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1 Preface

Testingdigital circuitsis animportantpart of the efforts, which are necessaryor their design,their
production,and, finally, their usage.As the electronicsindustry evolved from discretecomponents,
throughthefirst integratedcircuits containingonly a singlegateor flipflop, to moreandmoreincreas-
ingly highlevelsof integration,thedemand®n safety availability, reliability, andaccurag requirethe
continualdevelopmentof more sophisticatedestingand checkingtechniques.Due to the increasing
numberof circuit outputsandthe increasingsize of testsetsfor thousandor millions of transistors,
large quantitiesof testresponsalatamustbe comparedwith the fault-freeresponsesTherefore for
highly integratedcircuits bit-by-bit comparisonis not feasible. To handlethis problem, the output
valuesof the circuit are usually compactedand comparedwith the compactedestresponse®sf the
fault-freecircuit. Sinceary compactiormeansa lossof information,outputcompactioroften results
in fault masking,i. e., erroneouwaluesat the functionaloutputsarecompactedo the fault-freecom-
pactedestresponsessothatno errorcanbeobsered atthe outputsof the compactar

The approachof output compactioncan be divided into two basic concepts: Time compaction
andspacecompaction.Time compactionmeansto capturethe outputresponsesver several time or
teststepsand to computefrom the test responses signature. It usessequentialogic to combine
the testresponsesluring one clock cycle with the testresponsesrom previous clock cycles. After
the endof the testthe obtainedsignatureis comparedo the fault-freesignature.Iln contrast,a space
compactorreduceghe numberof stream=f responsdits which mustbe obsered. Normally, it uses
combinationalogic to meige a large numberof responsestreamsnto a smallernumberof streams.
Soit reduceghe numberof bits of testresponses¢hat are generatedvery clock cycle. On the other
hand,if notime compactioris addedthentheamountof compactedesponselataincreasesccording
to the length of the test. Furthermore spacecompactioncanalso be usedfor concurrentchecking.
Concurrentcheckingprovidesfault detectionduringthe regular operationof a circuit.

Thereare also techniquedor output compactionwhich canbe conceved as a mixture of both
conceptsOftentestresponsesbsered at the functionaloutputsarecompactedy a spacecompactor
andthe compactedesponseatreamdeedatime compactar Sincein mostcaseghe objectivesfor the
designof spacecompactorgreindependentf theexistenceof anadditionaltime compactiorstep,this
work only focuseson spacecompactiorandits usagefor testingor concurrenthecking.

Testsof digital circuitsareperformedoy applyinga setof precomputednput vectorsto thecircuit.
Suchatestcanbe carriedout for designdiagnosisor afterthe productionof a circuit. Furthermoreif
thecircuitis alreadyin use,it canbetestedoy utilizing its initialization phaseor ary othertime interval
while the circuit is idle or which is explicitly resered for testing. In mary casesthe precomputed
testvectorsare generatedamgeting a certainclassof faultsin the circuit and may additionally detect
non-modeledaults.

As mentionedabore, while the precomputedestsetis appliedto the inputsof the circuit, a space
compactorcanbe usedto compactthe testresponsesThe testresultsare comparedwith the results
of afault-freecircuit. If ary differencecanbe obsered, thenthe testedcircuit is faulty. Figurel.1
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Figurel.1: Circuit undertestwith outputcompactor

schematicallyshaws a circuit undertestwith anoutputcompactar

Usually a circuit is testedin anautomatictestequipmentATE) beforeit is deliveredto the cus-
tomers.In this casetheinputvectorsof atestaregeneratedby the ATE andappliedto thecircuit. The
ATE accessethe responsesf the circuit, andtheseresponsesire comparedwith the fault-freetest
responsedn orderto reducethe amountof testresponselata,the sizeof memoryrequiredfor storing
the fault-freetestresponsesandthe numberof comparisonsthe outputvaluesof the circuit canbe
compactedisdescribedn this work.

For sereralyearsthe costsof automatictestequipment$ave beenincreasingandissueselatedto
timing accurag andsupportof diagnosishave becomemoreimportant[43], sothatothersolutionsare
usedin combinationwith ATEs or eveninsteadof ATEs. Sucha well knowvn solutionis built-in self
test(BIST).

BIST requiresa specialtestmode. Additional logic is usedto switch betweenthis modeandthe
normal operationmodeof the circuit. Thetestinput vectorsare generatedn the chip andalsothe
testresponseare compactedhere. In several approacheshe fault-freeresultsare alsostoredon the
chip. In this case,after all testvectorshave beenappliedandthe responsefiave beencompareda
testresponseatthe chip outputpinsindicateswhetherafault hasbeendetectedr not. If thefault-free
resultsarenot storedon the chip, thenthetestresponsearecompactedsothatonly asmallnumberof
bits mustbe processedby the environment. Again, spacecompactorcanbe usedfor the compaction
of thetestresponses.

Althoughin thefollowing only thecompactiorof functionaloutputsis describedspacecompactors
canalsobeusedto compacthetestresponsederived from obsenration points. Obseration pointsare
ofteninsertedto improve the testabilityof the circuit undertest[40, 28, 22, 66]. If a spacecompactor
is addedthe quantity of testdataobtainedfrom the obsenration pointscanbe reduced30]. It is also
possibleto compacthevaluesof thefunctionaloutputsandtheobserationpointsjointly usingasingle
spacecompactar

A differenttechniqueor detectingfaultsof circuitsis concurrenthecking.lt is alsocalledon-line
testing. The basicideaof concurrentcheckingis to monitor the function of a circuit during regular
operation.Thus,thecircuit doesnot switchto a specialtestmode.

For concurrentcheckingtwo additionalcircuits arerequired:coderandcodechecler. During the
regular operationthe codercomputesedundantnformationfrom the circuit inputs,sothatthe vector
which consistsof the outputof the coderandof the circuit undercheck,is encodednto somespecific
errorcode.In orderto checkif thecircuit andthecoderproducecodewords,anadditionalcircuit called
codechecler is used.If the presencef afault modifiesthe circuit undercheckor the codersothata
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Figurel.2: Concurrentheckingcombinedwith outputcompaction

wordis generatedywhich doesnot belongto the code thentheerroris detectedy the codechecler.

In mostcasesthenumberof bits of thecodewordsis atleastashighasthenumberof thefunctional
outputsof the circuit undercheck. Thenthe size of the codechecler may be very large accordingto
the numberof its inputs. To reducethe size of the codechecler, a spacecompactorcanbeinsertedat
thefunctionaloutputsto obtainanerrorcodeconsistingof shorterwords. Thisis shavn in Figurel1.2.

In mary caseghe usageof shortcodewords considerablyreduceghe size of the codechecler,
whichmustbemodifiedaccordingo thenew code. Thenthereductionof thearearequiredfor modified
coderandcodechecler predominatetheadditionalareaoverheaccausedy the spacecompactarThe
disadwantageof this methodis, thatfaultsof the circuit maybe detectedvith somedelayor may even
betotally masled.

About this Work

The objective of this thesisis to provide new spacecompactiontechniquedor testingor concurrent
checkingof digital circuits. In particular the work focuseson the designof spacecompactorghat
achiere high compactiorratio andcauseminimal lossof testabilityof the circuits. Theintroductionof
eachchapterbriefly explainshow the spacecompactorganbeincludedin environmentsfor testingor
concurrentchecking.

Basically thethesisis dividedinto two parts: Chapter2 and3 consider circuit, whichis described
by a netlist of gates,so that an appropriatdinear spacecompactorcan be derived from an analysis
of the circuit structure. In Chapter4, it is assumedthat the structureof a circuit is unknavn, but a
precomputedest setandthe fault-freetestresponsesf the circuit are given. Underthis condition
spacecompactoraredesignedvithout knowledgeof the underlyingfault modelof the testset. Each
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chapterstartswith an introductioninto the basicsof the correspondingsubjectfollowed by a brief
summaryof the stateof theart.

In thefirst partof thiswork the proposedompactodesignis basedn theknowledgeof thecircuit
structure.In particular the circuit is describedat the logical level by a netlist of gates. The netlistis
processedby an algorithm,which analyzeghe propagatiorof singlestuck-atfaultsfrom anarbitrary
fault site to differentfunctional outputsof the circuit. Severalanalysisalgorithmsareintroducedand
discussedn this work. The resultsof the analysisare usedto designa linear spacecompactomwith
minimizedfault masking. The generatiorof the linear spacecompactorallows an arbitrarychoiceof
thenumberof compactedutputsandthereforealsoanarbitrarycompactiorratio. In Chapter2, design
methodsarediscussedwhich arebasedn variousnewn analysisalgorithmsfor combinationatircuits.
Analogically suchmethodsaredescribedor sequentiatircuitsin Chapter3.

Both chapterdgncludethe presentatiorof experimentalresults. The experimentswere performed
to determinethe accurayg of the variousheuristicalgorithms. The analysisalgorithmsachiezing the
highestaccurag werechoserto designlinearspacecompactoraccordingo theanalysigesults.Then
furtherexperimentsareusedto investigatethe frequeng of fault maskingcausedy thesespacecom-
pactors.For testingandconcurrentcheckingexperimentalkresultswerederived by simulationsof sev-
eralbenchmarlcircuitsin the presencef singlestuck-atfaultsor transitionfaults.

Theexperimentatesultsshaw, thatfor theinvestigatedenchmarlcircuitstheproposedpproaches
leadto compactorswith high compactionratio, which causeminimal or no loss of testability Since
thecompleity of eachdesignprocedures linearwith respecto the numberof gatesof thecircuit, the
determinatiorof compactordor the investigatecbenchmarlcircuits requiredonly a few secondsand
the presentediesignmethodsareapplicableto large circuits.

Chapter2 includescomparisonsvith otherapproachesvhich wereproposedor the outputcom-
pactionof combinationalkircuits. The comparisonshaw, thatin mostcaseshe bestresultsare ob-
tainedby the methodspresentedn this work. In Chapter3 no comparisonswith otherapproaches
aregiven,sinceit introduceghefirst structuralapproacHor outputcompactiorfor sequentiatircuits,
which takesinto accountfault propagatiorfrom faulty statego the outputsof thecircuit.

In Chapter4, the underlyingconditionsfor the designof spacecompactorsaredifferentin mary
ways comparedto thoseof the previous chapters. It is assumedhat the structureof the circuit is
unknavn. For example,in practiceoftenintellectualproperty(IP) coresaretakenfrom acorevendorto
implementspecialfunctionalitiesof a large chip without time consumingandexpensve development.
Suchan IP core cannot be easily tested,since normally the structuralinformation of this circuit is
not revealedto protectthe intellectualproperty To solwe this issue,often the core vendorgives an
appropriatesetof testpatterns.The spacecompactionapproachdescribedn Chapterd is applicable
to suchcircuitsandrequiresonly the knowvledgeof thefault-freetestresponsefor a precomputedest
set.Furthermoreno additionalinformationaboutthe underlyingfault modelis necessary

The proposedcompactordesignguaranteegero-aliasingvith respecto the precomputedestset.
The spacecompactorarenon-linearor only partly linear Sincethe compactorsarezero-aliasingthe
testresponsesannotbecompactedo anarbitrarynumberof compacteautputs.Lowerboundsonthe
numberof compactedutputsareprovenin Chapted. Thesmallerthenumberof distincttestresponses
is, thesmalleris thelower bound.Thereforethis approachs especiallyapplicableto circuitsfor which
smalltestsetsareavailable,becausén this casethe proposediesignresultsin spacecompactorswith
high compactiorratio.

