewith a
weightedsum[21], [22]. Geneticalgorithmsmaintainapool of so-
lutionswhichevolvein parallel. Thisallows solutionsto beranked
relative to eachother Geneticalgorithmsarecapableof true mul-
tiobjective optimization,exploring the Pareto-optimalsetof solu-
tions,i.e., thosesolutionswhich arebetterthanary othersolution
in atleastoneway. In ageneticalgorithm,solutionsareiteratively
improved by mutation randomizedocal changego a solution,
andcrosswer, duringwhichinformationis sharecbetweerdiffer-
entsolutions.In this paperwe concentrat®ntheunigueproblems
encountereevhendesigningsingle-chipcore-basegystems.
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An overviev of the MOCSYN algorithmis shawvn in Fig. 2.
Initially anoptimal,but potentiallyslow, algorithmdetermineshe
clock frequeny to provide to eachcore. Basicdatastructuresare
theninitialized. MOCSYN is a hierarchicalalgorithm. It usesa
geneticalgorithmto improve the task assignment®f individual



architectures More detailedinformationaboutthis geneticopti-
mization framevork canbe foundin [23]. After this phasehas
beenrepeatedan arbitrary (userselectablenumberof times, an
attemptis madeto improve the coreallocationof a clusterof ar-
chitecturesi.e., acollectionof architecturesvhich sharethe same
core allocationbut may have differenttask assignmentsWithin
the architectureoptimizationloop, a numberof deterministical-
gorithmsareusedto concurrentlyevaluatethe coreallocationand
taskassignmenof eacharchitectureFirst, apriority is assignedo
eachlink, i.e., thecommunicatiorcarriedout betweereachpair of
cores.Theseprioritiesareusedto generate block placemenfor
the cores,ensuringthat core pairsfor which communicatiorpri-
ority is high arelocatedneareachother Links arere-prioritized
basedon globalwiring delayinformationwhichis extractedfrom
the block placement. A bus structurewhich tradesoff potential
buscontentiorfor easeof routingis producedAt this point, tasks
areprioritized anda schedulds generatedor the tasksassigned
to eachcore. Communicatioreventsareconcurrentlyassignedo,
andscheduledn, busses At the completionof eacharchitecture
optimizationloop, changesaremadeto thetaskassignmenti an
attemptto improve them. At the completionof eachclusteropti-
mizationloop, changesre madeto the coreallocationsin an at-
temptto improve them.Eachof the sub-algorithmsiotedin Fig. 2
is describedn thefollowing sections.

3.2 Clock selection

In this subsectionwe discussthe problemsassociatedvith se-
lectinga clock frequeny for eachcorein anIC anddescribethe
algorithmusedin MOCSYN to solve theseproblems.

Communicatiorbetweercoresin anlC canbesingle-frequeng
synchronous, multi-frequeng synchronous, or asynchronous
[24],[25]. Single-frequeng synchronougommunicatiorhasthe
potentialto keepcommunicatioroverheadat a minimum. How-
ever, its userequiresthat all the coreswhich communicatewith
eachotherbeclockedatthesamerequeng. Whendifferentcores
have differentmaximumfrequenciesall coresmustbe clocked at
a frequeng lessthanor equalto the maximumfrequeng of the
slowestcore. Thus, usinga single-frequeng synchronousom-
municationprotocolwill generallyforce sacrificesn corespeed.
Multi-frequeny synchronousommunicationallows coreswith
differentclock periodsto communicatavith eachotherat a rate
proportionalto the LCM of the communicatingcores periods.
Unfortunately when coreshave different minimum periodsand
efforts aremadeto allow eachcoreto run nearits maximumfre-
queng, the LCM of the periodsof communicatingcorescanbe
significantly higher than the period of ary individual core, e.g.,
LCM(5,7) = 35. This generallyresultsin slov communication.
A third optionis asynchronousommunication Althoughit hasa
reputatiorfor increasingcommunicatioroverheadwe believe that
it is the bestavailableoptionfor systemsn which differentcores
are clocked at significantly different frequencies. Using asyn-
chronouscommunicationcommunicatiorspeeds boundedonly
by the bus bandwidthandrateat which communicatingorescan
transmitand receve information. Using asynchronousommu-
nication hasthe additionaladvantageof makinginter-core clock
skew irrelevant. Pastwork providesaframevork for automatically
synthesizingasynchronoumterfaceprotocols[25].

Giventhat oneis usingasynchronousommunicationthe se-
lectionof clockfrequenciegor thecorescomprisingasingle-chip
systenmeednotbeconstrainedy communicatiorconsiderations.
However, thereare a numberof other problemswhich mustbe
dealtwith. Supplyingeachcorewith anarbitraryclock frequenyg
would requirealargenumberof frequeng generatorsg.g., analog
timers basedon RC delay or crystal oscillation. Thesecompo-
nentsare difficult to integratewith conventional CMOS IC pro-
cessesUsing discretecomponentss a poor option becauseeach
additionalexternalcomponenincreaseshe price and areaof an
embeddedystem.Thus,aclockingapproactwhichrequiresonly

ﬁor eachi betweerl andn, inclusive,
thereis anarray A;, of size Nmaz,
which containgntegers.

~

Eachof thesentegersis the currentdenominator
for thenumeratorequialentto its index.

