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Abstract

Parallelprocessingtechniqueshavebeenappliedto logic simulationin thepastwith limited success.
An aspectof this problemthat hasreceived little researchattentionis the impact on performanceof
application-speci�csimulationof testsequences.We approachtheproblemfrom this angleandidentify
animportantpracticalapplication,simulationof manufacturingtestpatternsfor ICs, which canbesuc-
cessfullyparallelized.This is dueto thehigh andbalancedcircuit activity thatis typical of manufactur-
ing tests.To exploit thesecharacteristics,we developseveralnew techniquesto reducecommunication
overheadandbalanceworkload. We alsodescribea circuit partitioningmethodologybasedon these
techniques,andevaluatethe impactof hypergraphpartitioningalgorithms.Our empiricalresultsshow
thattheproposedapproachcansigni�cantly accelerateparallelsimulationof manufacturingtests.

1 Intr oduction

Testingis anessentialandoftencostlystepneededto ensurethatintegratedcircuits(ICs)aremanufactured
free of defects. In orderto reducetestingtime, testpatternsthat candetectmoredefectsin lesstime are
preferred,andautomatictestpatterngeneration(ATPG)techniquesareoftenusedto generatethesepatterns.
After thetestpatternsaregenerated,they usuallyneedto beprocessedby a logic simulatorto calculatethe
outputresponsesandfault coverage.It is importantto notethat long sequentialinput patternsthatmustbe
appliedthroughmany cyclestypically cannotbeeasilysplit into smallerportions.As circuit sizeincreases,
it takeslongerto simulatethesetestpatterns– sometimesdaysor evenweeks– which is painfully long and
increasestheproduct's time to market.

Distributedparallelsimulationis oneway to solve this problem,andit hasbeenstudiedfor morethan
20 years[1, 6,10,13,15,18]. Many importantissuesin parallel simulationsuchas systemarchitecture,
datapartitioning,andworkloadbalancingwerestudiedextensively in theearly90s,but relatively few new
ideashave emergedsincethen. For example,it is well known that for thebestperformanceusingparallel
simulation,theworkloadshouldbepartitionedamongtheprocessorsin a balancedway, andcommunica-
tion betweenprocessorsshouldbeminimal. However, parallellogic simulationhasnever becomepopular
despiteall thepastresearcheffortsandtheincreasingavailability of largenetworksof workstationsthatcan
implementdistributedparallelprocessing.Wesummarizethemainobstaclesto adoptingparallelsimulation
asfollows:

� It is, in general,dif�cult to estimateworkloadwithout actuallyrunningsimulation,which makesthe
partitioninga challengingtask. Although structuralpartitioningis a well-studiedproblem,thereis
little researchon theeffect of dynamic,application-speci�cworkloadsin theform of testvectors on
theperformanceof competitive parallelsimulatorsrunningon thestate-of-the-arthardware.

� Most previousparallelsimulationsystemsareimplementedby modifying publicly availablesimula-
torsor by creatingtheir own simulationengines,which cannottake advantageof the improvements
from commercialsimulators.For example,theIcarussimulatorusedin [12] is morethan10X slower
thancommercialsimulatorsasreportedin [25]. As a result,serialcommercialsimulatorscanoften
easilyoutperformthoseparallelsimulationsystemsandmake themimpractical.

In ordertheaddressthe�rst problem,we studytheimpactof testpatternselectionon theperformance
of parallelsimulation.As wedemonstrate,thetestpatternsetsusedafterIC manufacture,whichareATPG-
basedteststargetedat the industry-standardstuck-at-0/1fault model,have somecharacteristicsthatmake
them especiallysuitablefor parallel simulation. In particular, they form a workload that is often much
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morebalancedthanthatof functionaltestsets.Furthermore,interprocessorcommunicationcanbereduced
or localizedwith clever partitioningandsynchronizationmethods. In this paper, we investigatewaysto
exploit thesefeaturesof manufacturingtestsets,includingtheintegrationof a balancedmin-cutpartitioner
into our partitioning�o w, andbuild our parallelsystemuponcommercialsimulators[20]. We demonstrate
successfulspeed-upof simulationfor several largeIC designs.

The rest of the paperis organizedas follows. Relevant backgroundconcerningATPG and parallel
simulationis given in Section2. Section3 identi�es importantcharacteristicsof manufacturingtests,and
Section4 proposesnew techniquesfor parallel simulationof thesetests. This techniqueis empirically
validatedin Section5, wherewe also evaluatethe signi�cance of hypergraphpartitioning and network
latency to parallelsimulation.Section6 concludesthepaper.

2 Background

We�rst brie�y review relevantconceptsin testgenerationandthendiscussdistributedparallelsimulation.