The basicdesignmethodproducesspacecompactorsvith the minimal numberof compactedut-
puts accordingto the proven bound. Thus, it achiezes the optimum compactionratio. In orderto



furtherreducethe numberof compactedutputs,amethodis discussedvhichis basedn two different
compactiorfunctions.For eachtestresponsdhe two compactiorfunctionsareusedin two time steps
which may increasethe testingtime. The determinatiorof the compactionfunctionsof the two time

stepsis basedon orthogonakransmissiorfunctions.

For a circuit with a large numberof functional outputsthe synthesisof the proposedspacecom-
pactordesignis not feasiblebecausdhe higherthe numberof inputs of the compactoris, the more
comple is the function. A methodto synthesizesucha spacecompactoriis introducedin Chapter4.
Thenthepresentationf experimentalesultsobtainedor severalbenchmarlcircuitsfollows. Thearea
overheadof eachspacecompactorof thesecircuitsis given andthe dependenc betweenthe number
of distinctfault-freetestresponsegandsize of the compactoris discussedThe resultsshaw, thatthe
compactorgor theinvestigatectircuits produceonly low areaoverhead.

Thelastchaptemreviews the major contritutions of the thesisandbriefly discussepossibleexten-
sionsof thiswork. Theappendixbriefly introduceghe simulatorM nos which wasimplementedor
theexperimentainvestigationf thisthesis.
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2 Structural Output Space Compaction for
Combinational Circuits

In this chapter the designof outputspacecompactorsdasedon a circuit analysisis described.The

following sectionbriefly introducesits usagefor testingand concurrentcheckingand the two fault

models,which are considered. Then approacheshat are alreadyknown for spacecompactionfor

combinationalcircuits are discussed. The type of compactorsconsideredn this chapterare linear
spacecompactors.Therefore the basicconceptof thesecompactorss described.Thenthe two main

stepsfor the proposeddesignof a structuralspacecompactorare explained: One sectionintroduces
algorithmswhich analyzethe structureof the circuit andanothersectiondescribeshesecondstep,i. e.

a heuristicalgorithmwhich derivesthe compactiorfunctionfrom theresultsof the analysisalgorithm.
Finally, thelasttwo sectiongjive experimentakesultsanda summary

Partsof the work describedn this chaptehave beenpublishedn [77, 79].

2.1 Introduction

The following shortdescriptionexplains how outputspacecompactioncanbe appliedto testingand
concurrenthecking.Afterwardsfault models knovn designapproachesndin particularlinearspace
compactorarediscussed.

2.1.1 Testing and Output Space Compaction

Figurel.1 schematicallyshawvs a circuit undertestwith an outputcompactar While a setof precom-
putedtest patternsis appliedto the circuit inputs, the output of the circuit is compactediy a space
compactar

For built-in self testthe compactedutputsinsteadof the functionaloutputscanbe connectedo
atime compactar For example,the time compactioncanbe doneby a multi-input signatureanalyzer
which computesa signaturewhile the testpatternsare applied. After the testis completedthe final
signatureis comparedto the correspondingsignatureof the fault-freecircuit. The insertionof the
compactodrasticallyreduceghe sizeof thetime compactoibut mayincreasdault maskingdueto the
additionalstageof testresponseompaction.

If thetestresponsearepropagatedo atestaccessnechanismtheinsertionof a spacecompactor
reducegheamountof testresponselata. Thus,for the comparisorbetweerthe obtainedsignatureand
thefault-freesignaturea smallercomparatocanbe usedandthe size of memoryrequiredto storethe
fault-freetestresponsess smaller Furthermoreijf thetestresponseshouldbe obserablein parallel
atthe chip outputpins,thenthe numberof requiredpinsis less,otherwisethetime requiredto serially
shift out the testresponsess reduced. On the otherhand,the disadwantageis that the outputspace
compactommay map an erroneousoutputto a fault-free compactedutput so that the corresponding
faultis masled.
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Although belav the designof spacecompactorss only describedfor functional outputs,these
spacecompactorscanalso be appliedto compresshe testdataof obseration points. Furthermore,
a single spacecompactorcanbe usedfor both, functional outputsand outputsof obsenation points.
If the outputsof the obsenration pointsareconceved asfunctionaloutputs,thenthe designdescribed
belav canbe easilyusedto obtainan extendedcompactorfor the testresponseslerived from obser
vation pointsandfunctionaloutputs. In orderto simplify the descriptionof the designapproachthe
descriptionof the spacecompactodesignis restrictedio the applicationto functionaloutputs.

Basically theinput patterndor testinga digital circuit canbe obtainedin two differentways: The
testpatterncanbecomputedy anautomatidestpatterngeneratofATPG)or apseudaandompattern
generatocanbeused.

An automatictest patterngeneratomprocessesghe netlist of the circuit, which hasto be tested. It
computedor a given fault classa setof input patternswhich testsasmary faultsaspossible. After
that,theautomaticestpatterngeneratotriesto reducethe sizeof thetestset,sothatthefaultcoverage
achiezed by thetestsetis notdecreased.

If outputspacecompactionis used,the generatiorof a deterministictestsetcanbe modified as
follows: The automatictest patterngeneratomprocesseshe netlist including the output compactar
Therefore|t takesinto accountthe additionalcompactionstageduring the generatiorof testpatterns
andgenerateslsotestpatterndor faultswhich arelocatedin the spacecompactar

In somecaseghe fault coverage which canbe achiezed by this method,is smallerthanthe fault
coverageobtainedwithout outputcompaction.Due to the additionalspacecompactorfaultsthat are
previously testablecanbecomehardto detector even untestableat the obsered outputs,so thatthe
problemof testgeneratiornis morecomplex thanwithout outputcompactionln practicejn mary cases
theruntimerequiredfor testgeneratiorincreasesonsiderably10].

Pseudaandomtestmeansthatalarge numberof pseudaandomvectorsareappliedto thecircuit,

so thatasmuchfaultsas possibleare testedby at leastoneinput pattern. But it may happenthat a
testablefault remainsundetectedafter the pseudorandomtest: Thenonly oneor a few vectorsor a
certainsequencef vectorsout of thesetof all possibleénputvectorsmake thefault obserableandthe
requiredvectorsarenot generatedy the pseudaandompatterngeneratarOn the otherhand,pseudo
randomtestinputs cantesta large setof unmodeledfaults. Therefore,it is important,to choosean
appropriatgpseudorandompatterngeneratqrso thata moderatenumberof input patternsachievesa
high fault coverageandtestsmary unmodeledaults.

If the outputof the circuit underpseudaandomtestis compactedthenanerroneousectoratthe
functional outputscan be masled, that meansthat dueto the loss of informationit is mappedto the
fault-freecompactedestresponself theinput patternof apseudaandontestmake afaultobserable
at the functional outputs,but fault maskingof the compactoroccursfor all theseinput patternsthen
thefaultis undetectablat the compactedutputs.

Deterministictestingandpseudaandomtestingcanbe combined.In this case adeterministidest
setis generate@nda sequencef pseudaandomtestpatternss chosensothata large subsef the
deterministictestsetis part of the sequenceThenadditionallogic is usedto modify several pseudo
randomtest patternsin sucha way that all patternsof the deterministictestsetare includedin the
modifiedsequencelf a spacecompactoris usedto reducethe amountof testresponsealata,thenthe
compactoishouldbeincludedin thegeneratiorof the deterministidestsetasexplainedabove.
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Figure2.1: Duplicationandcomparisorcombinedwith outputcompaction

2.1.2 Concurrent Checking and Output Space Compaction

As describedn the prefaceof thisthesis outputcompactiorcanalsobeusedfor concurrenthecking.
During the regular operationof the circuit, a coderis usedto encodethe outputvaluesof the circuit
into somespecificerrorcode.In mary casesa spacecompactoicanbeadded sothatthe outputof the
compactolinsteadof the functionaloutputvaluescanbe encodedandthe sizeof the additionallogic
requiredfor concurrentheckingis smaller

Figure 2.1 shavs an exampleof the useof spacecompactorsn concurrentchecking. Without a
compactorthe approaclof duplicationandcomparisorconsistsof the circuit undercheck,the coder
which equalsthe duplicatedcircuit, and the code checler comparingthe output vectorsof the two
circuits. Figure 2.1 shavs the modification: The outputsof the original circuit andof the duplicated
circuit arecompactedy two compactorsmplementingthe samecompactiorfunction. Thus,the size
of the codechecler is smaller The codechecler canbe implementedoy a self-checkingcomparatar
which compareshe outputvectorsof thetwo compactorsin mary caseghesmallcomparatoandthe
two additionalcompactorsequirelesschip areathanthelarge comparatqrwhich is necessaryor the
methodof duplicationandcomparisorwithout spacecompaction.In orderto furtherreducethe area
overheadthetwo partsof thecoder i. e.theduplicateccircuit andthe seconccompactarcanbejointly
implementedThisis indicatedby the dashedox aroundtheseparts.

Again, faultscan be maslked by the compactar In sucha case,a faultin the circuit undercheck
resultsn erroneousaluesatthefunctionaloutputsbut thesevaluesaremappedo fault-freecompacted
values.Thereforethefaultis not detectedalthoughthefunctionaloutputis erroneouslf anothelinput
vectorexists, which propagateshe fault to the functionaloutputsandthe spacecompactorcausesio
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fault maskingfor this vector thenthefaultis detectedvith somedelay Otherwisethe faultwill never
be detected.Sinceconcurrentcheckingis often usedfor digital circuitsin critical ervironments,the
usageof anoutputspacecompactoirfor concurrentcheckingshoulddependon the question whether
therisk canbeacceptedthatcertainfaultsareonly obsenedwith delayor not detectechtall.

2.1.3 Fault Models

An importantissueis, how physicaldefectslocatedin the circuit canbe modelledaslogic functions,
thatcharacterizehe effectsof the defecton thebehaiour of thecircuit. Therepresentate characteri-
zationof a certaineffect of a physicaldefectis afault model.

Theunderlyingfaultmodelis very importantfor testingandconcurrenchecking:Usuallytestsets
aregeneratedargetingone or morefault models,the quality of a testsetis judgedby the achievable
fault coverage andin generabut alsoin this chaptercompactoraredesignedsothatfault maskingis
minimizedfor certainfault models.

One of the oldestand mostfrequentlyusedfault modelsis the stuck-atfault model[29]. In the
stuck-atfault modelit is assumedthata faulty line of the circuit is permanentlysetto eitherthevalue
of 0 or 1 insteadof the correctvalue. The correspondindaults are called stuck-at-Oand stuck-at-1,
respectiely. A singlestuck-atfault (SSF)is locatedat exactly oneinput or outputof a circuit gateand
the remaininggatesarefault-free. Testsets,which are generatedageting at stuck-atfaults, arealso
effective in detectingaultsof otherfault models(for examplebridgingfaults[54]) or mary realmanu-
facturingdefectq11]. In this chapterthe spacecompactoraredesignedsothatwith high probability
a single stuck-atfault, which produceserroneoudunctional outputvalues,is also propagatedy the
compactoisothatfault maskingis lesslikely.

Althoughtheapproachdescribedn this chapteris optimizedfor the propagatiorof singlestuck-at
faults,belonv experimentaresultsarealsopresentedor the transitionfault model. The transitionfault
modelis basedon the assumptiorthat a faulty circuit line switcheseitherfrom 0to 1 or from1to O
with a delaylargerthanthe nominaldelay The correspondindaultsarecalledslown-to-riseandslow-
to-fall, respectiely. Underthetransitionfault model,the extra delaycausedy thefaultis assumedo
be solarge, thatthetransitionis preventedfrom reachingary circuit outputat thetime of obseration.
Therefore the delayfault canbe obsered independentlyf whetherthe transitionpropagateshrough
ashortor long pathto anoutput.