OptimizeE for thecurrentM’s.

For all i’s betweerl andn, inclusive, if I; = Imax;:
j rangedrom 1 to Nmaz, inclusive
Findthej for which j/(A;; + 1) is maximal
Increment4;;

SetD; + Aij

SetN; + j

N

onefrequenyg sourcebut allows nearlyarbitraryfrequencieso be
deliveredto eachcorewould beadwantageous.

We useanapproachn whichasingleexternaloscillatoris used
to supplyabasefrequeng. A cyclic counteror interpolatingclock
synthesizerassociatedvith eachcoreis usedto divide this fre-
queng by aninteger, in the caseof a cyclic countey or multiply
the frequenyg by a rationalnumbey in the caseof aninterpolat-
ing clock synthesizef26]. A descriptionof the clock selection
algorithmusedin MOCSY N follows, whichis capableof dealing
with interpolatingclock synthesizersAs the cyclic counterclock
selectionproblemis a specialcaseof the interpolatingclock syn-
thesizerclock selectiorproblem thealgorithmusedin MOCSYN
is capableof solvingeitherproblem.

Given: A maximum external clock frequeny (Emax) and
a maximum frequeny associatedwith each of the n cores
(Imaz1,Imaxs,...,Imax,).

Eachcores clock frequeng multiplier is a rational numbey
M; = N;/D;, with a positive integer numeratorN; lessthanor
equalto a usersuppliedmaximum,Nmazx, anda positive integer
denominatarD;. A coresinternalfrequeny, I;, is equalto the
externalfrequeng (E) multiplied by its multiplier, M;.

MOCSYN maximizesthe averageof the ratiosof the corefre-
quenciegI;) to thecorefrequeny maxima(Imaxz;), i.e.,

(Z I¢/Ima:ci> /n

It is simpleto determinean optimal externalfrequeng (E) if
the value of eachmultiplier (M;) is knovn. Obviously, for an
optimal E, 3i € [1,n]suchthatl; = I'max;. Thus,oneneed
only considerasmallsetof E's. Vi € [1,n], E; = Imax;/M;.
Themax® ; E; for which#?_,I; > I'maz; is theoptimal E for
agivensetof M’s.

The only remainingproblemis to determinean optimal setof
M'’s. It is obviousthat,for ary givenpairof I'maz’s, I'maz, and
Imaxy, if I'mazx, > I'max, thenanoptimal M, > M,. This

/

Figure3: Clock selectiorkernel

obsenrationallows the solutionspaceof M’sto bepruned.

Initially, all D’sareequalto 1 andall N’s areequalto Nmax.
Thereforeall M’sareequalto Nmax.

To maximizethe averageof core frequeng to maximumfre-
queng ratios, one needonly repeatedlyexecutea simple algo-
rithmic kernel, while keepingtrack of the bestsetof M’s, until
E > Emaz. This kernelis shavn in Fig. 3. Although, givena
maximumhighestinternalclock frequeny of I'maxz, anda min-
imum highestinternalclock frequeng of Imaxy, this algorithm
takes O (n - Nmax - Imaz, /Imazxs) time, in practiceit is fast
(seeSectiord).

Linear interpolating clock synthesizersare compatible with
standaradigital designtools and processes.Their use provides



asignificantadvantage:onecandistributea baseglobalclock fre-

gueng whichis well belov themaximumlocal clockfrequencies,
therebyreducingpower consumptiorin the globalclock distribu-

tion net. However, interpolatingclock synthesizeraremorecom-

plicatedthancyclic countersln addition,they arelikely to require
morearea[26]. If onechoosego usecyclic clock division coun-

ters, insteadof linear interpolatingclock synthesizersthe same
clock selectiomalgorithmis used.However, Nmax is setto 1.

3.3 Initialization

At the startof an optimizationrun, eachclusters coreallocation
is initialized. Oneof threeinitialization routinesis randomlyse-
lected:

1. Addonecoreof arandomlyselectedype.

2. Add onecoreof eachtype.

3. Repeatedlnddcoresof randontypesuntil arandormumber
(rangingfrom oneto twice the numberof core types)has
beenadded.

MOCSYN ensureghatthereis atleastonecorecapableof ex-
ecutingeachtype of taskin the input taskgraphs.It checkseach
taskandaddsan appropriatecoreto the allocationif noneof the
corescurrentlyin theallocationarecapableof executingthetask.
Eacharchitectures tasksare assignedusing the task assignment
algorithmdescribedn Section3.4. The globaltemperaturef the
geneticalgorithmis setto one. This temperaturalecreasesur
ing the run of the algorithmandis usedto control the probabil-
ity of makinga coreallocationor taskassignmenthangewhich
decreasethe quality of a solution[23]. At the beginning of an
optimizationrun, randomchangesremade. As time progresses,
MOCSYN becomegyreedier making only thosechangeswhich
resultin an improvementin core allocationor task assignment
quality. ThispropertyincreasesheprobabilitythatMOCSYNwiill
escapéocal minima[27].

