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Abstract

Parallelprocessingechniquehave beenappliedto logic simulationin the pastwith limited success.
An aspectof this problemthat hasreceved little researchattentionis the impact on performanceof
application-speci csimulationof testsequencediVe approactthe problemfrom this angleandidentify
animportantpracticalapplication simulationof manugcturingtestpatternsor ICs, which canbe suc-
cessfullyparallelized.Thisis dueto the high andbalancecircuit activity thatis typical of manufctur
ing tests.To exploit thesecharacteristicsye develop seseralnew techniquego reducecommunication
overheadand balanceworkload. We also describea circuit partitioning methodologybasedon these
techniquesandevaluatethe impactof hypegraphpartitioningalgorithms. Our empiricalresultsshov
thatthe proposedapproacttansigni cantly acceleratg@arallelsimulationof manufcturingtests.

1 Intr oduction

Testingis anessentiandoftencostly stepneededo ensurghatintegratedcircuits (ICs) aremanufctured
free of defects.In orderto reducetestingtime, test patternsthat candetectmore defectsin lesstime are
preferredandautomatidestpatterngeneratiofATPG)techniquesreoftenusedio generatehesepatterns.
After thetestpatternsaregeneratedthey usuallyneedto be processedby a logic simulatorto calculatethe
outputresponseandfault coverage.lt is importantto notethatlong sequentiainput patternghat mustbe
appliedthroughmary cyclestypically cannotbe easilysplitinto smallerportions.As circuit sizeincreases,
it takeslongerto simulatethesetestpatterns- sometimeslaysor evenweeks— which is painfully long and
increaseshe products time to marlet.

Distributed parallelsimulationis oneway to solwe this problem,andit hasbeenstudiedfor morethan
20 years|1,6,10,13,15,18]. Mary importantissuesin parallel simulationsuchas systemarchitecture,
datapartitioning,andworkloadbalancingwerestudiedextensvely in the early 90s, but relatively few new
ideashave emegedsincethen. For example,it is well knowvn thatfor the bestperformanceausingparallel
simulation,the workload shouldbe partitionedamongthe processor#n a balancedvay, andcommunica-
tion betweerprocessorshouldbe minimal. However, parallellogic simulationhasnever becomepopular
despiteall thepastresearclefforts andtheincreasingavailability of large networks of workstationghatcan
implementdistributedparallelprocessingWe summarizeéhemainobstacle$o adoptingparallelsimulation
asfollows:

It is, in general dif cult to estimatewvorkloadwithout actuallyrunningsimulation,which malkesthe
partitioning a challengingtask. Although structuralpartitioningis a well-studiedproblem,thereis
little researcton the effect of dynamic,application-speci cworkloadsin the form of testvectos on
the performancef competitve parallelsimulatorsrtunningon the state-of-the-armardware.

Most previous parallelsimulationsystemsareimplementediy modifying publicly availablesimula-

tors or by creatingtheir own simulationengineswhich cannottake adwvantageof the improvements
from commerciakimulators.For example thelcarussimulatorusedin [12] is morethan10X slower

thancommercialsimulatorsasreportedin [25]. As aresult,serialcommercialsimulatorscanoften

easilyoutperformthoseparallelsimulationsystemsandmake themimpractical.

In ordertheaddresshe rst problem,we studytheimpactof testpatternselectionon the performance
of parallelsimulation.As we demonstratehetestpatternsetsusedafterIC manufcture which areATPG-
basedeststargetedat the industry-standardtuck-at-0/1fault model, have somecharacteristicshat make
them especiallysuitablefor parallel simulation. In particular they form a workloadthat is often much
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morebalancedhanthatof functionaltestsets.Furthermoreinterprocessocommunicatiorcanbereduced
or localizedwith clever partitioningand synchronizatiormethods. In this papey we investigatewaysto
exploit thesefeaturesof manuficturingtestsets,includingthe integrationof a balancednin-cutpartitioner
into our partitioning o w, andbuild our parallelsystemuponcommerciakimulatorg20]. We demonstrate
successfuspeed-umf simulationfor severallarge IC designs.

The rest of the paperis organizedas follows. Relevant backgroundconcerningATPG and parallel
simulationis givenin Section2. Section3 identi es importantcharacteristicef manufcturingtests,and
Section4 proposesew techniquedor parallel simulationof thesetests. This techniqueis empirically
validatedin Section5, wherewe also evaluatethe signi cance of hypegraph partitioning and network
lateny to parallelsimulation.Section6 concludegshe paper

2 Background

We rst brie y review relevantconceptsn testgeneratiorandthendiscusdistributedparallelsimulation.