An adwantageof the transitionfault modelis, that the numberof faultsin the circuit is linearin
the numberof gates. On the other hand,the assumptionthat the delay fault only affects one gate
in the circuit, might not be realistic, sinceseveral smallerfaultstogethercanresultin a performance
degradation.Also, the expectationthatthe delayfault is large enoughto propagatdrom the fault site
throughary pathmight notalwaysbetrue,becausehortpathsmayhave alarge slack.

If aspacecompactois addedo thecircuit, thenthedifferencedetweertheslacksof variouspaths
might becomeevenlarger. To avoid this, the spacecompactorshouldbe designedn sucha way, that
thelengthsof all pathsthroughthe spacecompactorarealmostequal.

In orderto detectdelay faults the circuit must be clocked at the samespeedas during regular
operation.This is alwaystrue for concurrenichecking,sincethe circuit functionis monitoredduring
regularoperation.

Sincethe approachfor output spacecompactiondescribedbelov shouldbe applicableto large
circuits, it is demandedthatfor an arbitrary circuit the designof a spacecompactorequiresat most
polynomialruntimein termsof the numberof inputs,outputsandgatesof the circuit undertest.

10
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2.1.4 State of the Art

Linear spacecompactorswere suggestedor the first time in [3]. Thesecompactorsare usedvery
often; for example,in [32, 17] it is shawvn, that high percentagesf single stuck-atfaults of typical
circuits arepropagatedhroughsingle parity treecompactors Additionally, a large numberof papers
arepublisheddiscussinghow theusageof alinearspacecompactorconsistingof morethanoneparity
treecanfurtherimprove the obtainedfault coverage.Someof thesepapersarementionedoelow.

An approachof outputdatacompactionfor on-line detectionwas proposedor the first time by
Sogomonan [81]. In [81] a zero-aliasinglinear spacecompactoris designedbasedon groupsof
independenbutputs. Two outputsof the circuit are independentif they dependupon disjoint sets
of circuit inputs. This approachcanalsobe appliedfor off-line testing. In general,additionallogic
requiredfor concurrentheckingcanalsobe usedin testmodeasproposedn [75].

Thisstructuralapproachis furtherdevelopedby GésseandSogomogan[36]. Insteadof consider
ing independenbutputs,t is shavn, how groupsof weaklyindependenbutputscanbe determinedor
a giventestset. Two outputsareweakly independentvith respecto a fault, if aninput patternexists
sothatin thepresencef thefault exactly one(andnot both) of the outputsis erroneous.

Furtherapproache$or designinga zero-aliasindinear spacecompactoraccordingto a giventest
setarebasedn coveringproceduresippliedto atable,thatlist detectionprobabilitiesof parity treesas
proposedy Tarnick[83] or thatlist the sensitizatiorof pairsof outputsasintroducedoy Chakrabarty
[19]. Furthermore Chakrabartydescribesn [16], how to modelthe spacecompactionprocessasa
graph. The designof sucha compactoiis relatedto the graphcolouringproblem. All thesemethods
resultin zero-aliasinggompactorshut suffer from thedravback,thatthedesignof thespacecompactor
depend®nthechosertestset.

ChakrabartyandHayes[18] proposeanotherstructuralmethod which achieres100% fault cover-
agefor stuck-atfaultsandwhich is applicableto large circuits: First atestsetis computedusingan
automaticestpatterngeneratar Thenall thefunctionaloutputsarecompactedy a singleparity tree.
Applying the testset, the faults, which are not obserable at the outputof the parity tree, are deter
mined. To achiere thatthesefaultsarealsodetectablainderthetestset,singlefunctionaloutputsare
successkely choserandaddedto the outputof the parity treeuntil a 100% fault coverage's obtained.
TheadditionaloutputsarenotcompactedA secondapproactproposedn [18] is basedninsertionof
obsenation pointsin thecircuit undertestinsteadof addingsinglefunctionaloutputs.

Savir introducesn [71] for thefirst time a structuralmethodfor spacecompactiorfor BIST which
is not basedon a giventestset: In aninitial step,groupsof outputs,which dependupondisjoint sets
of circuitinputsaredeterminedThe paritiesof thesegroupsarethe compactedutputs.If thenumber
of thesegroups,i. e.the numberof compacteutputs,is too large, thena simulation-basetheuristic
procedurds usedto re-groupcircuit outputsuntil a given fault coverageis achieved or a certaintime
limit is reachedThus,a successfujeneratiorof a spacecompactoiis notguaranteed.

A methodfor thedesignof linearoutputspacecompactorsisinga heuristicalgorithmis introduced
by Bohlau[9]. The algorithm usespath lengthsto determinethe compactionfunction. Again, this
methodis independenbf ary precomputedestset. In Section2.4.3the experimentalresultsof the
approacthasedon pathlengthsarecomparedo the resultsobtainedfor the methodsproposedn this
chapter

Reddy Saluja,andKarpovsky suggesteveralapproache$or spacecompactorswhich arebased
on codesusedin codetheory[64, 67]. For example,in [64] aHammingcodebasedon the paritiesof
groupsof outputsis successfullyusedfor spacecompaction.In contrastto structuralmethodsthese
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2 StructuralOutputSpaceCompactiorfor CombinationalCircuits

designtechniqueglo nottake into accounthe structureof the circuit.

Therearealsoseveralmethodgo designoutputspacecompactorsvhich arein generahon-linear
Ivanos, Tsuji, and Zorian [44] proposean approachwhich usesgeneticalgorithmsto obtain such
outputspacecompactorsSincethe designof the spacecompactorss basedon estimatedprobabilities
of errordetectionat thefunctionaloutputs this methodavoids extensie fault simulation.

For a precomputedestsetthe designof zero-aliasingspacecompactorsachiezing anoptimalcom-
pactionratio is formulatedasa graphcolouringproblemby ChakrabartyMurray and Hayes[20]. A
non-linearspacecompactotis obtainedby colouring the graphand interpretingthe coloursaslogic
values.

PouyaandToubaproposeazero-aliasingpacecompactodesignconsistingof treesof AND-, OR-,
NAND-, or NOR-gatesn [61]. Thetreesof acompactorwhichis designedor testingaresynthesized
by addingonegateat a time withoutintroducingredundang Therefore the synthesigequireschecks
for theintroductionof redundanyg, which is basedon calculationsusing5-valuedlogic andautomatic
testpatterngeneration.Thus, the runtime of the designalgorithmincreasesnore than polynomially
with respecto the sizeof thecircuit structure.

Othermethodswhicharebasedn nonlinearoutputspacecompactorarehybrid spacecompaction
[53], dynamicspacecompaction[47], modified dynamic spacecompaction[25], andthe quadratic
functionmethod[48].

2.1.5 Basic Notations

In the following, a circuit C with m circuit inputs z1, ..., z,, andn circuit outputsSy;,...,y, IS
consideredThe spacecompactorSC mapsthefunctionaloutputsy, .. . , v, to thecompacteautputs
z1,---,2; yielding k < n. SC implementsthe booleanfunctionsz; = f;(y), withs = 1,...,k and

Y=Yi,---,Yn.

Definition 2.1 (Compaction Ratio) Let SC bea spacecompactomwith n inputsand & outputs.Then
% Is calledthecompactiorratio of SC.

In the following, linear spacecompactorsare considered.The functionsimplementedby sucha
spacecompactomrelinear:

Definition 2.2 (Linear BooleanFunction) A booleanfunction f(yi,...,yy) is linear, if and only if
coeficientse; € {0,1},7 =0,...,n, existsothat f canbedescribedy

Fyi, - yn) =co @iy ® ... D cpyn-

Definition 2.3(Linear SpaceCompactor) Let SC be a spacecompactar If the booleanfunctions,
which are usedto compacthedatainputof SC, arelinear, thenSC' is calledalinear spacecompactar

Sincethe booleanfunctionsz; = fi(y),7 = 1,...,k, implementecby thelinear spacecompactor
SC arelinear, the compactorcanbe implementedisingonly XOR gatesandno othergatetype. Be-
causethe XOR operation‘@®” is commutatve, it is sufficient to describeeachbooleanfunction f;(y),
i =1,...,k, byagroupY; = {yi1,-.-,¥in,;} Of circuit outputs. Thenthe parity of the outputs
includedin the group Y; equalsthe function of output z; of the linear spacecompactorSC, i. e.

i) =vi19D... 0 Yin,-
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Figure2.2: Linearoutputspacecompactor

A circuit C anda linear spacecompactorSC' are shavn by Figure 2.2. The groupsof outputs
Yi ={vi1,---»¥in }, @ =1,...,k, arecalledparity groupsandthesegroupsaredisjoint. The parity
of a groupequalsan outputof SC. It is computedby a tree consistingof XOR gates,which is not
shavn in detail.

In generalparity groupsdo not have to be disjoint. A specialcaseof alinearoutputcompactoiis
SC1, which computeghe parity of all circuit outputs. SC; mapsall outputsof the circuit to a single
output.

2.1.6 Characteristics of Linear Output Space Compactor s

Theusageof spacecompactorgor testingor concurrentheckingcausesdditionalareaoverhead.The
numberof 2-inputXOR gatesrequiredto form a parity treeof alinearspacecompactodepend®nthe
numberof circuit outputs.If n; outputsareincludedin theparity groupY;, thenn; — 1 XOR gateswith
two gateinputsarenecessaryo computethe parity of the outputsincludedin Y;. Thus,the numberof
additionalgatesof the linear spacecompactorcanexactly be determined.For example,if eachof the
n outputsof C' is includedin exactly oneof the parity groupsY;, ¢« = 1, ..., k, thenthelinear space
compactoicanbebuilt usingn — k 2-inputXOR gates.

The additionalgatesusedfor outputcompactioncausedelays,which could reduceboth, the test
performanceandalsothe performancaluring normaloperation.If atreeof XOR gateswhich corre-
spondsoY; = {yi1,---,¥in,} i fully balancedthenthedepthof thistreeis [loga(n;)].

A spacecompactordesignedor testingand concurrentcheckingshouldnot only achiee a high
compactiorratio, but it shouldalsopropagatenput errorsandinternalerrorsof the spacecompactaor
If the linear spacecompactorconsistsof parity treesimplementedoy XOR gates,thenary internal
fault of the compactomwhich modifiesthe outputof a single XOR gatealsomodifiesthe outputof the
compactar Thus, singleinternalfaults are easily obserable, which is animportantbenefitof linear
spacecompactors.

Thenext theoremdescribesvhich errorsatthecircuit outputs,. e. attheinputsof thelinearspace
compactaorarenot detectabletthe compactedutputs:

Theorem 2.4 LetC beacircuitandlet SC bea spacecompactornf thefunctionaloutputsyy, . .., yn

derivedfromthe parity groupsY; = {v;.1,-.-,%in; }» % = 1,...,k. Anerror at thefunctionaloutputs
of C is not propagatedto the outputof the compactarif andonly if for ead groupY; the numberof
erroneousoutputsin thegroupis evenor zeo.
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2 StructuralOutputSpaceCompactiorfor CombinationalCircuits

Proof:

1. If for eachgroupY; the numberof erroneousutputsin the groupis eventhenthe parity of each
groupdoesnot change.Therefore the outputsof the compactomarenot modifiedandthe erroris
not propagated.