2.1 ATPG and Fault Simulation

Thepurposeof functionaltestingis to verify thata circuit carriesout its intendedfunctions;for instance,a
multiplier shouldperformmultiplication. On theotherhand,manufacturingtestingveri�es that thecircuit
doesnot have manufacturingdefectsby focusingon circuit structureratherthan functionalbehavior. A
typical exampleof a manufacturingdefectis an openor shortcircuit dueto dustparticles.Sucha defect
usuallyhasa logic or timing effecton thecircuit behavior, andthereareseveralwell-known faultmodelsto
representthesedefects.Thestuck-atfault modelis currentlythemostcommon.In this model,stuck-at-0
representsa signalthat is permanentlylow, while stuck-at-1representsa signalthat is alwayshigh. With a
suitablefault model,thetestcoverageof a setof testpatternscanbemeasured.A goodsetof testpatterns
shouldprovide high testcoveragewith asmallnumberof patterns.

In order to producehigh-quality test patterns,several algorithmshave beenproposedfor automatic
patterngeneration,suchasPODEMandFAN [4]. Thesetechniquesareeffective for large combinational
circuits,andthey canbeextendedto largesequentialcircuitsusingscanchain.Thebasicideabehindscan
designis to employ sequentialelementsthathave a serialshift capabilityso that they canbeconnectedto
form longshift registerscalledscanchains.Thescanchainelements,asshown in Figure1, canthenoperate
like primary inputsor outputsduring testingandgreatlyenhancethe controllability andobservability of
internal signals. Two modesare usedfor scantesting: scanmodeand normal mode. In scanmode,a
new testpatternandtheoutputresponseof thepreviouspatternareshiftedinto andout of thescanchain,
respectively. In normalmode,thepatternin thescanchainis fed into thecombinationallogic, andoutput
responsesarecollected.Thesetwo modesarealternatedto accomplishtesting. In practice,thesepatterns
may be split into several sequencesso that eachsequencecan �t into automatedtestequipment's (ATE)
memoryandbe �nished within time limitation. Althoughsimulationof eachsequencecanbe carriedout
simultaneously, patternsin thesamesequencestill needto besimulatedsequentially.

After patternsaregenerated,fault simulationis usedto measurefault coverageand calculateoutput
response,etc. After timing analysisis �nished, simulationmayneedto becarriedout several timesusing
differentenvironmentcon�gurationsto make surethe patternsarevalid underall circumstances.For ex-
ample,four-cornersimulationmayneedto be run at worst-casevoltageandtemperatureextremes.These
simulationsaretypically time-consumingdueto the complicatedtiming modelused,especiallywhenthe
testsarelong. It is commonin industrythat simulatingoneof the long patternscantake several daysor
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Figure1: TheBILBO general-purposescan-chainelement.

even weeks. In addition to thesesituations,fault simulationalsoneedsto be repeatedafter eachnetlist
modi�cation in orderto reevaluatefault coverageandrecalculatenew outputresponses.

ATPGandfaultsimulationgenerallybecomeslowerascircuit sizeincreases.As aresult,parallelATPG
hasbeenproposedto reduceATPGrun time. Thetechniquesusedin parallelATPGfall into � vemajorcat-
egories[9]: fault partitioning,heuristicparallelization,search-spacepartitioning,functional(algorithmic)
partitioning,andtopologicalpartitioning. Fault partitioningdistributesdifferentfaultsto differentproces-
sors. Heuristicparallelizationusesdifferentheuristicson differentprocessorsfor the samefault. Search-
spacepartitioningdividesthesearchspaceinto disjointpiecesandevaluatesthemconcurrently. Functional
partitioningdividesanATPGalgorithminto independentsubtasksthatcanbeexecutedon separateproces-
sorsin parallel,suchasrunningpatterngeneratorsandfault simulatorson differentprocessors[2]. Topo-
logical partitioningsplitsa circuit into smallerpieces.Dueto the large communicationoverheadbetween
thesepieces,it is ineffective for patterngenerationandhasnot becomepopular. However, aswe will show
in thenext section,thismethodis suitablefor fault simulation.

Our work focuseson simulationof manufacturingtestpatternsfor large IC designsthat employ scan
chains.By manufacturingtests,we meanATPG-basedteststargetedat the industry-standardstuck-at-0/1
faultmodel.

2.2 Distributed Parallel Simulation

To parallelizelogic simulation,the given design,which in our caseis written in Verilog, is divided into
piecescalledpartitions.Thesepartitionsarethendistributedto theavailableprocessors,typically a multi-
processorcomputeror a network of workstations.SimCluster[20] is thedistributedsimulatorusedin our
work. It is compatiblewith mostcommercialsimulatorsandcantake advantageof theef�ciency of these
simulatorsaswell asany futureimprovementsin simulationsuchas[14]. It employs a partitioncalledthe
”Master”, which handlessignaltransfersandsynchronizationamongthepartitions.All otherpartitionsare
called”children” andarecoordinatedby theMaster. TheMasteris alsoaVerilogsimulatorandcansimulate
partof thedesign.Thepseudocodeof SimCluster's algorithmfor theMasteris given in Figure2, andthe
algorithmfor thechild is givenin Figure3.