3.4 Coreallocation and task assignment
Coreallocationsareoptimizedby MOCSYN's geneticalgorithm.
The allocationschangevia crosseer and mutation of the data
structurewhich maintainsthe coreallocationsfor eachclusterof
architecturesWhenmutationoccurs,a coreis addedor removed
fromthecoreallocation.Theprobabilityof addinga coreis equi/-
alentto MOCSY N's globaltemperaturewhich graduallychanges
from oneto zeroduring the run of the algorithm. This resultsin
allocationsbeingmorelikely to increaseduring the startof a run
andmorelikely to beprunedneartheendof arun. After remoring
acore,MOCSYN ensureshatthereis atleastonecorecapableof
executingeachtype of taskpresenin the input taskgraphsusing
themethoddescribedn Section3.3.

Coreallocationcrosseer swapsportionsof thecoreallocations
of two clusterawith eachother MOCSYN usesanovel methodfor
selectingportionsof the coreallocationgo beswapped.Theprob-
ability of the allocationsof two typesof coresremainingtogether
during a crosseer, i.e., the probability that both are swappedor
thatbotharenotswappedis proportionato thesimilarity between
thedatadescribinghecoretypes,e.g., prices,executiontime vec-
tors,andpower consumptiorvectors.

Taskassignmeninutationcausesasksto be reassignedo dif-
ferentcores. A task graphis randomly selectedand a number
of taskswithin the grapharerandomlyselectedor reassignment.
The numberof tasksto be reassigneds equialentto the num-
ber of tasksin the task graphmultiplied by the global tempera-
ture. For eachtaskselecteda nen coreassignmenis determined.
A cores Pareto-rankis the numberof other coresfor which at
leastone propertyis inferior. First the propertiesof eachcore,
whenexecutingthe given task, are usedto determinethe Pareto-
ranksof all the corescapableof executingthe task. Execution
time, enegy consumptioncoreareaandweight,ameasuref the
time requiredto executethe tasksalreadyassignedo a core,are
usedin the Pareto-rankingporocess. An arrayof coresis sortedin

order of increasingPareto-rank. The coreto which the selected
taskis re-assigneds determinedy indexing into the sortedarray
by | (1 — v/flat_rand) - ar’my-size; whereflat.randis auniform
randomvariablerangingfrom [0, 1) andarraysizeis the size of
thesortedarrayof cores.

Taskassignmentrosseer causeshe taskassignmentsf one
or more task graphsto be swappedbetweentwo architectures.
The probability of the task assignment®f two task graphsre-
maining togetherduring a crosseer is proportionalto the simi-
larity betweenthe datadescribingthe task graphs,e.g., periods
anddeadlinesA similaralgorithmis usedfor bothcoreallocation
crosseer andtaskassignmentrosseer.

3.5 Link prioritization

This subsectiordescribeshealgorithmusedby MOCSYN'to pri-
oritize links. Communicatiorpriority is composeaf two values:
slackandcommunicatiorvolume. Slad is thedifferencebetween
the earliestfinish time and latestfinish time of a task. Thus, it
is theamountof time by which atask’s executioncanbe delayed,
fromits earliesipossibleaxecutiontime, withoutcausingary other
tasksto misstheir deadlinesEarliestfinishtimesarecomputedy
consideringaskexecutiontimesduringatopologicalsearctof the
taskgraph,startingfrom the nodewith noincomingedgesLatest
finish timesare computedby conductinga backward topological
searchof thetaskgraph,startingfrom thenodeswhich have dead-
lines.

Taskgraphedgeswhich signify communicationhave a slack
equivalentto the averageof the slacksof the tasksthey connect.
Link priority determinatioris conductedbeforeblock placement
andbustopologygeneration.Therefore|t is not possibleto take
communicatiortime into accountduring communicatiorpriority
determination.Hence at this stage slackis only estimated.This
problemis correctedater, during link re-prioritization. Commu-
nication volumeis the quantity of communicatiorwhich passes
alongalink. Link priority is a weightedsumof the reciprocalof
the slacksof the taskgraphedgesalongit 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 tree of coresis formed,

basedon the priority of communicatiorbetweencore pairs. Ac-

countingfor the priority of communicatiorbetweencore pairsis

an extensionof the historical algorithm, which consideredbnly

the binary presencer absencef communicatior[28]. As are-

sult, thetime compleity of the partitioningalgorithmis increased
from O (n”) to O (n” - logn) wheren is the numberof cores.
Coreswhich areadjacenin thebinarytreewill be adjacenin the

final block placement.After forming the binary tree, MOCSYN

optimally determineghe orientationsof all of the coressuchthat
the aspectatio of thelC, i.e., theratio betweerwidth andheight,
doesnot exceeda value specifiedby the user Underthis condi-

tion, IC areais minimized. This algorithmis basedon pastwork

andtakesO (n - log n) time [29].

3.7 Busformation
This subsectiomescribeshealgorithmusedoy MOCSYN to pro-
duceanarbitrarybustopology

MOCSYN recalculatesink priorities usingan algorithmsim-
ilar to thatdescribedn Section3.5. The globalwiring delayin-
formationextractedfrom theblock placementhowever, is usedto
estimatecommunicatiortime duringthis calculation.