2. If theerroris not propagatedthenthe parity of eachgroupis equalto the parity in the fault-free
case.Thereforefor eachparity groupY; thenumberof erroneousutputsin thegroupis evenor

zero. O
It follows:
Corollary 2.5 Let C bea circuit and SC be a spacecompactorof the functionaloutputsys, . .., yn

derivedfromthe disjoint parity groupsY; = {v;1,--.,¥in; } Withi = 1,... ;kandY; U...UY} =
{y1,--.,yn}. Thenanyerror at thefunctionaloutputswhich is propagatedby the parity of all outputs
y1,---,Yn (i. € compactorSCh), is alsopropagatedby SC.

Proof:
If the erroris propagatedy SC; thenanodd numberof circuit outputsmustbe erroneous Because
eachcircuit outputis exactly includedoncein oneof the parity groupsY;, theremustexist atleastone
groupwith anodd numberof erroneousutputs.It follows thatthe parity of this groupis modifiedby
theerrorandthereforetheerroris propagatedy SC. O

Thereversionof the corollaryis nottrue: For example,if thereareexactly two parity groupswith
anoddnumberof erroneousutputsthentheerroris propagatedhroughthe compactoiSC. If noother
functionaloutputsareerroneousghenthe sumof all erroneouutputsis even. Thus,the parity of all
circuit outputsis not changedy theerror

It follows from Theorem?2.4,thatfault maskingcanbe minimized,if the probabilityis low, thatan
evennumberof outputsof the samegroupareaffectedby arandomerror. This issuecanbe simplified
by tamgetingto a low probability thattwo outputs,which areincludedin the samegroup, are simul-
taneouslyerroneous.The simplificationmight causebadresultsfor somecircuits: If thereexist three
outputswhich aresimultaneousherroneoudor almostall obserable SSF, thenthe threeoutputscan
beassignedo the samegroupresultingin asmalllossof propagatiorprobability In contrastsincefor
theseoutputsthe probability thatthe outputsare pairwiselyerroneouss very high, the outputsmight
not beincludedin the samegroup. The questionis discussedbelav, whetherit is likely thatfaultsare
simultaneouslypropagatedo threeor moreoutputs.

Thefollowing experimentswere performed: The combinationakircuits of the ISCAS'85 bench-
markssuite [13] were simulatedusing the fault simulatorM nos which is briefly describedn the
appendixof this work. Table2.1 lists the ten combinationakircuits including columnsthat shav the
numberof gatesjnputs,andoutputsof eachcircuit.

The applicationof 100000pseudorandominput patternsand the propagationof eachpossible
single stuck-atfault (SSF)were simulated. The numberof erroneousoutputswas countedfor each
input patternandfor eachfault, which couldbe detectedafterapplyinga pseudaandominput pattern.
Theresultsarepresentedn Table2.2.

The very left column of Table 2.2 lists the investigatedcircuits. The next columnspresentthe
percentage®f the combinationsof appliedinput patternsand detectableSSFE which resultin 1,2
or 3 simultaneouslyerroneousoutputs. The very right column givesthe percentagdéor morethan3
simultaneousherroneouutputs.
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Combinational Numberof
Circuit gates inputs outputs
c432 160 36 7
c499 202 41 32
c880 357 60 26
cl355 514 41 32
c1908 880 33 25
c2670 1161 233 140
c3540 1667 50 22
c5315 2290 178 123
c6288 2416 32 32
c7552 3466 207 108
average 1311.3 91.1 54.7

Table2.1:ISCAS'85 benchmarlcircuits

Theexperimentakesultsshav, thatthereis only onecircuit (c3540)out of tencircuitswith a high
probability thata SSFis simultaneouslyropagatedo threeoutputs.The correspondingpercentagés
33.84%. Butin generalthereis alow probability thatthreeor even moreoutputsaresimultaneously
erroneousTheaverageprobabilitiesfor thetenbenchmarikcircuitsare8.48% and7.39%, respecirely.

In [57] the averageprobability of threeor more simultaneousherroneousutputsis considerably
lower (< 3%). Thereasoris, thatmainly smallcircuitswith alow numberof circuit outputshave been
investigated.

Becauseerrors,which modify mary outputsarelesslikely, this chapteris focusedon minimizing
the probability thattwo outputsincludedin the sameparity grouparesimultaneousherroneousThis
leadsto the question,how to derive from the netlistfor eachoutputpair (y;,y;), 1 < @ # j < n, of
the circuit C' a value, which estimateghe reductionof fault propagationijf the outputsy; andy; are
includedin the sameparity group. The next sectiondescribessereral approacheswhich determine
suchvaluesbasedn ananalysisof thecircuit structure.

2.2 Analysis of the Circuit Structure

In the following the analysisof the circuit structurerequiresthe knowledgeof the circuit netlist. This
knowledgeis utilized to estimatefor two givencircuit outputsthelossof fault propagationif thesetwo
outputsareincludedin the sameparity groupof thelinear spacecompactiorfunction.

Thelossof fault coveragecanexactly be determinedy fault simulationsor by algebraianethods.
A simulationof the circuit mustapply all possiblesnput patternsto the circuit inputs and thusthe
runtime increasesexponentialwith respectto the numberof circuit inputs. Therefore,an analysis
basedon simulationsis not applicableto large circuits. The problemof exponentialruntimeis similar
for algebraicmethods. Thesemethodsmight be practically successfufor smalland several medium
sizedcircuits- for example,if themethodsarebasedn Binary DecisionDiagramgBDD) [50, 51] - but
fail for mary large circuits, becausehey requirealarge amountof memoryandexponentialruntime.

In generalthe problemto decidewhethera singlestuck-atfault becomesedundantif two outputs
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Combinational # erroneoumutputs
Circuit 1 2 3 >4
c432 48.89 17.56 14.58| 18.97
c499 90.97 7.30 1.38| 0.35
c880 9158 6.09 1.39 | 0.94

c1355 9496 4.21 0.66 | 0.17
c1908 7750 11.19 346 | 7.85
c2670 69.62 18.60 5.88 | 5.90
c3540 41.60 10.07 33.84| 14.49
c5315 70.37 1530 7.13 | 7.20
c6288 53.43 23.15 11.53]| 11.89
c7552 7710 1185 491 | 6.14
average 71.60 1253 8.48 | 7.39

Table2.2: Percentagesf n simultaneousherroneousutputs

areincludedin the samegroup,is equivalentto the problemof the detectionof singlestuck-atfaultsin
logic circuits,whichis NP-completd41].

Therefore the methodsintroducedin the following sectionsonly estimatethe reductionof fault
propagationjf two functionaloutputsare assignedo the sameparity group. The estimationsof the
reductionwere developedin sucha way, that for an arbitrary circuit the analysisalgorithmsalways
requirepolynomialruntimewith respecto the numberof inputs,outputsandgatesof the circuit. The
resultsof the analysisare valuesassignedo eachpair (y1,y2) of functionaloutputs. The larger the
valueis, the higheris the estimatedreductionof fault propagationjf the two outputsy; andy, are
includedin the sameparity group. Evenif eachof the following methodsdoesnot computethe exact
reductionof fault coverage,the resultsof thesemethodscan be usedto form corvenientgroupsof
outputs.

The next sectionpresentgshe analysisbasedon commongatesratio, thenthe following section
describeghe analysisbasedon propagatiordistancesandthenanalysisalgorithmsbasedon approx-
imatedprobabilitiesarediscussedThe analysisalgorithmswhich areintroducedin the following are
restrictedto circuitswhosenetlistsonly consistof inverters, AND-, OR-, NAND-, NOR-, XOR-, and
XNOR-gates.However, the algorithmscan be extended,so that gatesimplementingotherfunctions
canalsobeprocessed.

2.2.1 Analysis Based on Common Gates Ratio

Lety; andy; betwo outputsof thegivencircuit C'. Letthesetwo outputsareassignedo thesameparity
groupof thelinear spacecompactordesignedor C'. If this assignmenteduceghe fault propagation,
thenthe parity of the two outputsremainsunmodifiedunderthe presencef anerrorat the functional
outputs.An erroris maskedby the parity of y; andy;, if andonly if bothoutputsareerroneouswhich
meansthat a fault is propagatedgimultaneousiyto both outputs. Hencetheremustexist at leastone
fault which canbe propagatedo bothoutputs.

Therefore the numberof single stuck-atfaults which can be propagatedo y; andy; influences
thereductionof fault propagationif theseoutputsareincludedin the sameparity group. This number
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Figure2.3: Examplecircuitsfor thecommongatesratio approach

depend®n the numberof gatesincludedin theintersectiorof the transitive faninsof the two outputs
y; andy;. Thetransitve fanin F;,, , of agateg denoteghesetof all inputs,gatesandoutputs thatare
partof ary pathfrom acircuit inputto thegateg.

In [81] Sogomowanintroducegairsof independenbutputs which aretwo outputswith anempty
intersectiorof thecorrespondingransitive fanins.Approachesasedn groupsof independenbutputs
areintroducedfor self-checkingandself-testingcircuitsin this paper For mary circuits the number
of pairsof independenbutputsis very small and thusthesepairs cannot be usedto achieze a high
compactiorratio. However, a goodmeasuremeruf the lossof fault propagatiorshouldassign0 to a
pair of independenbutputs sinceno SSFcanmodify bothoutputs.

The commongatesratio approachmeetsthis constraint:Theratio r; ; is the estimationof loss of
fault propagatiorassignedo the pair of outputs(y;, y;). It is thenumberof gatesof theintersectiorof
thetransitve faninsof y; andy; dividedby the numberof gateswhich areincludedin theunionof the
transitve faninsof y; andy;. Thus,the largerthe numberof SSFthat are detectableat both outputs,
thelargeris thenumeratoof r; ;. Ontheotherhand,if (y;,y;) is apairof independenbutputs which
meanghatthetransitve faninsof y; andy; arecompletelydisjoint, thenit holdsr; ; = 0.

Thecommongatesratio measurement; ; dependson the sizeof the unionof thetransitve fanins
asmentionedaborve, becausét is

" |Enayl U aniyj‘

If the faulty gateis includedin the intersectionf, ,, N Fyy,; andthe union of the transitve fanins
containsmary gatesthentheremight be mary gatesincludedin the pathsfrom the faulty gateto the
outputsy; andy;. Furthermoreijt is morelikely, thatoneor moregatesdo not propagat¢he SSFand
thereforethe SSFis only propagatedo oneoutput: eithery; or y;. In this casethe faultis not masled
by the parity.

Figure 2.3 shawvs two small samplecircuits with two outputs. In particular for the circuit of Fig-
ure 2.3 (a) the commongatesratio measuremertanbe computedasfollows:

Fin,y1 = {~T17$2aA}
Fi",y2 = {:171,.’E2,A,B}
Fing: N Fingy, = {z1,22,4}

Fin,leFin,yz = {xla'T?aAaB}

andthusr; » = 2 = 0.75. Obviously, an SSFatary gateof theintersectionFy, ,, N Fip 4, is alwvays
masledif y; andy, areincludedin the samegroup.
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Figure2.3 (b) shavs anothersamplecircuit. Fj, 5, N Fip 4, is the samesetasabove, but the union
Fin gy UFip g, = {21, 22, 23,24, A, B,C, D} isnow largeryieldingasmallervaluer; o = g = 0.375.
In contrasto the previous example,an SSFat ary gateof theintersectionfy, ,,, N Fj, 4, canresultin
anerroneousalueof the parity y; @ yo: Thefaultis detectedif thefaultis obserableatthe outputof
the AND-gate A andit is eitherzs = 0 orz4 = 1.

Theseawo examplesshaw, thatthelargertheunionof thetransitive faninsof thetwo corresponding
outputsis, themorelikely is a small probability of faultspropagatedgimultaneouslyo bothoutputs.