Parallelprocessingis performedin lines1-4of Figure3,whereall thechildrensimulatetheircurrentcir-
cuit partitionsconcurrentlysothatworkloadis distributedto multiple processors.Thereis synchronization
overheadin line 5-7of Figure2 and3, wherethesynchronizationsignalsaresent,andthenext eventtimeis
collectedandsentbackto eachchild. Additional overheadcomesfrom propagatingport changesfrom one
child to another. This is becausein distributedsimulationit takesmuchlongerto propagateport changes
to otherpartitions.For example,if TCP/IPis usedasthecommunicationarchitecture,socket reads/writes
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1 do
2 Get children's port changes;
3 Send port changes to children;
4 until no more ports change;
5 Ask children to send next event times;
6 Get childrens' next event times;
7 Send the minimum time to all children;
8 Goto 1;

Figure2: SimCluster's algorithmfor theMaster.

1 do
2 Update port values from Master;
3 Send port changes to Master;
4 until Master asks for next event time;
5 Send next event time;
6 Get next event time t from Master;
7 Advance to time t;
8 Goto 1;

Figure3: SimCluster's algorithmfor thechild.

needto beusedto transferdatabetweenpartitions,andthelatency is notnegligible.
Forbetterparallelprocessingperformance,theworkloadsharedamongprocessorsshouldbeasbalanced

aspossibleto maximizeparallelism,andcommunicationoverheadshouldbeassmallaspossibleto reduce
latency. Partitioning is thekey to achieve thesegoals. Therefore,someimportantpartitioningtechniques
arediscussedbelow [1].

Thesimplestway to partitiona designis to assigngatesrandomlyandequallyto all partitions. If the
workloadsof any two gatesaresimilar, this methodensuresgoodworkloadbalance.For betterworkload
balance,Manjikian andLoucks[13] have the processorsdo presimulationto get a betterestimateof the
workload.Nicol andReynold [16] alsoproposea methodto dynamicallybalancetheworkload.

Communicationandsynchronizationoverheadis anothermajor factorthat affectsthe performanceof
distributed simulation,andseveral algorithmshave beenproposedto reducetheseoverheads.Workload
balanceis often taken careof in thesealgorithmsby assigningsimilar numbersof gatesto all partitions.
Severalimportanttechniquesto reducecommunicationoverheadarediscussednext.

Levendelet al. [11] presenta partitioningmethodbasedon input/outputstrings.Their algorithmtraces
aprimaryinput to fanoutgatesandselectsoneof themto addit to thecurrentstring.Thisprocesscontinues
until a primaryoutputis reached.Thegateson thestringarethenplacedin thesamepartition. If any gates
remainunassigned,a gateis selectedrandomlyto starta new stringuntil all thegatesarepartitioned.This
algorithmensuresthat at leastonefanoutgatewill be on the currentprocessor, but it doesnot reducethe
communicationbetweencloselyrelatedcomponentssigni�cantly.

Smithet al. [17] employ faninandfanoutconesto reducecommunication.Theconeof a gateconsists
of thesetof all gatesaffectedby its output. Thealgorithm�rst builds conesfor every gate,andthegates
drivenby primary inputsareassignedevenly to partitions.After theprimary inputshave beenassigned,a
gateis randomlyselected.Thisgateis addedto thepartitionthathasthelargestnumberof conescontaining
thegate,unlessthatpartitionis alreadyfull. Mueller-Thunset al. [15] extendthemethodof [17] by putting
anentireconein thesamepartitionto reducecommunicationoverhead.Gatesmayneedto beduplicatedin
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Benchmark Number Wire valueschanged
of wires percycle

Random Scan(s) Scan(p)
B14 51924 1086 9010 13793
B17 250804 5311 6177 46567
B22 163679 2883 5233 47995

Average 100% 1.99% 7.67% 24.82%
Table1: Comparisonof circuit activity usingrandomandATPG-basedtestpatterns.

differentpartitions,whichcausessomecomputationredundancy.
Changetal. [6] proposeapartitionerthatpartitionsgatesalong�ip-�op boundariessothatsynchroniza-

tion is reducedto theclockedgesonly while thetiming accuracy is preserved.Thepartitionerrunsfastand
is attractive for variable-delaysimulations.However, it only worksif suchboundariesexist, which limits its
applicability.