2.1 ATPG and Fault Simulation

The purposeof functionaltestingis to verify thata circuit carriesout its intendedfunctions;for instancea
multiplier shouldperformmultiplication. On the otherhand,manugcturingtestingveri es thatthe circuit
doesnot have manuacturingdefectsby focusingon circuit structureratherthan functionalbehaior. A
typical exampleof a manufcturingdefectis an openor shortcircuit dueto dustparticles. Sucha defect
usuallyhasalogic or timing effect on the circuit behaior, andthereareseveralwell-knovn fault modelsto
representhesedefects. The stuck-atfault modelis currentlythe mostcommon. In this model, stuck-at-0
representa signalthatis permanentljow, while stuck-at-1representsa signalthatis alwayshigh. With a
suitablefault model,the testcoverageof a setof testpatternscanbe measuredA goodsetof testpatterns
shouldprovide high testcoveragewith a smallnumberof patterns.

In orderto producehigh-quality test patterns,several algorithmshave beenproposedfor automatic
patterngenerationsuchasPODEM andFAN [4]. Thesetechniquesare effective for large combinational
circuits,andthey canbe extendedto large sequentiatircuits usingscanchain. The basicideabehindscan
designis to emply sequentiaklementghathave a serialshift capabilitysothatthey canbe connectedo
form long shift registerscalledscanchains.Thescanchainelementsasshavn in Figurel, canthenoperate
like primary inputs or outputsduring testingand greatly enhancehe controllability and obserability of
internal signals. Two modesare usedfor scantesting: scanmodeand normal mode. In scanmode, a
new testpatternandthe outputresponsef the previous patternare shiftedinto andout of the scanchain,
respectiely. In normalmode,the patternin the scanchainis fed into the combinationalogic, and output
responsesrecollected. Thesetwo modesarealternatedo accomplishesting. In practice thesepatterns
may be split into several sequenceso that eachsequencean t into automatedestequipmens (ATE)
memoryandbe nished within time limitation. Although simulationof eachsequenceanbe carriedout
simultaneouslypatterngn the samesequencstill needto be simulatedsequentially

After patternsare generatedfault simulationis usedto measurgault coverageand calculateoutput
responseetc. After timing analysisis nished, simulationmay needto be carriedout severaltimesusing
differentervironmentcon gurationsto make surethe patternsare valid underall circumstancesFor ex-
ample,four-cornersimulationmay needto be run at worst-casesoltageandtemperaturextremes. These
simulationsaretypically time-consuminglueto the complicatediming modelused,especiallywhenthe
testsarelong. It is commonin industrythat simulatingone of the long patternscantake seseral daysor
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Figurel: TheBILBO general-purposscan-chairelement.

even weeks. In additionto thesesituations,fault simulationalso needsto be repeatedafter eachnetlist
modi cation in orderto reevaluatefault coverageandrecalculatenew outputresponses.

ATPGandfaultsimulationgenerallybecomeslowver ascircuit sizeincreasesAs aresult,parallelATPG
hasbeenproposedo reduceATPGruntime. Thetechniquesisedin parallelATPGfall into ve majorcat-
egories[9]: fault partitioning, heuristicparallelization,search-spacpartitioning, functional (algorithmic)
partitioning,andtopologicalpartitioning. Fault partitioningdistributesdifferentfaultsto differentproces-
sors. Heuristic parallelizationusesdifferentheuristicson differentprocessorsor the samefault. Search-
spacepartitioningdividesthe searchspacanto disjoint piecesandevaluategshemconcurrently Functional
partitioningdividesan ATPG algorithminto independensubtaskshatcanbe executedon separat@roces-
sorsin parallel,suchasrunningpatterngenerator@&ndfault simulatorson differentprocessor$2]. Topo-
logical partitioning splits a circuit into smallerpieces.Dueto the large communicatioroverheadbetween
thesepiecesit is ineffective for patterngeneratiorandhasnot becomepopular However, aswe will shav
in the next section this methodis suitablefor fault simulation.