2.2.2 Analysis Based on Propagation Distances

The lossof fault propagationcausedy the assignmenbf two circuit outputsy; andy; to the same
parity groupis roughlyestimatedif only thenumberof gatesin theintersectiony, ,; N Fiy y; is taken
into account.In the presencef a fault at oneof the gatesin the intersectionthe fault is not masled
by the compactarif thefaultis propagatedo exactly oneof the outputsy; or y; andnotto both. This
meanghatfor oneoutputno sensitizegpathexistsfrom thefaulty siteto the output.

For example the propagatiorof errorsalonga certainpathcanbe preventedby a controllingvalue
at the input of an AND-, OR-, NAND-, or NOR-gate. The value assignedo an input of a gateis
a controlling value, if it uniquely determineshe output value of the gateregardlessof the values
assignedo the otherinputs. If the outputvalue of an AND-, OR-, NAND-, or NOR-gateof the path
is determinedyy a controllingvalueof aninputline which s notincludedin the path,thenthe pathis
not sensitized.Therefore the probability of a sensitizedpathdependson the numberof AND-, OR-,
NAND-, or NOR-gatesalongthe path. The smallesthumberof thesegatesalongpathsfrom a gateto
anoutputis calledthe propagatiordistancebetweerthegateandthe output.

Definition 2.6 (PropagationDistance) LetC' bea circuit consistingof thefollowing gates:inverters,
AND-, OR-, NAND-, NOR-, XOR-,and XNOR-gates.The smallesthumberof AND-, OR-, NAND-,
or NOR-gatesalong a path from a gate g to an outputy is called the propagation distanced, (g, y)
betweergateg andoutputy.

Thedefinitionof the propagatiordistancel, is basednthesmalleshumbey sincefor propagating
afaultit is sufiicient thatat leastonesensitizecpathexists andthat pathmight be the “shortest”one.
This measurementtilizesthe simplification,thatit is sufficientto considerseparatelyachpathexist-
ing from the faulty site to the output. But if therearesereral paths,thenthesepathsmustrecomverge
sincethey all endat the sameoutputline. Furthermorethe propagatiorof the fault throughtwo or
morepathscanbemutually eliminatedsothatthe propagatiorendsat the point of recorvergence.This
is nottakeninto accountby the propagatiordistance.

Figure 2.4 (a) shavs an examplefor two sensitizedpathseliminatingeachother Therearetwo
pathsfrom the circuit input z5 to the circuit outputys: Pathp, includesthe AND-gate A andpathp,
passeshroughtheinverterB. Forz; = 1 bothpathsp, andp, propagatehevalueatz, to the OR-gate
C. In this case the valueat the outputof theinverter B is the invertedvalue of thatassignedo the
outputof the AND-gate A andthusalwaysoneof theinputlinesof OR-gateC is 1 resultingin y = 1.
Thereforefor 1 = 1 nofaultatz, is propagatedo thecircuit outputys,.

For ;1 = 0 only the pathp, is sensitizedandthe fault canbe propagatedhroughthe gatesB and
C to thecircuit outputys.

For eachgate of the circuit the propagationdistancedo the different functional outputscan be
obtainedby the algorithmDi st ances shavn in Figure2.5. Theinput of the algorithmis the netlist
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Figure2.4: Examplecircuitsfor the propagatiordistanceapproach

of thecircuit. After theinitialization, the algorithmcomputedor eachgateandfor eachcircuit output
the propagatiordistancestartingat the circuit outputsand proceedingo the circuit inputs. Eachgate
g of the circuit is visited onceby the algorithm, which assigngo the gatean n-tuple of propagation
distances, = (dp(g,v1),---,dp(g,Yn))-

In aninitial stepthealgorithmDi st ances assignsann-tupleto eachgate.If the gateis directly
connectedo the:-th circuit output,thenthen-tuple assignedo the gateis

(Mooy - 50,0y Noo)-

Thei-th componenbf then-tupleis 0 andall othercomponentsren,,, whichis asymbolicvaluefor
aninfinite large number In thefollowing it is assumedthatary valueaddedo n yieldsn, again.
While the algorithmDi st ances proceedgo the circuit inputs, the circuit is processedn a re-
versedtopologicalorder Then-tupleof distancesy = (d,(9,y1),---,dp(9,yn)), Whichis assigned
to a gateg, is usedto derive the n-tuplesof the gateswhich areconnectedo theinputsof gateg in
the following way: First an auxiliary n-tuple vq,; is computed.If g is an AND-, OR-, NAND-, or
NOR-gatethenvg,, is (dy(g,y1) + 1, ..., dp(g,yn) + 1), sinceg increaseshe distance Otherwiseit
IS vauz = vg. Thenthealgorithmcomputesrom vgy, = (Vauz,1, - - - , Vaua,n) thedifferentn-tuplesas-
signedto every gateg’ whichis connectedo theinputof gateg. If thetuple (neo, - - -, no) IS assigned
to ¢’, thenthenew tupleis vy = v4,,. Otherwisethe distancef then-tuplewv, aresetto the mini-
mumof thedistance®f then-tuplev,,, andthepreviously computed-tuplevgy . vq,; Ccorrespondso
all pathspassinghroughgateg, andv, correspondso pathsthatarenot passinghroughgateg. It is:

Vg = (min(vauw,la dp(gla yl))a e amin(vauz,na dp(gla yn)))

ThealgorithmDi st ances ends afterit hasreachedhe circuit inputs.

Figure2.4 (b) shavs anextensionof the circuit of Figure2.4 (a). Invertershave beenaddedat both
circuitinputsto obtaina moreinstructive examplefor computingthen-tuplesof propagatiordistances.
Firstthe n-tuples(0, n,) and(n«,0) areassignedo the gatesA andC which areconnectedo the
circuit outputsy; andy,, respectiely. (n, noo) IS assignedo all othergates.

Thefirst gateof thereversedopologicalorderof circuit gateds the OR-gateC'. Theauxiliarytuple
Vauz = Vo + (1,...,1) = (ne, 1) is computedrom vg = (neo, 0). Sinceit isvp = (N, Noo), the
tuplew,,, is assignedo theinverter B whichis connectedo C'. The AND-gate A is alsoconnectedo
theinputsof C andthefinal n-tupleassignedo A isvg = (min(ne,0), min(l,n«)) = (0,1). The
propagatiordistance®f the remaininggatesare analogicallycomputedandthe obtainedn-tuplesare
shawvn in Figure2.4 (b).
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=

for eachgateg do

2. assignto gateg then-tuplevy = (vg,1,- - ., vg,) With
S 0 if g isdirectly connectedo outputy;;

9" ] no Otherwise;

3. endfor;

4. for eachgateg of thecircuit do

/I Loopstartsat the gateswhich are connectedo a circuit outputandproceeddo

/I thecircuit inputsin a reversedtopolagical order, sothatthen-tuplewv, assigned

/I to g is alreadycorrectly determinedy thealgorithm

5 if gateg is anAND-, NAND-, OR-, or NOR-gatethen
6. Vaug = (Vg1 +1,...,0g0 + 1)

7. elsevgys = (Vg,15---,Vgn);

8 for eachgateg’ connectedo theinputof g do

9. Vg = (MAN(Vauz,1,Vg' 1) - - - » MIN(Vauz,ns Vg n) )
10. endfor;

11. endfor;

12. end.

Figure2.5: ThealgorithmDi st ances

Obviously, the compleity of the algorithmDi st ances is linearwith respecto the numberof
gatesof thecircuit. If thenumberof gatess |G| andthe numberof outputsis n thenthe compleity is
boundeddy O(|G| - n).

Thepropagatiordistancesl, computeddy thealgorithmDi st ances areusedto estimateheloss
of fault propagationif two circuit outputsy; andy; areassignedo the sameparity group. Thus,this
estimationcorrespondso the commongatesratior; ; describedn the previoussection.

Giventhe pair of outputs(y;, y;), the estimationd; ; basedon propagatiordistancess definedas
follows:

d;j = Z 9—(dp(g,yi)+dp(9,y;))
gEFin,yinFin,yj

Thedefinitionof d; ; canbe explainedasfollows: Let g be a faulty gatein theintersectiorof the
transitive faninsof y; andy; andlety; andy; beincludedin the sameparity groupof thelinearoutput
compactar A fault at the gateg doesnot changethe valueof y; @ y;, if the faultis simultaneously
propagatedo both outputs. Therefore the distancesi, (g, y;) andd,(g,y;) areaddedto describethis
caself it isassumedor simplification,thatmostgatesare2-inputgatesandthe probabilityis 0.5, that
afaultis propagatedrom the inputsof an AND-, OR-, NAND-, or NOR-gateto the outputof sucha
gate thenthefollowing termis derived: 2~ (4 (9:%:)+dn(9:%)) | Thisterm,whichis basecn propagation
distancesgstimatedhe loss of fault propagatiorcausedoy maskinga fault of gateg. Finally, d; ; is
the sumof thesetermscomputedor all gateswhich areincludedin the intersectionof the transitive
faninsof y; andy;.

If (vs,y;) is apair of independenbutputs,which meanghatthe transitve faninsof y; andy; are
completelydisjoint,thenF;;, ,,, N Fjy 4, is emptyandit follows d; ; = 0.
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2.2 Analysisof the Circuit Structure

For example,the outputsy; andys of the circuit shavn in Figure2.4 (b) areconsideredThe two
invertersattheinputsandgateA form theintersectiorof thetransitive faninsof the outputs.Therefore,
itisd;p = 27142 4 2-(41) 4 2-(0+1) = T Theanalysisof thecircuitsshavn in Figures2.3(a) and
(b) onpagel7yieldsd; » = 27(0+%) = 1 andd; » = 2=+ = 1, respectiely.

Sincethis methodrequiresa morecomplex stepcomputingthe propagatiordistancesthe runtime
of the analysismay be longercomparedo the approachhasedon commongatesratio. Nevertheless,
the compleity is still linearin the numberof gatesof the circuit. The benefitof the usageof the
propagatiordistancemeasuremeris, thatthe analysisis moreaccurateandthusbetterresultscanbe
expectedcomparedo theapproachwhichis basedn the commongatesratio.

2.2.3 Analysis Based on Approximated Observation Probabilities

Theanalysisntroducedn thefollowing is basedntheapproximatiorof probabilities thatstimulated
singlestuck-atfaultsare propagatedo differentfunctionaloutputssothatthey canbe obsered. This
analysiscanbe usedto derive outputcompactionfunctionsachieving a high compactionratio anda
smalllossof fault propagation.

A preconditionfor the analysisis thatthe circuit C' is given asa netlist. It is supposedthatthe
gatesareAND-, OR-, NAND-, NOR-, XOR-, XNOR-gatesandinverters.An errorataline s of C is
denotedy e(s) andthesetof all linesof theconsideredircuitis S.

In orderto reducethe compleity of the analysisseveralassumptionsvill be madeto computethe
valuep(s~ y), whichis anapproximatiorof the obseration probabilityoc (s, y):

Definition 2.7 (Observation Probability) LetC bea circuit which containsthecircuit line s andthe
circuit outputy. Thenthe observationprobability oc (s, y) is the probability that, after applying a
randominput out of the uniformly distributed setof input patterns,a sensitizegathfroms to y exists,
sothatan erroneousvalueof s is observablet the outputy.

This definitionis basedon the assumptiorthatthe valuesof theinputsz;, 1 < i < m, of C are
equallydistributedwith the probabilitiesp(z; = 1) = p(z; =0) = % Underthe sameassumptiorthe
analysisalgorithmcomputeshe valuep(s; ~» y;), which estimateshe probability thatanerroratline
s; resultsin anerroneousutputy;.