In Fig. 4, the core graphrepresentdour cores(A, B, C, and
D). Theedgesconnectingrairsof coresrepresentommunication,
i.e., no edgesxist for core pairsbetweerwhich thereis no com-
munication.Thenumericlabelsontheedgesienotethepriority of
thecommunicatioroccurringbetweerthe connecteatores.Thus,
communicationwith a priority of seven occursbetweencore A



Core graph
) &) ©
affce

Link graph

Bus graph 2 Bus graph 1
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andcoreD. Thefirst stepof MOCSYN's busformationalgorithm
corvertsthis coregraphinto alink graph,asshavn in Fig. 4. For
every pair of coreshetweenwvhich communicatioroccurs,anode
with the priority equivalentto that pair's communicatiorpriority

is addedto thelink graph. Link graphnodeswhich shareat least
one core are connectedo eachotherwith edges. Sincecore A

communicatesvith coreB with a priority of five, thereis a node
in thelink graph,calledAB, with avalueof five. Thereis anedge
betweemodeAB andAC becausehey sharecoreA. Thereis no
edgebetweemodeAB andCD becausehey sharenocore.

The link graphis incrementallychangedoy meming the pair
of nodes,betweenwhich thereexists an edgeand for which the
sumof prioritiesis minimal, i.e., lessthanthesumof thepriorities
of ary otherpair of nodeshetweenwhich anedgeexists. The new
nodes nameis thesetunionof themeilgednodes’namesThenew
nodes priority is the sumof the priorities of the nodesmergedto
formit. Thus,whennodeAC is meigedwith nodeCD in busgraph
1, theresultingnodehasthe nameACD anda priority of four (2 +
2). Thisalgorithmis haltedwhenthe numberof bussess lessthan
or equalto a userspecifiedvalue.

After haltingthe busformationalgorithm,oneis left with abus
graphin which eachnoderepresents bus. Thus,in bus graph
2, thereexistsoneglobalbus (ABCD) andonepoint-to-pointlink
(AD). Notethatthe algorithmtendsto form large commonbusses
for multiple low-priority communicationsvhile producingsmaller
bussesfor high-priority communication. In this way, bus con-
tentionis reducedfor high-priority communicatiorwhile routing
and multiplexing compleity is reducedfor low-priority commu-
nication.

3.8 Scheduling
In this subsectionwe describethe schedulingalgorithmusedin
MOCSYN. Schedulingis NP-completefor distributed systems
[8]. We, therefore,resortto a heuristic schedulingalgorithm.
MOCSYN usesa preemptie static critical path schedulingal-
gorithm. The resultingschedules static,i.e., the time at which
eacheventis carriedout is computedby MOCSYN to determine
whetheror notharddeadlinesaremetby the schedule Suchguar
anteesrenotpossiblejn generalwhentaskprioritiesareallowed
to vary duringthe operationof the synthesizedrchitecture.

We assumehat uniform buffers aredistributedthroughoutthe
communicatiometworksin orderto minimizecommunicatiorde-
lay. The useof regularly distributed buffers reducesthe depen-

dengy of delayon wire lengthfrom O (len®) to O (len) where

len is wire length. Giventhe procesgparametersandV p p, opti-
mal buffer spacingis calculated.This valueis usedto determine
the RC delaybetweena pair of cores[30]. Thisvalueis divided
by the bus width and multiplied by the numberof digital voltage
transitiongo determinghedelayfor acommunicatiorevent. Core
executiontime is equalto the numberof executioncyclesdivided
by the cores frequeng.

MOCSY N targetsmulti-rateembeddedystemslt ensureva-
lidity of schedulesy schedulingcopiesof task graphsuntil the
hyperperiodhasbeenreached. It is, therefore,possibleto have
multiple task copiesin the schedulgor a singletaskspecifiedin
theinput taskgraphs.Whentherearemultiple copiesof the same
taskgraph they arenumberedn orderof increasingstartnodeear
lieststarttime. Eachcopy’s numberis its taskgraphcopynumber
Taskgraphsmay have periodswhich arelessthanthe maximum
deadlinein the taskgraph. This malkesit possiblefor the execu-
tion of multipleinstance®f thesameaskgraphto overlapin time.
MOCSYN handleghis casecorrectlyandis capableof interlear-
ing tasksfrom differentcopiesof the sametaskgraph,aswell as
from differenttaskgraphs.

Before scheduling MOCSYN assignsa priority to eachtask.
This priority is the slackof thetask. It differsfrom the slackcom-
putedin Section3.5becauseat this point, a block placementas
beengenerated.Thus, slacktakes communicatiordelayinto ac-
count. Unfortunately the effects of bus contentionare unknavn
beforeschedulings carriedout.

Whentheschedulingalgorithmbegins, all taskswith noincom-
ing edgesare enterednto a pendinglist which is sortedin order
of decreasinglack. Ties arebroken by orderingthe taskswhich
sharethe sameslackby increasingaskgraphcopy number Tasks
areiteratively remoredfrom theendof thependinglist andsched-
uled. After ataskis scheduledtaskswhich are data-dependent
uponit arechecledto determinevhetherall of theirdependencies
have beensatisfied. Taskswhich passthis testareenterednto the
pendinglist andthe pendinglist is sortedagainbeforescheduling
thenext task.

Before schedulingan individual task, ¢, MOCSYN schedules
all of itsincomingedgesi.e., communicatiorevents.Eachedgeis
scheduledn abusconnectinghe coreto which ¢ is assigneand
the coreto which ¢'s parentis assigned. When multiple busses
are available, MOCSYN selectsthe bus upon which the com-
municationevent will completeat the earliesttime. If either of
the communicatingcoresdoesnot have communicationbuffers,
MOCSYN scheduleshe communicatiorevent to the untuffered
coresaswell.