Our work focuseson simulationof manubcturingtestpatternsfor large IC designsthatemplo/ scan
chains. By manufcturingtests,we meanATPG-basedeststagetedat the industry-standardtuck-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 the availableprocessorstypically a multi-
processocomputeror a network of workstations.SimCluster{20] is the distributed simulatorusedin our
work. It is compatiblewith mostcommercialsimulatorsand cantake advantageof the ef ciency of these
simulatorsaswell asary futureimprovementsn simulationsuchas[14]. It employs a partition calledthe
"Master”, which handlessignaltransfersandsynchronizatiormamongthe partitions.All otherpartitionsare
called’children” andarecoordinatedy the Master The Masteris alsoa Verilog simulatorandcansimulate
partof the design.The pseudocodeof SimClusters algorithmfor the Masteris givenin Figure2, andthe
algorithmfor thechild is givenin Figure3.

Parallelprocessings performedn lines1-4 of Figure3, whereall thechildrensimulatetheir currentcir-
cuit partitionsconcurrentlysothatworkloadis distributedto multiple processorsThereis synchronization
overheadn line 5-7 of Figure2 and3, wherethe synchronizatiorsignalsaresent,andthe next eventtimeis
collectedandsentbackto eachchild. Additional overheadcomesfrom propagatingport changegrom one
child to another This is becausen distributed simulationit takesmuchlongerto propagatgport changes
to otherpartitions. For example,if TCP/IPis usedasthe communicatiorarchitecturesoclet 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: SimClusters algorithmfor the Master
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 f;
8 Goto 1;

Figure3: SimClusters algorithmfor thechild.

needto be usedto transferdatabetweerpartitions,andthelateng is notnegligible.

For betterparallelprocessingerformancetheworkloadsharecamongprocessorshouldbeasbalanced
aspossibleto maximizeparallelismandcommunicatioroverheadshouldbe assmallaspossibleto reduce
lateng. Partitioningis the key to achieve thesegoals. Therefore,someimportantpartitioningtechniques
arediscussedbelov [1].

The simplestway to partition a designis to assigngatesrandomlyandequallyto all partitions. If the
workloadsof ary two gatesaresimilar, this methodensuregjoodworkloadbalance.For betterworkload
balance Manjikian and Loucks[13] have the processorslo presimulationto get a betterestimateof the
workload.Nicol andReynold [16] alsoproposea methodto dynamicallybalanceheworkload.

Communicatiorand synchronizatioroverheadis anothermajor factorthat affectsthe performanceof
distributed simulation,and several algorithmshave beenproposedo reducetheseoverheads.Workload
balanceis often taken careof in thesealgorithmsby assigningsimilar numbersof gatesto all partitions.
Severalimportanttechniqueso reducecommunicatioroverheadarediscusseahext.

Levendeletal. [11] present partitioningmethodbasedon input/outputstrings. Their algorithmtraces
aprimaryinputto fanoutgatesandselectsoneof themto addit to thecurrentstring. This processontinues
until a primary outputis reached.The gateson the stringarethenplacedin the samepatrtition. If ary gates
remainunassigneda gateis selectedandomlyto starta new stringuntil all the gatesarepartitioned.This
algorithmensureghat at leastonefanoutgatewill be on the currentprocessaqrbut it doesnot reducethe
communicatiorbetweercloselyrelatedcomponentsigni cantly.

Smithetal. [17] emplg faninandfanoutconesto reducecommunication.The coneof a gateconsists
of the setof all gatesaffectedby its output. The algorithm rst builds conesfor every gate,andthe gates
driven by primaryinputsareassignedvenly to partitions. After the primary inputshave beenassigneda
gateis randomlyselectedThis gateis addedo the partitionthathasthelargestnumberof conescontaining
thegate,unlessthatpartitionis alreadyfull. MuellerThunsetal. [15] extendthe methodof [17] by putting
anentireconein the samepartitionto reducecommunicatioroverhead Gatesmay needto be duplicatedn
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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%|
Tablel: Comparisorof circuit actvity usingrandomandATPG-basedestpatterns.

differentpartitions,which causesomecomputatiorredundang

Changetal. [6] proposea partitionerthatpartitionsgatesalong ip- op boundariesothatsynchroniza-
tion is reducedo the clock edgesonly while thetiming accurag is presered. The partitionerrunsfastand
is attractve for variable-delaysimulations However, it only worksif suchboundariegxist, whichlimits its
applicability