Appr oximated Propagation Probabilities of a Single Gate Toillustratehow the correspond-
ing probabilitiesfor the existenceof sensitizedbathscanbe approximatedfirst a single gateg with
two inputsis consideredLet v; andvy betheinputvaluesof g. Let v, beerroneousvhich meanghat
afaultis atthe secondnputline. In theterminologyof the D-algorithm[65, 31], this fault couldbe a
stimulatedsinglestuck-at-Ofault D or a stimulatedsinglestuck-at-1fault D.

If ¢(g) andc(g) denotethe controlling and the non-controllingvaluesof g, thenthe erroneous
input value vy is propagatedis not propagated}o the outputof gateg if v1 = ¢(g) (v1 = ¢(g)),
respectiely. For the purposeof simplificationit is assumedthatthe valuewv; is randomlychoserwith
the probabilitiesp(v; = 1) = p(v1 = 0) = 3. Underthis assumptiorthe probability p(g), thatthe
erroris obserableat the outputof g, equalsthe probability p(v; = &(g)). This probabilitydependon
the booleanfunctionimplementecby the gateg. It is p(g) = % for two-input AND-, OR-, NAND-,
andNOR-gates Sincebothvalues0 and1 arenon-controllingvaluesof XOR- andXNOR-gatesit is
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Figure2.6: Chainof 2-inputgates

p(g) = 1 for thesegatetypes.Ohviously, for invertersit is p(g) = 1, becausaninverterhasonly one
inputline.

In generalto simplify the analysis;it is assumedhatfor ary valuewv; assignedo aline s; of the
circuitit is p(v; =1) = p(v; =0) = 1. Therefore the existenceof lineswhosevaluesaremuchmore
frequent‘0” than“1” or vice versa,s left out of considerationFromthis simplificationit is obtained,
that the approximatedropagatiorprobability througha gateis p(g) = 2,%1 for ary k-input AND-,
OR-,NAND- or NOR-gate.

Appr oximated Propagation Probabilities of a Chain of Gates As shown in Figure2.6 a
chainof 2-inputgatesgy, .. ., g, is consideredn thefollowing. An errore(s;), i. €. astimulatedfault
D or D attheinputline s; of gateg; , is propagatedo theoutputy, if eachvalueof theinputss?, ..., s,
is anon-controllingvalueof thecorrespondingatesyy, . . . , g,. If thevaluesof theliness/, ..., s, are
randomlyandequallydistributed, thenthe approximatedrobability p(s; ~ ) thattheerrore(s;) is

obserableatthe outputy is

p(si~y) =p(g1) - .. p(gr)-

Lete(y) beanerrorattheoutputy ande(s;), 1 < ¢ < r, anerrorattheline s; of Figure2.6. Then
the approximaterobability p(s;~ y), thatthe pathfrom s; to y is sensitizedsothatanerrorof s; is
obserableat the output,canbe computedasfollows:

ply~y) =1
p(sr~y) = p(gr)
p(sr—1~Yy) = p(gr—1) - p(sr~y)
p(si~y) = plgi) - p(sit1~y) (2.1)
p(sa~y) = plg2) - p(s3~y)
p(si~y) = p(g1) - p(sa~y)

Obviously, the computatiorof the approximategrobabilitiesfollows a reversedtopologicalorder
of thegates.

Now the examplecircuit givenin Figure2.7 is considered.For the chainof gatesgy,..., g4 it is
p(g1) = p(g2) = p(gs) = % andp(gs) = 1. For1 < i < 5 theapproximatedrobabilitiesp(s; ~ y)
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2.2 Analysisof the Circuit Structure

Figure2.7: Examplechainof gates

are:
p(ss~y) = 1,
1 1
p(sa~ry) = plga) - p(ss~y) = 5 1=35
11
p(s3~y) = p(gs) - p(sa~y) =1- 5= 9
11 1
P(32"’>y) = p(92) -p(33~>y) D) : 9 4’
11 1
p(si~y) = plg1) - p(sa~y) = 2 1°%

The approximatedorobabilitiesare determinedusing Equation(2.1) by proceedinggradually back-
wardsfrom ss to s;.

Approximated Probabilities of Observation at Circuit Outputs Now the basicalgorithmis
describecconsideringa combinationalcircuit C' with n outputsy, . . . , ¥, andwithout recorvergent
fanout. The analysisassigngto eachinternalline s; of C' the n-tuple of approximatedorobabilities
(p(si~y1),---,p(si~yn)), for whicheachcomponentorrespondto oneoutput. Theseprobabilities
arerecursvely computedby useof Equation(2.1) underthe assumptionthatthe probability of error
propagatiorthrougha gateg is p(g).

Figure 2.8 illustratesthe proposedmethodfor the computationof the approximatecprobabilities
p(si~ 1), --.,p(si ~ ypn) for asimplecombinationakircuit without recorvergent fanout. The ap-
proximatedprobabilitiesalongthe bold path startingat the outputy, aredeterminedasfollows: An
erroratthe outputof gateA is propagatedvith probability 1 to thefunctionaloutputys andwith prob-
ability O to thefunctionaloutputsy; andys. Therefore the 3-tuple (0,1,0)is assignedo thisline. The
probabilitythatanerrorat oneof theinputlinesof gateA is propagatedo the outputis approximated
by p(g) = % Suchanerroris obserableat theoutputsy; andys with probability 0. Thisis expressed
by assigning0, 1, 0) to bothinputlinesof A. Thetuple (0, 1,0) caneasilybeobtainedoy multiplying
(0,1,0) by p(g) = %

Theinputline o combinednputlinesof gateA andB. In this casethe correspondinguplesare
simply addedsothatthe tuple assignedo z is (0, 3,0) + (0,0,1) = (0,1, 1). In asimilarway the
othertuples(p(s;~y1), p(si~y2), p(si~ys3)) in Figure2.8aredetermined.

Appr oximated Probabilities of Reconvergent Paths Theexamplesgivenabove did notshav
the casethatoftenmorethanonepathexist which canbe sensitizedrom thefaulty siteto onecertain
output. Therefore now arecovergentfanoutasshowvn in Figure2.9is considered An errore(s;) at
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Figure2.8: Examplecircuit with approximateasbsenation probabilities

the fanoutpoint s; canbe propagatedo the point of recovergences; throughthe two pathsp,; and
p2. p1 andp, denotethe pathsfrom s; ; to s; andfrom s; 5 to s, respectiely. If thevalueof input s,
of g is thenon-controllingvalueandif the pathp, is sensitizedthentheerrore(s;) canbe propagated
throughthe pathp; from s; to s;. Onthe otherhand,the errore(s;) canalsobe propagatedhrough
the pathp,, if po is sensitizedcandif the non-controllingvalueof g is appliedto s;. Finally, the error
canalsosimultaneoushpe propagatedhroughboththe pathsp; andps. In this casethe errorwill not
bepropagatedrom s; to s;, if g is anXOR- or an XNOR-gate or if the numberof invertersalongthe
two pathsis differentmodulo?2.

In mary casegheprobability thatthe pathp; from s; ; to s; is sensitizedandthe probability that
the pathp, from s; - t0 s5 is sensitizedarecorrelatve. For example,thefollowing two oppositecases
arepossible:1. Thepathsarealwayssimultaneouslypropagating fault; 2. for all inputseitherp; or py
or noneof thetwo pathsis sensitizedHowever, anexactanalysisof thecorrelationfor all recorvergent
pathswould extendthe givenboundon the runtimecompleity.

If the probabilitiesof sensitizecpathsp; andp, areindependentthenthe probability of a simul-
taneougpropagatiorequalsthe productof the probabilitiesof singlesensitization®f pathsp; andps.
Furthermoreif the numberof gatesof the recovergentfanoutis nottoo small, thenthis productterm
is muchlower thanthe probability thatonly oneof thesepathsis sensitized.

Becausethe exact computationof the correlatve probabilitiesis as complex asthe exact com-
putationof all probabilitiesandin orderto simplify the caseof independenprobabilities,the anal-
ysis approximateshe obseration probability for recorvergent fanoutsasfollows: Giventhe values
p(si,1~ s1) andp(s; 2~ s2), the probabilitythatthe errore(s;) is propagatedrom thefanoutpoint s;
to therecovergencepoint s;, is approximatedy p(s;~ s;) as

p(si~rsj) = plg) - (p(sii~ s1) + p(sig~ s2)).

If a pathexistsfrom s; to thecircuit outputy, it follows:
p(si~y) = plsinsg) - plsj~y)
= (p(sii~ s1) + p(siz~s2)) - p(g) - psj~y)

= p(si1~s1) - p(g) - p(sj~y) +p(siz~s2) - p(g) - p(sj~y)
= p(sii~y) +p(siz~y)- (2.2)
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Figure2.9: Exampleof recowvergentfanout

Thereforetheprobabilitiesof propagationthroughrecomwvergentpathscanbeapproximateasfollows:
During theanalysisfollowing areversedtopologicalorderof the gatesthe approximategrobabilities
p(si1~y) andp(s; 2~ y) obtainedby the computatioraresimply addedat the fanoutpoint s;. This
implies,thatthe probability of the casethatpropagatiorcouldbepreventedbecauséoth pathsp; and
po aresimultaneoushgensitizedis neglected.

The Algorithm  Now the correspondinglgorithmcalledCbser vabi | i ti es is presented.The
algorithmis usedto computeapproximationf the probabilitiesthatan error of aline is propagated
to differentfunctionaloutputs.It assigndo eachline s; € S ann-tuple (p(s;~y1),-..,p(si~yn)).
Thecomponentsf thesetuplesareapproximatedialuesof the probabilitiesoc(s;, y1), - - -, 0 (Si, Yn)
thatanerrore(s;) atline s; is obserableatthe functionaloutputsys, . . ., y,, respectrely.

In aninitial stepthen-tuples(1,0,0,...,0),(0,1,0,...,0),...,(0,...,0,1) of probabilitiesare
assignedo the functionaloutputs. Thenthe algorithmGbser vabi | i t i es computedfor eachline
s; thecorresponding:-tuple of probabilitiesproceedingn areversetopologicalorderfrom the circuit
outputsto thecircuit inputs.

Thestepsof Observabi | i ti es aredescribedn Figure2.10. The algorithmproceedghrough
the circuit only oncewithout ary backtracking.For eachline it computeghe corresponding.-tuple.
Thereforethe complity of the algorithm Qoser vabi | i ti es computingthe approximatedob-
senation probabilitiesp(s ~ y) is linear with respecto the productof the numberof lines|S| and
n, which is the numberof circuit outputsof C. Sincethe maximalfanoutof the gatesis very often
boundedvy a constantdependingn thetechnologyof theimplementationit follows, thattheruntime
of thealgorithmis linearin the productof the numberof gatesandn. The polynomialcompleity of
theanalysisalgorithmallows to apply the presentedlgorithmto large circuits.

Loss of Fault Propagation for Pairs of Outputs The approximatedbsenration probabilities
p(s~ y) computedby the algorithmCbser vabi | i ti es areusedto derve a measuremeng; ; of
the loss of fault propagationcausedby the assignmenbf two circuit outputsy; andy; to the same
parity groupof thelinear outputcompactar Thus,this measuremergorrespondso the commongates
ratior; ; andthe propagatiordistanced; ; introducedn the previoussections.