Everytime ataskis scheduleanacore, MOCSYN determines
whetheror notpreemptioris likely to resultin animprovedsched-
ule. MOCSYN first tentatively schedules task, ¢, to the earliest
time slot on its core, which startsafter its incoming edgeshave
completedexecution,andhasalongenoughdurationto accommo-
datethe task. MOCSYN thenchecksto seewhetherpreempting
thetask,p, whichis scheduledo the sameprocessoast, previous
and adjacentto ¢, would resultin a netimprovementwherenet
improvementis definedasthe —(increasen finish time for p) +
(decreasén finishtimefor ) — (¢ slackh-(p slack).If preemption
resultsin anetimprovementthereis enoughime availableon the
core processobeforethe next scheduledask,and preemptingp
doesnot changeahetimesatwhich it communicatesvith taskson
othercoresthenthe preemptioris carriedout.

3.9 Cost

In this subsectionywe describethe mannerin which an architec-
ture’s costsarecalculated.As mentionedefore, MOCSY N opti-
mizesarchitectureprice,area,andpower consumptiorunderhard
real-timeconstraints. An architectures invalid if ary taskwith
a deadlineviolatesthat deadline. Pawver consumptioris the sum
of the enegy consumptionf all of an IC’s tasksexecutedon
all its cores throughouthe hyperperiodjn additionto the enegy



consumedn theglobalclock distributionandcommunicatiomet-
works,dividedby thehyperperiod As discusseéh Section3.8,we
assumeegularly spacecuffersin the globalcommunicatiomet-
work. In addition,the clock network is assumedo be constructed
with bufferedsegments.Leakagecurrentis assumedo be neyli-
gible. This allows delayandenegy consumptiorto be estimated
aslinearfunctionsof wire lengthandtransitioncount, with con-
stantfactorsderived from the procesgparameterandV pp. Ulti-
mately threesuchconstanfactorsarecomputed:communication
wire delay factor communicatiorwire enegy factor and clock
enepy factor Theenegy consumedy the globalclock network
is determinedoy estimatingthe total wire lengthof this network,
multiplying this valueby the numberof transitionsoccurringdur-
ing ahyperperiodandalsomultiplying by theclock enegy factor
Thewire lengthestimateds derived from a minimal spanningree
of the corepositionsin the block placementThis providesa con-
senative estimateon wire length. A Steinertreemay be usedin
thefinal post-optimizatiorrouting operation.However, computa-
tion of minimal Steinertreesis time-consuming NP-complete).
Hence,it is not usedin innerloop routing estimatesEnegy con-
sumptionin the globalcommunicatiometworksis similarly com-
puted.A separateninimal spanningreeis computedor eachbus.
The transitionsrequiredfor the communicatioreventsoccurring
on eachbusareusedto computethe busenegy consumptions.

An architectures priceis the sumof the pricesof all the cores
onthelC plusthearea-dependeiptrice of the IC. The areaof the
IC is equivalentto thetotal rectangulaarearequiredfor its block
placement.

4 Experimental results
In this sectionwe presenexperimentakesultsdemonstratinghe
effects of a numberof algorithmsemploed within MOCSYN.
Section4.1 shaws the resultsproducedby the clock selectional-
gorithmwhenrun on anexample. In Section4.2, we empirically
determinethe influenceof a numberof MOCSYN's specialized
algorithms.Section4.3 shavs theresultof runningMOCSYN on
anumberof examplesin multiobjective optimizationmode.
Previousco-synthesisystemslo nottargetthesingle-chipsyn-
thesisproblem. As a result, thereis not a body of exampleswith
which MOCSYN’s performance&anbe compared|t is, hovever,
possibleto experimentallydeterminethe effectsof the algorithms
comprisingMOCSYN. The examplesdiscussedelov attemptto
determinéhow clock selectionplock placementandbustopology
generatioraffectthesolutionof thesingle-chipsynthesigproblem.
Thedatausedin theseexamplesareavailablevia anorymousFTP
atftp://ftp.ee.princeton.edu/pub/dickrp/MOCSYN.

4.1 Clock selection

MOCSYN automaticallyselectsclock frequenciedor eachcore
usingthe algorithmdescribedn Section3.2. In this subsection,
we examinetheresultsproducedy thisalgorithmwhenrunonan
exampleproblem.

In theinterestof decreasindghe powver consumedn the global
clock distribution network, one may reducethe frequeng of the
baseclock. Thereis a trade-of betweerpowver consumptiorand
executiontime. However, this relationshipis not linear Fig. 5
shavs the relationshipbetweenmaximum referenceclock fre-
queng and the averageproportion of maximuminternal clock
ratesat which the coresareclocked for a setof eightcores,each
of which hasa randommaximuminternalfrequeng rangingfrom
2 to 100 MHz. Eachsamplepoint lies at the optimal reference
clock frequeng for a setof coremultiplier values. The top solid
line shavs the averageratio of actualcore frequencieso maxi-
mum core frequenciedor linear interpolatingclock synthesizers
with a maximumnumeratoiof eight. The bottomsolid line corre-
spondgo a cyclic counterclock divider. The dottedlinesindicate
the maximumratio encounteredbeforeor at eachfrequeng. The
increasen power consumedy theclock referencdrequeny dis-
tribution network is approximatelya linearfunction of frequeng.
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Figure 5. Clock selectionquality as a function of external fre-
queny

As shavn in Fig. 5, thequality of theinternalclock frequenciess
asub-lineafunctionof referenceclock frequeng. If onewereus-
ing aninterpolatingsynthesizewith maximumnumeratoof eight
for the coresin this example,choosinga maximumreferencdre-
queng greaterthan100MHz would not resultin a significantin-
creasdn executionspeedout may have a negative impacton sys-
tempower consumption.