In additionto partitioning,Kormicki et al. [10] discussseveralimportantfactorsthatin uence the per
formanceof distributedsimulationusinga network of workstations.They obseredthathigheractvity and
larger circuit sizeincreasethe speed-upgainedfrom parallel simulation,an obseration also supported
by our experimentalresults. However, their obseration that randompartitioningworks almostaswell as
heuristicpartitioning,which is alsoreportedby Smith et al. [18], is differentfrom ours. As we will shav
in our experimentakesults by integratingbalancednin-cuttechniquesnto our partitioner the speed-ups
boostedby 2.45X comparedwith our nave heuristicpartitioning, which accordingto Briner [3] is better
thanrandompatrtitioning.

3 Circuit Activity During Testing

Manufacturingtestinghasseveral featuresthat differ from thoseof functionaltesting. Thesefeaturesare
analyzecempiricallyandanalyticallyin this section.

3.1 Empirical Obsewations

In orderto analyzethe characteristicef manufcturingtestsempirically we measuredhe circuit actiity of

threelTC99 benchmarksincludingB14,B17 andB22. In this experimentwe estimatethe averagecircuit

actiity in agivencircuit by samplingswitchingactiity over 20% of all wiresduring 100-1000simulation
cycles. Sincefunctionaltestsarenot available,we userandominputsinstead which shouldhave a higher
actiity thanfunctionaltests. Serialmodeand parallelmodescantestsare both usedin this experiment,
whereserialmodeis denotedwith (s) andparallelmodeis denotedwith (p). Fromtheexperimentakesults,
we canseethat manufcturingtestsproducemuch more actiity thanrandomtests,especiallyin parallel
mode,which resultsin a high workload-to-communicatioratio. This suggestshatmanubcturingtestsare
indeedsuitablefor parallelsimulation. Theresultsof this experimentaresummarizedn Tablel.

3.2 Analytical Obsewations
We alsoanalyzednanufcturingtestsanalytically andtheir characteristicaresummarizedsfollows:

1. The activity of the circuit is higher. To detectstuck-atfaultson a wire, its valuemustbe setto both
0 and1l at leastonce. Goodmanufcturingtestsetstendto detectas mary faultsaspossibleusing
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few testpatternswhich impliesthatthe signalvaluesof mary wireschangdrequently Onthe other
hand,functionaltestsoften focuson exercisinga portion of the circuit andmostof the circuit may
beidle. Furthermorethereareoftensomerestrictionson functionaltestpatternswhich lower circuit
actvity levels. For example,aninvalid op-codecannotbefed to a CPUduringfunctionaltesting,but
thereareno suchrestrictionson manufcturingtest— aslong asthe op-codecandetectdefectsijt is a
goodtestpattern.

WangandGupta[19] obsere thatthe lack or correlationbetweerconsecutie testsvectorsincreases
circuit activity, whereasonsecutie vectorsappliedin “normal” operatiorhave high correlationand
so causelow actvity. Sincefunctionaltestsinputs are basicallynormalinputs that are chosento
exercisecertainbehaiors of the circuit, they canalsobe expectedto producethe samelow circuit
actiity. Ontheotherhand thereis usuallyvery low correlationbetweemanufcturingtestpatterns,
thuscircuit activity shouldbe higher

This analysisis alsosupportedoy our empiricalobsenrations. We have obsered that 1.99%of the
signalshave their valueschangedn a cycle usingrandominputs,while 7.67%are changedn serial
modescantestsand 24.82%are changedn parallelmodescantests. For comparisonpften fewer
than3% arechangedn functionaltests asreportedn [1].

2. The distrib ution of circuit activity is more uniform. Manufacturingtestpatterngry to exerciseas
muchlogic aspossiblesimultaneouslywhich distributesthe circuit actvity moreuniformly. In scan-
baseddesignsthe scanchainsalsoactlike randominput sourcego the combinationalogic inside
the chip duringscan-inandscan-out.Thereasons thatthe outputsof the scanregistersareinputsto
the combinationalogic. Sincethe patternbeingshiftedis usuallycomposef alternatingdsandls,
it behaeslike randominputsto the combinationalogic, which tendto createan equallydistributed
workloadwithin thechip.