Given a pair of outputs(y;, y,), the measuremeng; ; is the approximatecprobability that, after
applyingarandominputvector thetwo outputsy; andy; aresimultaneouslyrroneousn thepresence
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2 StructuralOutputSpaceCompactiorfor CombinationalCircuits
1. for eachfunctionaloutputliney;, 1 <i < ndo
2. assignto line y; then-tuple (p(y;~y1), - . . , P(yi~> yn)) With
1fori = j;
Pl ) =1 otherwise;
3. endfor;

4. for eachoutputline s, of agateg of thecircuit do
/I Loopstartsat the circuit outputsand proceedgo the circuit inputsin a reversed
/1 topolagical order, sothat eitherthen-tupleassignedo s, is alreadydeterminedbr
/I it is a fanoutstemandthe n-tuplesassignedo the brandhesare alreadydetermined

5. if s4 is afanoutstembranchingto theliness, i, ..., sq.q, then

6. assigrto s, then-tuple (397, p(sgi~>y1), -« 2oomy p(Sg,i~>Yn));
7. endif;

8. if gateg is ak-input AND-, NAND-, OR-or NOR-gatethen

9' p(g) = 2k1—1

10. elsep(g) := 1;

11. endif;

12. assignto eachinputof gateg then-tuple (p(g) - p(sg~>v1),--.,p(g) - P(Sg~yn));
13. endfor;
14. end.

Figure2.10: ThealgorithmQbservabi l i ti es

of afault. For simplificationit is assumedthatfor all s € S theapproximategrobabilitiesp(s~> y;)
andp(s~y;) areindependentp(s~»y;) andp(s~»y;) aretheapproximategrobabilitiesthatanerror
e(s) is propagatedo thecircuit outputsy; andy;, respectiely. Thenthe productof thesetwo valuesis
the approximategrobability thatanerrore(s) is simultaneouslybserableat the two outputsy; and
yj. Thesumof all productsrelatedto thelinesis divided by the numberof linesincludedin thecircuit,
whichyieldsthe new approximatiorp; ;:
1
Pij = m ZP(S“”yi) - p(s~yj).
sES

If (vi,y;) is apair of independenbutputs,which meanghatthe transitve faninsof y; andy; are
completelydisjoint, thenp(s~y;) = 0 or p(s~y;) = 0 or bothvaluesarezero. For all threecasest
follows p; ; = 0.

For example, the valuesp; ; of the circuit shavn in Figure 2.8 are computedas follows: The
intersectiorof thelinesof thetransitive faninsof y; andys only containghesingleline z,. Therefore,
itisp(s~wyi)-p(s~ye) =0foralls € S — {z1} yielding

1 ( ) - p( ) 1 1 1 1
_= — > . ~S = — .- = —,
b1,2 12 PlZ1~Y1) - P\ZT1~>Y2 19 ) Y
Similar considerationsoncerningp 3 yield
1 ( ) - p( ) 1 11 1
= — . (a4 . (a4 = — s — s — = —
P23 12 P\x2~>Y2) - p\T2~>Y3 12 227 18
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2.2 Analysisof the Circuit Structure

Sincethe fanin conesof y; andys aredisjoint, it is p(s ~ y1) - p(s~y3) = 0 forall s € S, and
furthermore

p1,3 = 0.

For the purposeof comparisorthe circuit shavn in Figure 2.8 was simulated. The resultsof the
simulationof all possiblesinglestuck-atfaultsare: Eightinput patternsresultin simultaneouslsen-
sitized pathsfrom z; to the circuit outputsy; andy.. Thereare six input patternssimultaneously
enablingfault propagatiorfrom z- to the circuit outputsys andys. And thereis no fault, which is
simultaneouslyletectablety; andys. Theratio of theresultsobtainedfrom thefault simulationsfor
the outputpairs (y1,y2) and(y2,ys) Is % It differs slightly from % which is the correspondingatio
obtainedby theanalysishasedn approximatebseration probabilities.

The compleity of the computationof the valuesp; ; exceedsthe compleity of the algorithm
Observabi | i ti es. Thus,thecompleity of the completeanalysisalgorithmis dependingon the
compl«ity of the secondstepestimatinghelossof fault propagatiorfor eachoutputpair.

O(n?) differentpairsexist for the setof n circuit outputs.In theworstcase for eachpair (y;, y;)
andfor eachline s theproductp(s~ ;) - p(s~ y;) mustbecomputedn orderto obtainyp; ;. It follows
thatthe compleity of theanalysisis O(|S|-n?). Becausé¢he compleity is linearin the productof the
circuit sizeandin the squareof thenumberof outputs the analysisbasedn approximatembseration
probabilitiescanbe usedto processfficiently large circuits.

2.2.4 Modifications of the Approximated Probabilities Analysis

The basicanalysisintroducedin the previous sectionapproximateshe probabilities,that a fault is
propagatedo differentfunctionaloutputs,sothatit canbe obsered. Becaus¢he exactcomputatiorof
theseprobabilitieswould causexponentialruntimefor mary circuits,theanalysids simplified. These
simplificationsarebasedon reasonablessumptiongmplying, thatonly approximationsandno exact
probabilitiesare computed. This leadsto the question,whetherunderthe condition of polynomial
runtime other methodscan be developedfor approximatingthe probabilities,so that more accurate
resultsareachieved.

A large setof varyingalgorithmscanbe createdn orderto approximatehe probabilitiesin poly-
nomial runtime. Insteadof investigatinga confusinglylarge numberof methods,in this work only
two out of thesemethodsareselectecanddescribedelow, sinceno methodwith polynomialruntime
canguaranteghe bestapproximatiorof valuesfor all circuits. Thefirst of the two methodds a small
modificationof the underlyingsimplifications,while the secondonecanbe conceved asan extension
of thebasicanalysisintroducedn the previous section.

2.2.4.1 Independent Propagation Probabilities of Reconvergent Paths

The differencebetweerthe analysisintroducedhereandthe basicanalysisdescribedn the previous
sectionis the modifiedapproximatiorof propagatiorprobabilitiesthroughrecorvergentpaths.
Again,therecomwvergentfanoutshavn in Figure2.9is consideredAs explainedabore, afaultatthe
fanoutpoint s; canbe propagatedo the point of recovergences; eitherthroughthe pathp; froms; 1
to s; or throughp, from s; o to so or throughboth pathsor thefaultis notpropagatedif g is an XOR-
oranXNOR-gateor if thenumberof invertersalongthe pathsis differentmodulo2, thensimultaneous
propagatiorthroughboth pathspreventsthe fault propagatiorto s;. As mentionedabove, this caseis
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2 StructuralOutputSpaceCompactiorfor CombinationalCircuits

5. if 54 is afanoutstemof thebranches 1, ..., sy 4, then
6a. assigrnthen-tuple (0, ... ,0) to sg;

6h for eachbranchs, ; do

6cC. for eachoutputline y;

p(sg~yj) = p(sg~y;) + p(sgi~y;) — p(sg~y;) - P(8g,i~Yj);
6d. endfor;
7. endif;

Figure2.11:Modified stepsof thealgorithml ndependent Probabi liti es

neglectedif the approximatedrobabilitiesof propagatiorthroughthe pathsp; andpy areaddedand
thesumof theseapproximationss simply assignedo theline s; accordingo Equation(2.2).

The caseof preventedfault propagatiorbecausdoth pathsare sensitizeds not neglected,if the
probabilitiesof propagatiorthroughthe pathsp; andps to anoutputy areconceved asindependent
probabilities. If the approximatedprobabilitiesp(s; 1 ~ y) andp(s; 2 ~ y) aregiven, thenthe prob-
ability thatthe errore(s;) atthefanoutpoint s; is obserableat the outputy is computedby the new
methodbasedn independenpropagatiorprobabilitiesasfollows:

p(si~y) = p(sii~y) +p(sie~y) — (p(sii~y) - p(sia~y)). (2.3)

If two pathsatafanoutpoint s; do notrecomverge, thentheresultsof Equationg2.2)and(2.3) are
equalsincefor eachcircuit outputy atleastoneof thevaluesp(s; 1~ y) or p(s; 2~ y) is 0. Thus,it is
p(si1~y) - p(si2~y) = 0 for eachoutputy.

Only the sixth stepof the basicalgorithm Cbser vabi | i t i es mustbe modifiedto obtainan
algorithmthat computeghe obsenration probabilitiesassuminghe independenpropagatiorthrough
recorvergentpaths. The new stepswhich replacethe sixth stepof the basicalgorithmandwhich lead
to thenew algorithml| ndependent Pr obabi | i ti es areshavn in Figure2.11.

Obviously, theruntimeof thealgorithml ndependent Probabi | i ti es isequaltotheruntime
of thebasicalgorithm. It islinearin theproductof thenumberof gatesandthenumberof circuit outputs
of C.

The approximatedprobabilitiesp; ;, that a randominput vectoris appliedin the presenceof a
fault so that the two outputsy; andy; are simultaneouslyerroneousare computedas describedn
the previous section. Therefore the compleity of the completeanalysisconsistingof the algorithm
I ndependent Probabi | i ti es andthe computationof the valuesp; ; is linearin the productof
thecircuit sizeandin the squareof the numberof circuit outputs.

2.2.4.2 Analysis Including Approximated Signal Probabilities

In theprevioussectionstheobsenationprobabilitieshave beerapproximatedbasentheassumption,
thatfor ary valuewv assignedo aline s of thecircuitit is p(v = 1) = p(v =0) = L. Thismeanshat
for ary line the probability thatthe applicationof randomvaluesto the circuit inputsresultsin the
assignmenof “1” to theline, is %

Insteadof thisassumptiornin thefollowing theapproximategbrobabilityp (s) is computedn order
to improve theapproximatiorof obserationprobabilities.p; (s) is theapproximatedalueof thesignal
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Figure2.12:Examplecircuit for approximatingpropagatiorprobabilities(a) without and(b) with con-
sideringsignalprobabilities

probability spc(s) whichis definedasfollows:

Definition 2.8 (Signal Probability) LetC' bea circuit, which containsthecircuit line s. Lettheinput
assignmentsf the circuit be arbitrary, but fixed,andindependentlyistributedfor ead of the circuit
inputs. Thenthesignalprobability spc(s) denotegheprobability, thatapplyinga randominputpattern
resultsthevalue“1l” assignedo line s.

Thetheoreticalcompleity of the problemwhetherthe signalprobability of a givenlineis 0 or 1
is equivalentto the problemof BooleanSatisfiability which implies, thatit falls in the classof NP-
completeproblems[33]. Therefore thereis no algorithmwith polynomialruntime,which computes
the exactsignalprobabilitiesfor all circuits.

Figure2.12shawvs a smallexamplecircuit with varying signalprobabilities. The valueassignedo
theline s whichis the outputof gateB is “1” if andonly if the valuesappliedto the circuit inputsz,,
z3, andz4 are“1”. Thereforethesignalprobability spc(s) is very low, it is spc(s) = % In contrast,
the signalprobabilitiesof the circuit outputsarehigh: It is spc(y1) = spo(y2) = %

For circuits with a large numberof lineswith signalprobabilities,which differ significantlyfrom
the averagevalue % the basicanalysisassumingthe signal probability % for eachcircuit line may
generatgpoor values. For example, Figure 2.12 (a) shavs the tuplesassignedo the circuit inputs
afterrunningthealgorithmCbser vabi | i t i es andpart(b) of Figure2.12givesthe exactobsenra-
tion probabilitiesof the samecircuit. The tuplesassignedo the inputsz; andzs givenin (b) differ
considerablyrom thosegivenin (a).