4.2 Feature comparisons

Thissubsectiorempiricallyshavs theinfluenceof anumberof the
core-basedynthesislgorithmsusedin MOCSYN.

Tablel shavs theresultsof synthesizinganumberof ICsusing
MOCSYN with varioussetsof featuresenabled.For theseexam-
ples,pricewasoptimizedunderhardreal-timeconstraintsif mul-
tiobjective optimizationwereused jt would bedifficult to compare
thesolutionsproducedy differentversionsof MOCSYNbecause
eachproblemmighthave morethanonesolution(seeSectioréd.3).
Eachexamplein Tablel is producedwith the aid of TGFF[31],
a randomizedask graphand core generatowhich allows corre-
lation betweendifferentattributes. The examplesare multi-rate.
Eachcontainssix taskgraphswith an averageof eighttaskseach
andavariability of seventasks.For eachtaskwith a deadlinethe
deadlines equalto (depth + 1) - 7, 800us wheredepth is thedis-
tanceof atask,in nodesfrom thestarthodeof ataskgraph.Each
communicatioreventrequiresan averageof 256 kilobytes,with a
variability of 200 kilobytes, of datato be transferred. Thereare
eight coretypes,eachof which hasan averageprice of 100 with
a variability of 80. Eachcore hasan averagewidth and height
of 6 mm anda width and heightvariability of 3 mm. The core
maximumfrequenyg averageis 50 MHz with a variability of 25
MHz. Coreshave bufferedcommunicatior92%of thetime. Com-
municationon coresrequiresanaverageof 10 nJpercycle with a
variability of 5 nJ percycle. Tasksrequirean averageof 16,000
cyclesto executewith avariability of 15,000cycles. Taskpreemp-
tion takes an averageof 1,600cycleswith a variability of 1,500
cycles. Tasksdissipatean averageof 20 nJ per cycle with a vari-
ability of 16 nJ percycle. 57% of the coretypesare capableof
executingary giventasktype. Communicatiorwire delayfactor
communicatiowire enegy factor andclockenegy factorarecal-
culatedbasedon the 0.25 um procesgparametergivenin thelit-
erature[32], with aVpp of 2.0 V. Communicatiometworks are
assumedo be 32 bits wide. Wire delayand power consumption
per um pertransitionare calculatedbasedon the useof a buffer
separatiomistancewhich optimizesdelayperum. Themaximum
clock referencdrequeny is 200 MHz andthe maximuminterpo-



Tablel: Featurecomparisons

MOCSYN | Worst-case| Best-case| Single
Example price commun. | commun. bus
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 ]

lating clock synthesizenumeratoiis eight. For eachexample the
sameparameteraregivento TGFFandMOCSYN. Only theran-
domseedgivento TGFFis varied,to producedifferentexamples
basednthesameparameters.

The bottomtwo rows in Table 1 display the numberof solu-
tionswhich aresuperiorandthe numberof solutionswhich arein-
ferior to thoseproducedby MOCSYN with all its featuregurned
on. Thefirst columnin Table1 shaws the randomseedgivento
TGFFto generatéhecorrespondingxample.Thesecondatolumn
shawvsthepriceof solutiongproducedy MOCSYNwhencarrying
out block placement-basedire delayestimationsandusingup to
eightbussesrganizedo reducebus contention.Empty price en-
triesindicateexamplesor which no solutionwasfound. Example
11 is omitted from Table 1 becauseno solution was ever found

for them. Note thatthereis no guaranteghat solutionsexist for
all of the problemsproducedby TGFF. Eachof the examplesin
this sectiontook lessthantwo minutesto completeon a200 MHz
PentiumProrunningLinux.

The third column shaws the price of solutionsunderthe as-
sumptionthat the distancein the block placemenbetweeneach
pair of coresis equalto the maximumdistancebetweenary pair
of cores. Although this estimatemay appearconserative, it is
not possibleto derive a tight boundon the maximumseparation
betweenary pair of coreswithout carryingout block placement
in the innerloop. Thus,in practice,this estimatewould proba-
bly be evenmoreconserative if aninnerloop block placerwere
not available. Using worst-casecommunicationdelay assump-
tions never resultedin superiorresultsto block placement-based
communicationdelay assumptions. However, MOCSYN'’s per
formancewith block placementasedcommunicationdelay es-
timateswassuperiorto its performancevith worst-casesstimates
for 26 examplesmary of whichwereunsohablewhentheworst-
casecommunicatiordelayassumptiorwasused.