In additionto partitioning,Kormicki et al. [10] discussseveral importantfactorsthat in�uence theper-
formanceof distributedsimulationusinganetwork of workstations.They observedthathigheractivity and
larger circuit size increasethe speed-upsgainedfrom parallel simulation,an observation alsosupported
by our experimentalresults.However, their observation that randompartitioningworks almostaswell as
heuristicpartitioning,which is alsoreportedby Smithet al. [18], is differentfrom ours. As we will show
in our experimentalresults,by integratingbalancedmin-cuttechniquesinto our partitioner, thespeed-upis
boostedby 2.45X comparedwith our naive heuristicpartitioning,which accordingto Briner [3] is better
thanrandompartitioning.

3 Cir cuit Activity During Testing

Manufacturingtestinghasseveral featuresthat differ from thoseof functionaltesting. Thesefeaturesare
analyzedempiricallyandanalyticallyin thissection.

3.1 Empirical Observations

In orderto analyzethecharacteristicsof manufacturingtestsempirically, wemeasuredthecircuit activity of
threeITC99 benchmarks,includingB14,B17 andB22. In this experiment,we estimatetheaveragecircuit
activity in a givencircuit by samplingswitchingactivity over 20%of all wiresduring100-1000simulation
cycles. Sincefunctionaltestsarenot available,we userandominputsinstead,which shouldhave a higher
activity thanfunctionaltests. Serialmodeandparallelmodescantestsareboth usedin this experiment,
whereserialmodeis denotedwith (s)andparallelmodeis denotedwith (p). Fromtheexperimentalresults,
we canseethat manufacturingtestsproducemuchmoreactivity thanrandomtests,especiallyin parallel
mode,which resultsin a high workload-to-communicationratio. Thissuggeststhatmanufacturingtestsare
indeedsuitablefor parallelsimulation.Theresultsof thisexperimentaresummarizedin Table1.

3.2 Analytical Observations

Wealsoanalyzedmanufacturingtestsanalytically, andtheir characteristicsaresummarizedasfollows:

1. The activity of the circuit is higher. To detectstuck-atfaultson a wire, its valuemustbesetto both
0 and1 at leastonce. Goodmanufacturingtestsetstendto detectasmany faultsaspossibleusing
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few testpatterns,which impliesthatthesignalvaluesof many wireschangefrequently. On theother
hand,functionaltestsoften focuson exercisinga portion of the circuit andmostof the circuit may
beidle. Furthermore,thereareoftensomerestrictionson functionaltestpatternswhich lower circuit
activity levels.For example,aninvalid op-codecannotbefed to a CPUduringfunctionaltesting,but
thereareno suchrestrictionson manufacturingtest– aslongastheop-codecandetectdefects,it is a
goodtestpattern.

WangandGupta[19] observe thatthelackor correlationbetweenconsecutive testsvectorsincreases
circuit activity, whereasconsecutive vectorsappliedin “normal” operationhave high correlationand
so causelow activity. Sincefunctional testsinputs arebasicallynormal inputs that arechosento
exercisecertainbehaviors of the circuit, they canalsobe expectedto producethe samelow circuit
activity. On theotherhand,thereis usuallyvery low correlationbetweenmanufacturingtestpatterns,
thuscircuit activity shouldbehigher.

This analysisis alsosupportedby our empiricalobservations. We have observed that 1.99%of the
signalshave their valueschangedin a cycle usingrandominputs,while 7.67%arechangedin serial
modescantestsand24.82%arechangedin parallelmodescantests. For comparison,often fewer
than3%arechangedin functionaltests,asreportedin [1].

2. The distribution of circuit activity is more uniform. Manufacturingtestpatternstry to exerciseas
muchlogic aspossiblesimultaneously, whichdistributesthecircuit activity moreuniformly. In scan-
baseddesigns,the scanchainsalsoact like randominput sourcesto the combinationallogic inside
thechip duringscan-inandscan-out.Thereasonis thattheoutputsof thescanregistersareinputsto
thecombinationallogic. Sincethepatternbeingshiftedis usuallycomposedof alternating0sand1s,
it behaveslike randominputsto thecombinationallogic, which tendto createanequallydistributed
workloadwithin thechip.

As mentionedin theprevioussection,designssuitablefor parallelsimulationshouldhave high activity
betweensynchronizationpointsanda balancedworkloaddistribution. Our analysisandempiricalresults
suggestthatmanufacturingtestsimulationis agoodcandidatefor parallelsimulation.In thenext sectionwe
proposeseveraltechniquesthatexploit thesecharacteristicsto speed-upparallelsimulationof manufacturing
testpatterns.

4 Techniquesfor AcceleratingSimulation

In this section,we proposeseveral techniquesto reducecommunicationoverheadandbalanceworkload
basedon theobservationsgiven in theprevioussection.We develop a new partitioningmethodologythat
targetsparallelsimulationof manufacturingtestpatternsin circuitswith scanchains.