As mentionedn the previous section,designssuitablefor parallelsimulationshouldhave high actiity
betweensynchronizatiorpointsand a balancedvorkloaddistribution. Our analysisand empiricalresults
suggesthatmanubcturingtestsimulationis agoodcandidatdor parallelsimulation.In the next sectionwe
proposeseveraltechniqueshatexploit thesecharacteristicio speed-uparallelsimulationof manufcturing
testpatterns.

4 Techniquesfor Accelerating Simulation

In this section,we proposeseveral techniquego reducecommunicationoverheadand balanceworkload
basedon the obserationsgivenin the previous section. We develop a new partitioningmethodologythat
talgetsparallelsimulationof manufcturingtestpatterngn circuitswith scanchains.

4.1 ReducingCommunication Overhead

The choice of circuit timing model hasa signi cant impact on the performanceof parallel simulation,
because@rocessemustsynchronizesvery time aneventoccurs,andsynchronizatiorcontributesto alarge
portion of the communicatioroverhead. Thereare threecommonlyusedtiming models. The zeo delay
modelassumeshatall gateandwire delaysare0. In theunit delaymode)] it is assumedhatall gatedelays
arel. Thevariabledelaymodelallows gatesandwiresto have arbitrarydelays.With the zerodelaymodel,
sinceall gateschangewith the clock, the numberof synchronizationsieededs small. On the otherhand,
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theunit andvariabledelaymodelsproducedots of synchronizationbetweerclocks,causinga hugeamount
of communicatioroverhead.

To solve thesynchronizatiomroblem thedesigncanbepartitionedalong ip- op boundariesraccord-
ing to theoutputconessothatsignalchangegropagatacrosoundarie®nly whenthe clock change$6].
However, workloadbalancingwill be moredif cult giventheseconstraints.Anotherway to reducesyn-
chronizationoverheadwhile keepingthe workload balanceds to sacri ce sometiming accurag. If the
combinationapartof thedesignis partitioned thentherewill besignalspropagatingcrossartitionbound-
arieshetweertlocks. If we synchronizeat constantntenalswithin clocksonly, suchassynchronizingpnce
every 1/4 clock period,thenwe canreducecommunicatioroverheadandstill propagatehe signals.How-
ever, thetiming becomedessaccuratejmplying a trade-of betweencommunicatioroverheadandtiming
accurag. More synchronizatiompointsyield bettertiming accurag but addmorecommunicatioroverhead.
Sincesignalsmay propagatdaterin this scenariojt may causdalsenegativeson the output. Supposefor
instancethatthe expectedoutputis the valueon the outputwhenthe patternis simulatedusingthe original
timing model,thenthe outputmaybewrongwhensynchronizations reducedecaus®f thedelayin signal
propagatiomacrosspartitions. Whenthis happensthe numberof synchronizatiorpoints betweenclocks
shouldbeincreased.

Testingwith scanchainshasthe advantagethat during scan-inandscan-outonly signalpropagations
betweenscanregistersare important,andthesesignalsalways changewith the clock. Thereforewe can
synchronizeat clock edgesonly andreducecommunicatioroverheadsigni cantly. After all datahave been
shiftedto the scanregisters,simulationcanbe switchedbackto the variabledelay modelandrun for one
clock cycle. Simulationresultsusingaccurateiming informationcanthusbe obtained. After that cycle,
simulation can be switchedback to clock-basedsynchronizatiorfor scan-outto reducecommunication
overheadln thisway, therequiredtiming accurag canbepreseredwhile communicatioroverheads kept
small.

To further reducecommunicatioroverheadthe partitionscanalsobe built sothatall the outputports
of a partition are outputsof scan-chainip- ops. In this way, synchronizatiorcan be reducedevenin
normaloperatingmode. However, gatesor ip- ops may needto be duplicatedwith this techniquewhich
introducesextra workloadand may slov down the simulation. Thereforeit shouldbe treatedan optional
featurethatcanbeturnedonwhennecessary

4.2 Workload Balancing

Sincescanchainregistersact asinputsandoutputsof the combinationalogic, they canbe usedasseeds
to nd good partitions— partitionswith similar numbersof scanregistersand combinationalgates. In
this way, eachpartition will have a similar numberof primary inputs, primary outputsand gates. Since
the input patternsare closeto random,the workloadof eachpartitionwill be balancedduring simulation.
Thetechnique®f exploiting x ednodesto nd goodpartitionswith minimal cutshave beendiscussedy
Caldwelletal. [5]. By treatingthescanregistersas x ednodessuchtechniquesanbe useddirectly.