The fourth column shavs the price of solutionswhich result
from carryingout optimizationunderthe assumptiorthatcommu-
nicationeventstake almostnotime. After the optimizationrun is
complete solutionswhich areinvalid dueto unschedulabilityare
eliminated. Best-casecommunicationdelay estimatesever re-
sultedin animprovemenin solutionquality overblock placement-
basedcommunicatiordelayestimates However, the useof block
placement-basecbmmunicatiordelayestimatesesultedn supe-
rior solutionsfor 31 of the examples.

Thefifth columnshavs theprice of solutionswhich resultfrom
allowing MOCSYN'to carryoutblock placemenin theinnerloop
to accuratelyestimatecommunicatiordelay but allowing only a
globalbusto be used,insteadof anarbitrarypriority-basedopol-
ogy of upto eightbussesFor threeexamplesthis approactactu-
ally resultedn animprovementover the solutionsproducedvhen
allowing up to eightbussesFor theseexamplestherewasavalid
solutionwhich containednly two or threecores therebyreducing
theamountof off-core communicationThe availability of alarge
numberof busseseducedbus contention,makingit practicalto
usea larger numberof cores. However, whenonly one bus was
available,it becameessentiato minimizecommunicationin order
to minimize bus contention.Thus,with only onebus, MOCSYN
wasforcedto concentratés optimizationefforts on solutionswith
allocationscontainingonly afew cores.For a coupleof examples,
this focussedexplorationof the solutionspacepaid off. However,
thereis no guarantee¢hata solutionwith a smallnumberof cores
exists. Thus,for 24 examples beingforcedto concentraten so-
lutionswith a smallnumberof coresresultedn inferior solutions
to thoseproducedvheneightbussesvereavailable,or nosolution
atall. In generalthefeaturesemplo/ed by MOCSYN to synthe-
sizecore-basedystemgesultin superiorperformanceo simpler
approaches.

4.3 Multiobjecti ve optimization

In this subsectionthe resultsof usingMOCSYN to conductmul-
tiobjective optimizationon a numberof examplesare presented.
When MOCSYN is run in multiobjectve optimizationmode, it
producesa setof solutions,eachof which is superioy in some
way, to atleastoneothersolution. Table2 shaws the setsof solu-
tions producedor tenexamples.Theseareproducedwith the aid
of TGFF. They usethe sameparametersisthe examplesin Sec-
tion 4.2 with one exception: the averagenumberof tasksin each
taskgraphis relatedto the examplenumber(ez) in thefollowing
manner:1 + ex - 2. Thus,thesix taskgraphsn Examplel0each
hasanaverageof 21 tasks.Thevariability in the numberof tasks
in eachtaskgraphis alwaysonelessthanthe averagenumberof
tasksin eachtaskgraph.MOCSY N took lessthanse/en minutes
whenrun on eachof theseexamples.For someof the examples,
MOCSYN found numeroussolutionswhich tradeoff price, area,



Table2: Multiobjective Optimization

| Example || Price | Area(mm?) [ AveragePover (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 1511
250 91 128.1
3 166 72 47.9
170 78 44.1
4 181 78 260.7
211 66 363.3
154 56 183.6
5 276 120 170.4
483 232 164.4
6 405 176 172.7
462 224 127.0
7 126 36 110.1
8 219 90 41.3
9 182 60 2.7
10 781 352 114.3

andaveragepower consumption.

5 Conclusionsand futur e work

In this paper we presentech methodfor the synthesisof core-
based,single-chip, low-price, low-power, real-time, multi-rate,
heterogeneousmbeddedystemsA multiobjective geneticalgo-
rithm, which allows explorationof the Pareto-optimaketof archi-
tecturesnsteadof providing adesignemith asinglesolution,was
appliedto a numberof examples. MOCSYN's useof automatic
clock selection block placement-basecommunicatiordelayes-
timation, andarbitrarybus topologygeneratiorallows it to solve
thecore-basedynthesigproblem.

6 Acknowledgments
Wewouldliketo thankl-JongLin for his suggestionsegardingan
elegantclock frequeny selectioralgorithm.

References

[1] W. H. Wolf, “Hardware-softvare co-desigrnof embeddedystems,
Proc.|EEE, vol. 82,pp.967-989July 1994.

[2] M. Chiodoet al., “Hardware/softvare co-designof embeddedys-
tems;, IEEE Micro, vol. 14, pp. 26-36,0ct. 1993.

[3] G. De Micheli, “Computeraided hardvare-softvare codesigr,
IEEE Micro, pp.10-16,Aug. 1994.

[4] P. H. Chou, R. B. Ortega, and G. Borriello, “The chinook hard-
ware/softvare co-synthesisystent, in Proc. Int. Symp Systensyn-
thesis pp.22-27,Sept.1995.

[5] T.-Y.Yen,Hardware-Softwae Co-Synthesisf Distributed Embed-
ded SystemsPhD thesis,Dept. of Electrical Engg.,PrincetonUni-
versity Junel996.

[6] D.D. Gajski,F. Vahid,S. Narayan,andJ. Gong, Specificatiorand
Designof EmbeddedystemsPrentice-Hall Englevood Cliffs, NJ,
1994.

[7] R.Weiss,"32-bit coresdrive systems-on-a-chipComputeDesign
pp.82-89,Sept.1996.