4.1 ReducingCommunication Overhead

The choiceof circuit timing model hasa signi�cant impact on the performanceof parallel simulation,
becauseprocessesmustsynchronizeevery time aneventoccurs,andsynchronizationcontributesto a large
portion of the communicationoverhead.Therearethreecommonlyusedtiming models. The zero delay
modelassumesthatall gateandwire delaysare0. In theunit delaymodel, it is assumedthatall gatedelays
are1. Thevariabledelaymodelallows gatesandwiresto havearbitrarydelays.With thezerodelaymodel,
sinceall gateschangewith theclock, thenumberof synchronizationsneededis small. On theotherhand,
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theunit andvariabledelaymodelsproducelotsof synchronizationsbetweenclocks,causingahugeamount
of communicationoverhead.

Tosolvethesynchronizationproblem,thedesigncanbepartitionedalong�ip-�op boundariesor accord-
ing to theoutputconessothatsignalchangespropagateacrossboundariesonly whentheclockchanges[6].
However, workloadbalancingwill be moredif�cult given theseconstraints.Anotherway to reducesyn-
chronizationoverheadwhile keepingthe workloadbalancedis to sacri�ce sometiming accuracy. If the
combinationalpartof thedesignis partitioned,thentherewill besignalspropagatingacrosspartitionbound-
ariesbetweenclocks.If wesynchronizeatconstantintervalswithin clocksonly, suchassynchronizingonce
every 1/4 clock period,thenwe canreducecommunicationoverheadandstill propagatethesignals.How-
ever, the timing becomeslessaccurate,implying a trade-off betweencommunicationoverheadandtiming
accuracy. Moresynchronizationpointsyield bettertiming accuracy but addmorecommunicationoverhead.
Sincesignalsmaypropagatelater in this scenario,it maycausefalsenegativeson theoutput.Suppose,for
instance,thattheexpectedoutputis thevalueon theoutputwhenthepatternis simulatedusingtheoriginal
timing model,thentheoutputmaybewrongwhensynchronizationis reducedbecauseof thedelayin signal
propagationacrosspartitions. Whenthis happens,the numberof synchronizationpointsbetweenclocks
shouldbeincreased.

Testingwith scanchainshastheadvantagethatduring scan-inandscan-out,only signalpropagations
betweenscanregistersareimportant,andthesesignalsalwayschangewith the clock. Thereforewe can
synchronizeatclockedgesonly andreducecommunicationoverheadsigni�cantly. After all datahavebeen
shiftedto thescanregisters,simulationcanbeswitchedbackto thevariabledelaymodelandrun for one
clock cycle. Simulationresultsusingaccuratetiming informationcanthusbe obtained.After that cycle,
simulationcan be switchedback to clock-basedsynchronizationfor scan-outto reducecommunication
overhead.In thisway, therequiredtiming accuracy canbepreservedwhile communicationoverheadis kept
small.

To further reducecommunicationoverhead,thepartitionscanalsobebuilt so that all theoutputports
of a partition are outputsof scan-chain�ip-�ops. In this way, synchronizationcan be reducedeven in
normaloperatingmode.However, gatesor �ip-�ops mayneedto beduplicatedwith this technique,which
introducesextra workloadandmay slow down the simulation. Thereforeit shouldbe treatedan optional
featurethatcanbeturnedonwhennecessary.

4.2 Workload Balancing

Sincescanchainregistersactasinputsandoutputsof the combinationallogic, they canbe usedasseeds
to �nd good partitions– partitionswith similar numbersof scanregistersand combinationalgates. In
this way, eachpartition will have a similar numberof primary inputs,primary outputsandgates. Since
the input patternsarecloseto random,theworkloadof eachpartitionwill bebalancedduringsimulation.
Thetechniquesof exploiting �x ednodesto �nd goodpartitionswith minimal cutshave beendiscussedby
Caldwelletal. [5]. By treatingthescanregistersas�x ednodes,suchtechniquescanbeuseddirectly.

4.3 Partitioning Methodology

Basedonouranalysisabove,wedevelopapartitioningmethodologyoutlinedin Figure4. It is assumedthat
thereareN partitions.Thedesignis �attenedto thelibrary cell level beforeit is partitioned.

MostcommercialATPGtoolsproducetestbenchesaccordingto theirstandardtemplates,whichareoften
quitesimilar. Suchtemplatesinclude: (a) assignmentof portsto scanchains,(b) force/releaseof registers
in scanchains,and(c) assignmentof patternsto ports. Insteadof putting the testbenchin a partition and
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1 foreach partition P
2 Add 1=N scan registers to P;
3 Call min-cut partitioner with

scan registers fixed;
4 Partition according to min-cut

result;
Figure4: Ourpartitioningmethodology.

letting it communicatewith otherpartitions,thetestbenchis partitionedto every partitionandforce/release
callsareonly performedfor chainsownedby thepartitionin orderto reducecommunicationoverhead.