4.3 Partitioning Methodology

Basedonouranalysisabore, we developa partitioningmethodologyoutlinedin Figure4. It is assumedhat
thereareN partitions.Thedesignis attenedto thelibrary cell level beforeit is partitioned.
MostcommercialATPGtoolsproduceestbencheaccordingo theirstandardemplateswhichareoften
quitesimilar. Suchtemplatesnclude: (a) assignmenbf portsto scanchains,(b) force/releas®f registers
in scanchains,and(c) assignmenbf patternsto ports. Insteadof putting the testbenchn 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: Our partitioningmethodology

letting it communicatevith otherpartitions,thetestbenchs partitionedto every partitionandforce/release
callsareonly performedfor chainsownedby the partitionin orderto reducecommunicatioroverhead.

5 Empirical Results

In this sectionwe rst describehow we con gure our experimentsandthen presentour parallel simula-
tion results. In orderto gainmoreinsightsinto our methodologywe alsostudythe impactof hypegraph
partitioningandnetwork latengy onthe performancef parallelsimulation.

5.1 Experimental Setup

We conducteda seriesof experimentswith SimClusterexecutingon differentcon gurationsincluding a
Linux farm,SolarisSMPanda Solarisfarm. TheLinux farmis composeaf Pentium-43.06 GHzmachines
running Linux connectedy Ethernet. The SolarisSMP machineis a four 1GHz UltraSRARC Illi CPU
machinerunning Solaris. The Solarisfarmis composef single LGHz UltraSFARC Illi CPU machines
connectedy Ethernet.The experimentssimulatepatternggeneratedby SynopsysletraMaxin serialmode
andparallelmode ,whereserialmodeis denotedoy “(s)” in thebenchmarkandparallelmodeis denotedy
“(p)”. In serialmode patternsareshiftedinto andout of thescanchaincycle by cycle. In paralleimode the
patternsaredirectly forcedinto the scanchain. Thetamgetdesignsverea setof relatively large benchmark
circuitswhichwe summarizenext. Thebalancednin-cutpartitionerusedin the experimentds hMetis|[8].

Chiplisagraphicchipwhichcontainsapproximatehd2 million gates.It waspartitionedmanuallydue
to memorylimitationsof theworkstationused.B14,B17 andB22 areselectedrom the I TC'99 benchmark
suite[23], andtheir sizesareon the orderof 10K-100K gatesarger numberdndicatelarger designs.B14
andB22 aresubcircuitsof the Viper processqrandB17 is asubcircuitof the80386processorFFT is a Fast
Fourier Transformcircuit from Opencore$21], andits sizeis about280K gates.All the benchmarksise
theunit delaymodelandarecreatedusingSynopsy®DFT o w. Theoriginal netlistof benchmark814,B17
andB22 are attened, while CHIP1 andFFT arehierarchical. The simulatorusedfor CHIP1is VCS, and
therestof the benchmarksiseNC-Verilog. Sincethe processoordinatoralsosimulatespartof thedesign,
for N partitionstherewill beN + 1 processes.

5.2 Parallel Simulation Results

In orderto shawv the effectivenessof our techniqueswe ran seseral benchmarkausing differentcon g-
urations. The resultsof the experimentsare summarizedn Table 2. We can seethat compilationwas
acceleratedigni cantly for all benchmarkswhichis a positive side-efect of partitioningthe design.Since
compilationtime doesnot grow linearly with the sizeof the design,splitting the designto N partitionswill
oftenspeedup compilationby morethanN. This effectis especiallyobviouswhenlibrary scanis usedand
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Benchmark| Parallel Number | Partitioner Compiletime Simulationruntime

architecture of runtime | 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) | Linuxfarm | 7 | NA | 720m | 60m [ 12.0X]| 470m | 98m | 4.8X |

Table2: Performancef distributedsimulation.

the designis attened, asin the casefor the ITC benchmarks.For hierarchicaldesignssuchasFFT, the
compilationtime reductionis closerto the numberof partitions,asFigure5 shaws.

Figure5: Compilationtime speed-up.