[8] M. R. Gargy andD. S. Johnson,Computes and Intractability: A
Guideto the Theoryof NP-CompletenessV. H. FreemarandCom-
pary, NY, 1979.

[9] S.PrakashandA. Parker, “SOS: Synthesisof application-specific
heterogeneoumultiprocessorsystems, J. Parallel & Distributed
Computes, vol. 16, pp.338-351Dec.1992.

[10] M. SchwigershauseandP. Pirsch,“Formalapproactfor theopti-
mizationof heterogeneousultiprocessorgor complex imagepro-
cessingschemes, in Proc. European Design Automation Contf,
pp.8-13,Sept.1995.

[11] J.D’Ambrosio and X. Hu, “Configuration-leel hardware/softvare
partitioning for real-time systems, in Proc. Int. WorkshopHard-
ware/Softwae Codesignvol. 14, pp.34-41,Aug. 1994.

[12] T.-Y.YenandW. H. Wolf, “Communicatiorsynthesigor distributed
embeddedsystems, in Proc. Int. Conf ComputerAided Design
pp. 288—294 Nov. 1995.

[13] J. Hou and W. Wolf, “Processpartitioning for distributed embed-
dedsystems, in Proc. Int. WorkshopHardware/Softwae Codesign
pp.70-76,Mar. 1996.

[14] S. Srinivasanand N. K. Jha, “Hardware-softvare co-synthesisof
fault-tolerantreal-timedistributedembeddedystems, in Proc. Eu-
ropeanDesignAutomationCont, pp.334-339Sept.1995.

[15] B. Dave,G.LakshminarayanandN. K. Jha,"COSYN: Hardware-
software co-synthesiof embeddedsystems, in Proc. DesignAu-
tomationCont, pp. 703—-708 Junel997.

[16] D. HerrmannJ. Henlel, and R. Ernst,“An approachto the adap-
tation of estimatedcost parametersn the COSYMA systend, in
Proc. Int. Workshop Hardware/Softwae Codesign pp. 100-107,
Mar. 1994.

[17] D. Saha,R. Mitra, and A. Basu, “Hardware software partitioning
usinggeneticalgorithmapproachi,in Proc. Int. Conf VLSIDesign
pp.155-160Jan.1997.

[18] R.P Dick andN. K. Jha,"MOGAC: A multiobjectve geneticalgo-
rithm for theco-synthesisf hardware-softvareembeddedystems,
in Proc.Int. Conf ComputerAidedDesign pp.522-529Nov. 1997.

[19] W. Wolf, “Floorplanning: The art of chip-level desigr, Electionics
Journal, pp.8-13,0ct. 1998.

[20] E.L. Lawler andC. U. Martel, “Schedulingperiodicallyoccurring
tasksonmultiple processors InformationProcessind.etters, vol. 7,
pp.9-12,Feb 1981.

[21] C.M. FonsecandP. J.Fleming,“Multiobjective geneticalgorithms
madeeasy:Selectionsharingandmatingrestrictions, in Proc. Ge-
netic Algorithmsin EngineeringSystemsinnovationsand Applica-
tions pp.45-52,Sept.1995.

[22] J. L. Breeden,“Optimizing stochasticand multiple fithess func-
tions) in Proc. Evolutionary Programming vol. 4, pp. 127-134,
Mar. 1995.

[23] R.P Dick andN.K. Jha,"CORDS:Hardware-softvareco-synthesis
of reconfigurableeal-timedistributedembeddedystems, in Proc.
Int. Conf ComputerAidedDesign pp.62—68,Nov. 1998.

[24] J. SmithandG. De Micheli, “Automatedcompositionof hardware
components, in Proc. DesignAutomationConf, pp. 14-19,June
1998.

[25] M. Kishinevsky, J. Cortadella,andA. Kondratye, “Asynchronous
interfacespecificationanalysisandsynthesis, in Proc. DesignAu-
tomationContf, pp.2-7,Junel998.

[26] M. BazesR. Ashuri,andE. Knoll, “An interpolatingclock synthe-
sizer” |IEEE Journal of Solid-StateCircuits vol. 31, pp.1295-1300,
Sept.1996.

[27] F. RomeoSimulatedAnnealing:TheoryandApplicationsto Layout
Problems PhD thesis,Dept. of Electrical Engg.& ComputerSci-
ence University of California,Berkeley, Mar. 1989.

[28] C. M. FiducciaandR. M. Mattheg/ses,“A lineartime heuristicfor
improving network partitions; in Proc. DesignAutomationCont,
pp.173-181,Junel982.

[29] L. Stockmger, “Optimal orientationsof cells in slicing floorplan
designs, Informationand Control, vol. 57, pp. 91-101,May/June
1983.

[30] N.H.E.WesteandK. EshraghianPrinciplesof CMOSVLSIDesign,
A System®erspective Addison-Weslg/, ReadingMA, 2 ed.,1993.

[31] R.P.Dick, D.L. RhodesandW. Wolf, “TGFF: taskgraphdor free}
in Proc. Int. WorkshopHardware/Softwae Codesign pp. 97-101,
Mar. 1998.

[32] J.Congetal., “Interconnectesigrfor deepsubmicronCs; in Proc.
Int. Conf ComputerAidedDesign pp.478—-485Nov. 1997.