5 Empirical Results

In this sectionwe �rst describehow we con�gure our experimentsandthenpresentour parallelsimula-
tion results.In orderto gainmoreinsightsinto our methodology, we alsostudythe impactof hypergraph
partitioningandnetwork latency on theperformanceof parallelsimulation.

5.1 Experimental Setup

We conducteda seriesof experimentswith SimClusterexecutingon differentcon�gurationsincluding a
Linux farm,SolarisSMPandaSolarisfarm.TheLinux farmis composedof Pentium-43.06GHzmachines
runningLinux connectedby Ethernet. The SolarisSMP machineis a four 1GHz UltraSPARC IIIi CPU
machinerunningSolaris. The Solarisfarm is composedof single1GHz UltraSPARC IIIi CPU machines
connectedby Ethernet.Theexperimentssimulatepatternsgeneratedby SynopsysTetraMaxin serialmode
andparallelmode,whereserialmodeis denotedby “(s)” in thebenchmarkandparallelmodeis denotedby
“(p)”. In serialmode,patternsareshiftedinto andoutof thescanchaincycleby cycle. In parallelmode,the
patternsaredirectly forcedinto thescanchain.Thetargetdesignswerea setof relatively largebenchmark
circuitswhichwe summarizenext. Thebalancedmin-cutpartitionerusedin theexperimentsis hMetis[8].

Chip1 isagraphicschipwhichcontainsapproximately12million gates.It waspartitionedmanuallydue
to memorylimitationsof theworkstationused.B14,B17andB22areselectedfrom theITC'99 benchmark
suite[23], andtheir sizesareon theorderof 10K-100Kgates,largernumbersindicatelargerdesigns.B14
andB22aresubcircuitsof theViperprocessor, andB17is asubcircuitof the80386processor. FFT is aFast
FourierTransformcircuit from Opencores[21], andits sizeis about280K gates.All thebenchmarksuse
theunit delaymodelandarecreatedusingSynopsysDFT �o w. Theoriginalnetlistof benchmarkB14,B17
andB22 are�attened,while CHIP1andFFT arehierarchical.Thesimulatorusedfor CHIP1 is VCS, and
therestof thebenchmarksuseNC-Verilog. Sincetheprocesscoordinatoralsosimulatespartof thedesign,
for N partitionstherewill beN + 1 processes.

5.2 Parallel Simulation Results

In order to show the effectivenessof our techniques,we ran several benchmarksusingdifferent con�g-
urations. The resultsof the experimentsare summarizedin Table 2. We can seethat compilationwas
acceleratedsigni�cantly for all benchmarks,which is apositive side-effect of partitioningthedesign.Since
compilationtime doesnot grow linearlywith thesizeof thedesign,splitting thedesignto N partitionswill
oftenspeedup compilationby morethanN. This effect is especiallyobviouswhenlibrary scanis usedand
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Benchmark Parallel Number Partitioner Compiletime Simulationrun time
architecture of run time Single Multi- Speed Single Multi- Speed

partitions process process up process process up
B14(s) SolarisSMP 2 45s 152s 10s 15.2X 51s 26s 2.0X
B14(p) SolarisSMP 2 37s 168s 13s 12.9X 28s 41s 0.7X
B17(s) SolarisSMP 2 758s 1300s 47s 27.6X 1048s 619s 1.7X
B17(p) SolarisSMP 2 689s 1745s 50s 34.9X 426s 184s 2.3X
B22(s) SolarisSMP 2 461s 1405s 33s 42.6X 447s 149s 3.0X
B22(p) SolarisSMP 2 403s 1391s 36s 38.6X 279s 49s 5.7X

B22(s) Solarisfarm 2 461s 1061s 30s 35.4X 1608s 1275s 1.3X
B22(s) Solarisfarm 4 462s 1061s 28s 37.0X 1608s 978s 1.6X
B22(s) Solarisfarm 8 465s 1061s 26s 40.8X 1608s 1018s 1.6X
B22(p) Solarisfarm 2 403s 1066s 29s 36.8X 319s 155s 2.1X
B22(p) Solarisfarm 4 405s 1066s 28s 38.1X 319s 143s 2.2X
B22(p) Solarisfarm 8 406s 1066s 27s 39.5X 319s 124s 2.6X
FFT(p) Solarisfarm 2 675m 2515s 596s 4.2X 2655s 1121s 2.4X
FFT(p) Solarisfarm 4 697m 2515s 299s 8.4X 2655s 606s 4.4X
FFT(p) Solarisfarm 8 785m 2515s 218s 11.5X 2655s 328s 8.1X

CHIP1(s) Linux farm 7 N/A 720m 60m 12.0X 470m 98m 4.8X

Table2: Performanceof distributedsimulation.

the designis �attened, asin the casefor the ITC benchmarks.For hierarchicaldesigns,suchasFFT, the
compilationtimereductionis closerto thenumberof partitions,asFigure5 shows.