Thesimulationspeed-ughawvs thatdistributedsimulationcanreducesimulationtimein all casesxcept
b14(p),which is the smallestdesignand hasthe shortestingle processun time. It canalsobe obsered
from theresultsthatsomespeed-ugactorsarelargerthanthe numberof partitions,whichmaylook strange
atthe rst glance.Thereasoris thatthe simulatorseemdo take longerto readandinitialize the designfor
simulationwhenthe designgetslarger As a result, by splitting the designinto smallerpieces the initial
setuptime for simulationis alsomuchshorter Thisis anothelpositive side-efectin additionto compilation
timereduction.Forlongersimulation this effectwill diminish,andthespeed-upvill eventuallybebounded



Avery-TR-001-06FastTestSimulationvia DistributedComputing 10

Figure6: Simulationtime speed-up.

by thenumberof partitions,ascanbeobseredfrom B17, FFT andCHIP1.

Therelationshipbetweerspeed-u@ndthe numberof partitionsof thethreelargestbenchmarkss plot-
tedin Figure6. Fromthe gure, we canseethatthe speed-upsf the B22 benchmarksaturateafter two
partitions,while the speed-umf the largestbenchmarkFFT) continuedo riselinearly. It is becauseom-
municationoverheadincreasesvith numberof partitions. If the workloadin eachpartition is too small,
communicatioroverheadwill dominateandspeed-umwill saturate Sincelargerdesignshave higherwork-
load, they canusuallybe distributedto moremachinegshansmallerdesignsbeforethe speed-usaturates.
Fromthe comparisorof B22(p)andB22(s),it is obseredthatthe speed-umf parallelmodeis largerthan
serialmode. Thisis becausén parallelmode,eachcycle evaluatesan ATPG pattern;while in serialmode,
the ATPG patternis shiftedinto the scanregisters,andit behaeslike arandompatternateachcycle. Since
ATPG patternshave larger workloadthanrandompatternsthe workload-to-communicatioratio is higher
whichresultsin a betterspeed-upn parallelprocessing.

While themin-cutpartitionerthatwe usedscalesvell with thesizeof thedesigntheruntime of ourown
partitionerdoesnot grow linearly andbecomesigni cant asthe designgetslarger However, partitioning
only needgo bedoneonceandfuture changesn the patterngo be simulateddo notrequirerepartitioning.
As a result, the partitioners run time can be amortizedwhen simulation of different setsof patternsis
performed.Improving the ef ciency of the partitioneris our next goal.

5.3 Impact of Hypergraph Partitioning

To shaw that balancednin-cut partitioningis critical to betterperformancewe comparedt to a heuristic
partitionerbasedon breadth- rstsearch(BFS) which works asfollows: (1) scanregistersbelongingto the
samechainareaddedto eachpartition asseedsand(2) othergatesareaddedto the partitionsusingBFS
with randomizedselectionof newv unconnectedates.This heuristicshouldbe moreeffective thanrandom
partitioningsincerandompartitioningwill partitionscanregistersbelongingto the samescanchainto mul-
tiple partitionsandcausea lot of communicatioroverhead.To shaw the relationshipbetweerthe quality
of min-cut partitioningandthe performanceof parallelsimulation,we alsoimplementeda at Fiduccia-
Mattheyses(FM) [7] min-cut partitioner In our experiments,'MLFM” useshMetis[8] asthe multi-level
Fiduccia-Matthgsespartitionerand“FlatFM” usesourown at FM partitioner On average partitionspro-
ducedby at FM have 3X greatercutsthanthoseproducedy multi-level FM. We ranthe samebenchmarks
usingour BFSheuristic, at FM andmulti-level FM patrtitioning,andtheresultsaresummarizedn Table3.
A SolarisSMPmachinds usedfor thisexperimentandthenumberof partitionsis two. Fromtheresultswe
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Benchmark Simulationruntime(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-ud) 1X [0.45X| 2.9X | 2.9X |
Table3: Comparisorof speed-upsingBFS heuristicandmin-cut partitioning. Nonemeanshe circuit is
not partitioned.

canseethatmin-cutpartitioningimprovesthe performancef parallelsimulationsigni cantly — distributed
simulationusingmin-cutpartitioningruns6.4X fasterthanheuristicpartitioning. The comparisorbetween
at FM andmulti-level FM shaws thatwhile onecansigni cantly improve uponsimple BFS partitioning
heuristicausinga min-cutalgorithm,thedifferencebetweerthe at FM algorithmandits multi-level variant
(which producesnuchbetterpartitionsmuchfaster)is maginalin theoverall simulationperformanceThis
phenomenoranbe explainedby the following equationwhich describeghetime it takesto senda paclet
of datato a parallelprocessesponsibldor anothempartition:

Tpadke = Tsaupt N Thyte (1)

In theequation,Tpake is thetotal time to senda paclet, Tsqyp is thetime to setupthe paclet until the rst

byte of datacanbe sent. N is numberof bytesto be sent,and Ty is time to sendan extra byte in the
paclet. Sincein general,Tsqyp is muchlarger than Tyye, reducingN from 2000to 1000 may be helpful,
but reducingN from 200 to 100 may only reduceTpake by a smallfraction. Therefore at FM should
have similar performancecomparedvith multi-level FM. As a result,while we only comparedat FM to
multi-level FM in the caseof two partitions,we expectthatrecursve bisectionwith at FM partitioningwill

performjust aswell asmulti-way multi-level FM in multiple partitions.

5.4 Impact of Network Latency

Network lateng is representeddy Tsqup in Equation(1). In orderto gainmoreinsighton Equation(1), we
conductedan additionalexperimentusing Gigabit EthernetandIn niband [22] with their lateny roughly
equalto 10Qus and 10us, respecitiely. In this experimentwe usethe JazzDSP Platformfrom Improv Sys-
tems[24], which contains15K ip- ops and300K gates. This designwas bi-partitionedby our min-cut
partitioner Parallel ATPG patternswere usedas the testvectors,and the resultsare summarizedn Ta-

ble 4. In the table,“Packet count” is the numberof paclets sentthroughthe network during simulation.
“All events” meansthe simulationis synchronizedvhene&er thereis an event, “Every 500ps” meansthe
simulationis synchronizeavery 500pssimulationtimestepsand“Every 5ns” meanghe simulationis syn-
chronizedevery 5nssimulationtimesteps More synchronizatiorpointsprovide bettertiming accurag but

reducethe speed-up.Sincetotal N Tyyte remainsconstantamongall the simulations,the differencein

speed-ups dueto differentamountof total Ts¢,p. Comparisorbetweendifferentnetworks shawvs thatre-
ducingTsqup improvesthe performancef parallelprocessingigni cantly, especiallywhenalarge number
of synchronizationss required. This can be obsered by comparingthe improvementsin differentsyn-
chronizatiormodes:in “All”, 6.5X performancemprovementis obsered;while only 1.3Ximprovements

IWhile sharedmemorycansigni cantly reducethis delay it cannotsupporta computerfarm, andsowasnotimplementecht
thistime.
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Sync. Paclet | 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

12

Table4: Comparisorof speed-umsingEthernetandin niband with differentnumberof synchronizations.

achievedin “5ns”. This experimentalsoshaws thatfutureimprovementsin reducingnetwork latengy may
substantiallyncreasehe performancef parallelsimulation.

6 Conclusions

In this papey we revisited distributed parallelsimulationof logic circuits. Unlike previousresearchyve fo-
cusedontheeffectsof application-speci patterngn testvectorsto the performancef parallelsimulation
insteadof the effectsof partitioning. By analyzingthesepatternswe have successfullydenti ed anappli-
cationthatappeargo bewell suitedto parallelsimulation— simulationof post-manudcturetestpatterngor
scan-basetlCs, which hashigh andbalancedtircuit activity. We proposedanev methodologyto partition
the designin orderexploit thesecharacteristic$o balanceworkloadandreducecommunicatioroverhead.
While randompartitioningperformsalmostaswell asheuristicpartitioningin functionaltests we foundthat
it is notthe casefor manufcturingtests.Thereforewe integrateda min-cutpartitionerinto our partitioning
0 w, andour partitioningmethodologyutperformgheuseof a BFSheuristicwith a2.45X speed-upWhen
studyingtheimpactof differenttechniquegor min-cutpartitioningon the performanceof parallelprocess-
ing, we have shawn thatcomparedo the at Fiduccia-Matthgses(FM) algorithm, multi-level FM brings
only maginal improvementsandis not worth theimplementatioreffort. We alsodiscussedheimportance
of reducingsynchronizatiorduring simulationand suggestedeveral waysto achieze it. Our experiments
shaw thatthe proposedechniquesansigni cantly accelerat¢he simulationof manufcturingtestpatterns
andreducesimulationrun time. As multi-core processorget popularandinterprocessocommunication
becomedastey suchparallelsimulationtechniquesvill undoubtediybecomeanorebene cial.
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