Figure5: Compilationtimespeed-up.

Thesimulationspeed-upshowsthatdistributedsimulationcanreducesimulationtimein all casesexcept
b14(p),which is thesmallestdesignandhastheshortestsingleprocessrun time. It canalsobe observed
from theresultsthatsomespeed-upfactorsarelargerthanthenumberof partitions,whichmaylook strange
at the�rst glance.Thereasonis thatthesimulatorseemsto take longerto readandinitialize thedesignfor
simulationwhenthe designgetslarger. As a result,by splitting the designinto smallerpieces,the initial
setuptimefor simulationis alsomuchshorter. This is anotherpositive side-effect in additionto compilation
timereduction.For longersimulation,thiseffectwill diminish,andthespeed-upwill eventuallybebounded
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Figure6: Simulationtimespeed-up.

by thenumberof partitions,ascanbeobservedfrom B17,FFT andCHIP1.
Therelationshipbetweenspeed-upandthenumberof partitionsof thethreelargestbenchmarksis plot-

ted in Figure6. Fromthe �gure, we canseethat the speed-upsof theB22 benchmarkssaturateafter two
partitions,while thespeed-upof thelargestbenchmark(FFT) continuesto rise linearly. It is becausecom-
municationoverheadincreaseswith numberof partitions. If the workloadin eachpartition is too small,
communicationoverheadwill dominateandspeed-upwill saturate.Sincelargerdesignshave higherwork-
load,they canusuallybedistributedto moremachinesthansmallerdesignsbeforethespeed-upsaturates.
Fromthecomparisonof B22(p)andB22(s),it is observedthatthespeed-upof parallelmodeis largerthan
serialmode.This is becausein parallelmode,eachcycle evaluatesanATPGpattern;while in serialmode,
theATPGpatternis shiftedinto thescanregisters,andit behaveslike arandompatternateachcycle. Since
ATPGpatternshave largerworkloadthanrandompatterns,theworkload-to-communication ratio is higher,
which resultsin a betterspeed-upin parallelprocessing.

While themin-cutpartitionerthatweusedscaleswell with thesizeof thedesign,theruntimeof ourown
partitionerdoesnot grow linearly andbecomessigni�cant asthedesigngetslarger. However, partitioning
only needsto bedoneonceandfuturechangesin thepatternsto besimulateddo not requirerepartitioning.
As a result, the partitioner's run time can be amortizedwhen simulationof different setsof patternsis
performed.Improving theef�ciency of thepartitioneris ournext goal.

5.3 Impact of Hypergraph Partitioning

To show thatbalancedmin-cutpartitioningis critical to betterperformance,we comparedit to a heuristic
partitionerbasedon breadth-�rstsearch(BFS)which worksasfollows: (1) scanregistersbelongingto the
samechainareaddedto eachpartitionasseeds,and(2) othergatesareaddedto thepartitionsusingBFS
with randomizedselectionof new unconnectedgates.This heuristicshouldbemoreeffective thanrandom
partitioningsincerandompartitioningwill partitionscanregistersbelongingto thesamescanchainto mul-
tiple partitionsandcausea lot of communicationoverhead.To show the relationshipbetweenthequality
of min-cut partitioningandthe performanceof parallelsimulation,we also implementeda �at Fiduccia-
Mattheyses(FM) [7] min-cutpartitioner. In our experiments,“MLFM” useshMetis [8] asthemulti-level
Fiduccia-Mattheysespartitionerand“FlatFM” usesourown �at FM partitioner. Onaverage,partitionspro-
ducedby �at FM have3X greatercutsthanthoseproducedby multi-level FM. Weranthesamebenchmarks
usingourBFSheuristic,�at FM andmulti-level FM partitioning,andtheresultsaresummarizedin Table3.
A SolarisSMPmachineis usedfor thisexperiment,andthenumberof partitionsis two. Fromtheresults,we
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Benchmark Simulationrun time(seconds)
None BFS FlatFM MLFM

B14(p) 28 97 41 41
B17(p) 426 489 188 184
B22(p) 279 89 49 49

Average(speed-up) 1X 0.45X 2.9X 2.9X

Table3: Comparisonof speed-upusingBFSheuristicandmin-cutpartitioning. Nonemeansthecircuit is
notpartitioned.

canseethatmin-cutpartitioningimprovestheperformanceof parallelsimulationsigni�cantly – distributed
simulationusingmin-cutpartitioningruns6.4X fasterthanheuristicpartitioning.Thecomparisonbetween
�at FM andmulti-level FM shows thatwhile onecansigni�cantly improve uponsimpleBFS partitioning
heuristicsusingamin-cutalgorithm,thedifferencebetweenthe�at FM algorithmandits multi-level variant
(whichproducesmuchbetterpartitionsmuchfaster)is marginal in theoverall simulationperformance.This
phenomenoncanbeexplainedby thefollowing equation,whichdescribesthetime it takesto senda packet
of datato aparallelprocessresponsiblefor anotherpartition: 1

Tpacket = Tsetup + N� Tbyte (1)

In theequation,Tpacket is thetotal time to senda packet, Tsetup is thetime to setupthepacket until the �rst
byte of datacanbe sent. N is numberof bytesto be sent,andTbyte is time to sendan extra byte in the
packet. Sincein general,Tsetup is muchlarger thanTbyte, reducingN from 2000to 1000may be helpful,
but reducingN from 200 to 100 may only reduceTpacket by a small fraction. Therefore�at FM should
have similar performancecomparedwith multi-level FM. As a result,while we only compared�at FM to
multi-level FM in thecaseof two partitions,weexpectthatrecursivebisectionwith �at FM partitioningwill
performjustaswell asmulti-way multi-level FM in multiplepartitions.

5.4 Impact of Network Latency

Network latency is representedby Tsetup in Equation(1). In orderto gainmoreinsighton Equation(1), we
conductedanadditionalexperimentusingGigabitEthernetandIn�niband [22] with their latency roughly
equalto 100µs and10µs, respectively. In this experimentwe usetheJazzDSPPlatformfrom Improv Sys-
tems[24], which contains15K �ip-�ops and300K gates.This designwasbi-partitionedby our min-cut
partitioner. Parallel ATPG patternswereusedas the test vectors,and the resultsaresummarizedin Ta-
ble 4. In the table,“Packet count” is the numberof packetssentthroughthe network during simulation.
“All events” meansthe simulationis synchronizedwhenever thereis an event, “Every 500ps”meansthe
simulationis synchronizedevery500pssimulationtimesteps,and“Every5ns”meansthesimulationis syn-
chronizedevery 5nssimulationtimesteps.More synchronizationpointsprovide bettertiming accuracy but
reducethe speed-up.Sincetotal N � Tbyte remainsconstantamongall the simulations,the differencein
speed-upis dueto differentamountof total Tsetup. Comparisonbetweendifferentnetworksshows that re-
ducingTsetup improvestheperformanceof parallelprocessingsigni�cantly, especiallywhena largenumber
of synchronizationsis required. This canbe observed by comparingthe improvementsin differentsyn-
chronizationmodes:in “All”, 6.5Xperformanceimprovementis observed;while only 1.3X improvementis

1While sharedmemorycansigni�cantly reducethis delay, it cannotsupporta computerfarm,andsowasnot implementedat
this time.



Avery-TR-001-06:FastTestSimulationvia DistributedComputing 12

Sync. Packet Simulationspeed-up Improve-
mode count Ethernet In�tiband ment

(million)
All events 273 0.08X 0.52X 6.5X

Every500ps 15.5 0.74X 2.12X 2.86X
Every5ns 2.5 2.12X 2.75X 1.3X

Table4: Comparisonof speed-upusingEthernetandIn�niband with differentnumberof synchronizations.

achieved in “5ns”. This experimentalsoshows that futureimprovementsin reducingnetwork latency may
substantiallyincreasetheperformanceof parallelsimulation.

6 Conclusions

In this paper, we revisiteddistributedparallelsimulationof logic circuits. Unlike previousresearch,we fo-
cusedon theeffectsof application-speci�cpatternsin testvectorsto theperformanceof parallelsimulation
insteadof theeffectsof partitioning.By analyzingthesepatterns,we have successfullyidenti�ed anappli-
cationthatappearsto bewell suitedto parallelsimulation– simulationof post-manufacturetestpatternsfor
scan-basedICs,which hashigh andbalancedcircuit activity. We proposeda new methodologyto partition
thedesignin orderexploit thesecharacteristicsto balanceworkloadandreducecommunicationoverhead.
While randompartitioningperformsalmostaswell asheuristicpartitioningin functionaltests,wefoundthat
it is not thecasefor manufacturingtests.Thereforewe integratedamin-cutpartitionerinto ourpartitioning
�o w, andourpartitioningmethodologyoutperformstheuseof aBFSheuristicwith a2.45Xspeed-up.When
studyingtheimpactof differenttechniquesfor min-cutpartitioningon theperformanceof parallelprocess-
ing, we have shown thatcomparedto the �at Fiduccia-Mattheyses(FM) algorithm,multi-level FM brings
only marginal improvementsandis not worth theimplementationeffort. Wealsodiscussedtheimportance
of reducingsynchronizationduringsimulationandsuggestedseveralwaysto achieve it. Our experiments
show thattheproposedtechniquescansigni�cantly acceleratethesimulationof manufacturingtestpatterns
andreducesimulationrun time. As multi-coreprocessorsget popularandinterprocessorcommunication
becomesfaster, suchparallelsimulationtechniqueswill undoubtedlybecomemorebene�cial.
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