Brglez, Ponnall, andHum give in [14] analgorithmfor approximatingsignal probabilitiesp (s)
for eachline s of acircuit C. This algorithm,whichwasintroducedor testabilityanalysiss described
in thefollowing. The computatiorof thesevaluesstartsat the circuit inputsandproceeddo thecircuit
outputsin a topologicalorderof the netlist. First % is assignedo eachcircuit input which means,
thatwith probability% thevalue“l” is appliedto thecircuit inputs. If the setof input patternds not
uniformly distributed, but for eachcircuit input the probability thatthe input line is setto “1” canbe
determinedndependentlyof the othercircuit inputs,thenthe correspondingprobability is assignedo
eachcircuit input. In orderto simplify the following descriptionst is assumedthat the setof input
patternds uniformly distributed and% is assignedo eachcircuit input.
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Figure2.13:Examplecircuit with approximatedaignalprobabilities

T4

Toillustratehow thealgorithmdeterminesheothervaluesp, (s) aftertheinitial valuesareassigned
to thecircuit inputs,asinglegateg with & inputss, ..., s andtheoutputs, is consideredSincethe
algorithmproceedd$rom the circuit inputsto the circuit outputs the approximatedignal probabilities
p1(s1),---,p1(sg) of theinput lines are alreadydeterminedf the valuep:(s,) assignedo the gate
outputis computed.

e Obviously, if thegateg is aninverter thenthereis only oneinputline s;. Thevalueof thegate
outputis setto p;(sy) =1 — pi(s1).

e If g is an AND-gate,thenthe outputvalueof the gateis “1”, if andonly if “1” is assignedo all
inputsof thegate.Thus,it is: pi(sq) = p1(s1) - ... pi(sx). Analogically if g isanOR-gatethe
outputvalueof thegateis “0”, if andonly if “0” is assignedo all inputsof thegate.This results
in: pi(sg) =1—(1—pi(s1))-...- (1 = pi(sk)-

e If g is atwo-input XOR-gate,then the output value of the gateis “1”, if andonly if values
assignedo the input lines are not equal. Thus, the approximatedsignal probability p; (s4) is
determineddy thesum((1 — pi(s1)) - pi(s2)) + (p1(s1) - (1 — pi(s2))). Thevaluep; (sy) can
beanalogicallyderivedfor XOR-gateswith morethantwo inputs.

¢ A NAND-gate(NOR-gate XNOR-gate)is handledike anAND-gate(OR-gate XOR-gate)fol-
lowed by aninverter

¢ Finally, thevalueassignedo afanoutstemis alsoassignedo its branches.

After thealgorithmhasreachedhe circuit outputs theapproximatedgignalprobabilityof eachline
is determinedandthusthe algorithmends. The compleity of the algorithmis linear with respecto
the numberof lines. Sincethe maximalfanoutof the gatesis very oftenboundedoy a constantwhich
depend®nthetechnologyof thecircuitimplementationthe compleity of thealgorithmis alsolinear
in thenumberof gates.

Figure2.13illustratesfor the proposedilgorithmthe computatiorof theapproximatedignalprob-
abilities p; (s) for the small combinationalcircuit alreadyshavn in Figure 2.8. Now, the bold path
shawvn in Figure2.13is consideredstartingat circuit input z4. Firstof all % is assignedo eachcircuit
input. The outputof the AND-gate C is “1” if bothinputsare“1”. Therefore,the probability that
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2.2 Analysisof the Circuit Structure

The next gatealongthe bold line is the OR-gate
andonly if bothinputsof the gatearenot“1”, it is

the value of the gateoutputis “1” is 5 - 3 =
B. Sincethe outputof the OR-gateis not “1”,
pilys) =1-(1-3)-1-7) =3

The proposedalgorithmcomputesno exact signalprobabilities. If two or more pathsrecorverge
in a gate,thenthe valueassignedo the outputof the gatemight be not exact. An exampleis a single
circuitinput,whichis directly connectedo bothinputsof atwo-inputNOR-gateg with outputline s,.
Sincefirstly thevalue1 is assignedo thecircuitinput,p; (sy) = -3 = 1 is obtainedor s,. However,
in factthe NOR-gateis operatingasaninverterandthereforeit is spc(sq) = % Thus,theassumption,
thatit is p(v = 1) = p(v =0) = 1 for avaluew assignedo ary line s, resultsin the exact value.
This exampleshaws, thatin somecaseghe simple assumptiorusedto approximatehe obsenration
probabilitiessofar is moreaccuratehananadditionalapproximatiorof signalprobabilities.

In contrastto the exampleabove, the computationof the valuesp; (s) in aninitial stepandthe
approximationof the obseration probabilitiesincluding thesevaluesshouldlead to more accurate
resultsfor mary circuits. If the approximatedsignalprobabilitiesshouldbe taken into accountthen
the algorithm Cbser vabi | i ti es hasto be modified. Only the lines 9 and 11 of the algorithm
Qobservabi | i ti es givenin Figure 2.10 mustbe replacedin the following way: For eachinput
81,-..,8, Of ak-input AND-, NAND-, OR- or NOR-gatethe probability thatan error at an input
line s;,1 < ¢ < k, of the gateg is propagatedo the outputs,, mustbe separatelyapproximated.
Then k approximatedpropagationprobabilitiesp(g1), . . . , p(gx) insteadof a single value p(g) are
obtained.If the outputsof the circuit arey, . . ., y, thenthe modified algorithmassigngo the input
line s;, 1< 1< k then-tuple

1
i
if

(p(gi) - p(sg~ Y1), - - - 0(3i) - P(Sg~> Yn))-

The approximatedprobabilitiesp(g: ), - - ., p(gx) canbe computedin a straightforvard way and
dependdnly ontheboolearfunctionimplementedy thegate.For example givenak-input AND-gate
g with inputssy, ..., s andgateoutputs,, anerroratthefirstinput s; of the gatecanbe propagated
to the gateoutputif andonly if the valuesof all the othergateinputsare“1”. The probabilitythat“1”
is assignedo theinputline s;,1 < 7 < k, is approximatedy p;(s;). Therefore,the approximated
probability thatan error at thefirst input s; is obsenable at the outputof the k-input AND-gate, is:
p(g1) = p1(s2) - ... - p1(sk). Theapproximategropagatiorprobabilitiesof a NAND-, OR- or NOR-
gatecananalogicallybe determined.

The new algorithm Si gnal Cbservabi | i ti es consistsof the approximationof the signal
probabilitiesandthe modifiedalgorithmderived from Cbser vabi | i t i es asdescribedabove. The
compl«ity of thealgorithmSi gnal Cbser vabi i ti es isequaltothecompleity of the basical-
gorithms,i. e.,it is linearwith respecto the productof the numberof gatesandthe numberof circuit
outputsof C.

Figures2.13and2.14 presentan examplefor the approximationf signalandobsenation prob-
abilities of the samecircuit obtainedby the algorithm Si gnal Cbser vabi | i ti es. The signal
probabilitieswhich areapproximatedn the first part of the algorithmareshavn in Figure2.13. The
3-tuples(p(s~ y1),p(s~ y2),p(s~ ys)) of all circuit lines s aregivenin Figure2.14. Theresults
canbe comparedo the approximatiorof the obsenration probabilitiesobtainedby the basicalgorithm
observabi | i ti es givenin Figure2.8. The 3-tuplesassignedilongthe pathmarked by the bold
line in Figure2.14differ from theresultscomputedoy thealgorithmGbservabi l i ti es.

Anotherexamplefor theresultscomputeddy thealgorithmSi gnal Cbser vabi | i ti esisgiven
in Figure2.12 (b). For this circuit the approximatedbsenration probabilitiesof the circuit inputsare
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Figure2.14:Examplecircuit with approximatedignalandobseration probabilities

equalto theexactvalues.

ThealgorithmSi gnal Qoser vabi | i ti es canbemodifiedsothatit includestheconcepbf in-
dependenpropagatiorprobabilitiesof recowvergentpathsasdescribedn the previous section.Again,
the sixth stepmustbe replacedby the correspondingtepsof the algorithml ndependent Pr oba-
bilities. Thenew stepsareshovnin Figure2.11.

Again, the final stepof the circuit analysisis the computationof the approximatedorobabilities
pi,j,» thatunderthe presencef a fault a randominput vectorproducegdwo simultaneouslyerroneous
outputsy; andy;. Thisis doneasdescribedn Section2.2.3. Thereforethecompleity of thecomplete
analysisconsistingof thealgorithmSi gnal Gbser vabi | i ti es andthecomputatiorof thevalues
p; ; is the sameas above, evenif in practicein mary casesthe runtime increasesomparedo the
runtime of the basicanalysis.Neverthelessthe compleity is linearin the productof the circuit size
andthe squareof thenumberof circuit outputsof thecircuit.

For example the computatiorof thevaluesp; ; of thecircuit of Figure2.14is asfollows:

1 ( ) -l ) 1 1 1 1

= —_— ~ - > = — - - = —

P12 12 P\r1~ Y1) - P17~ Y2 12 9~ oq’
1 ( ) -l ) 1 1 3 1

= —_— D - > = — s = = —

P23 12 P\T2~2Y2) - P2~ Y3 12 272 32

P13 =

Thevaluep, 3 differsfrom the value obtainedby the analysisof the samecircuit usingthe algorithm
Cbser vabi | i ti es (seeEquation2.3): It is pa 3 = 35 insteadof .

As mentionedabove, fault simulationsof the circuit given in Figure 2.14 shav that eight input
patternsresultin simultaneoushsensitizedpathsfrom z; to the circuit outputsy; andy,. Six input
patternssimultaneouslgnablefault propagatiorfrom x4 to thecircuit outputsys andys. Thus,for the
faultsimulationgheratio of theresultof the outputpair (y1, y2) to theresultof (2, ys3) is %. It isequal
to the correspondingatio of the resultscomputedby the analysisbasedon approximatedignaland
obsenration probabilities.Hencefor thecircuit givenin Figure2.14it is shavn, thattheanalysisbased
on approximatedsignaland obsenration probabilitiesis more accuratehanthe basicanalysiswhich
doesnottake into accountvaryingsignalprobabilities.

32



2.2 Analysisof the Circuit Structure
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Figure2.15: Examplecircuit for the estimationof the analysiserror

2.2.5 Estimation of the Error of the Analysis Results

Theanalysianethodsntroducedabore estimatehereductionof fault propagatiorif two outputsof the
givencircuit areassignedo the sameparity groupof the linear compactar Basedon comparison®f
theresultsfor differentpairsof circuit outputs the parity groupsof a linearcompactoaredetermined,
sothattheresultingcompactorcause®nly a small reductionof the fault coverage.Sincethesevalues
donotestimataheabsoluteaumberfor ary probabilityor theabsolutgpercentagef ary faultcoverage
reductionthe errorof the estimationsf the analysismethodds hardto determine.

Thereforenow thedifferencebetweerexactandestimatedraluesassignedo singlepairsof circuit
outputsis considered.Let C' be a circuit with circuit inputsz, ..., z,,, m > 2, andcircuit outputs
y1,---,Yn, 7 > 2, andwith the following characteristic:Thereis no input vector which causesa
simultaneougpropagatiorof ary singlestuck-atfault to the two outputsy; andy,. For sucha circuit
the reductionof fault propagatioris 0, if the two circuit outputsy; andy. areassignedo the same
parity group. The estimatedralueassignedo the outputpair (y1, y2) by arny analysisalgorithmshould
be aslow aspossible,so thatthe valueis considerablylower thanthe estimationsassignedo other
pairsof circuit outputs,whichin factcanbe simultaneouslyerroneous.

In contrastcircuits canbe designedn sucha way, thatthe estimatedvaluesof the analysisalgo-
rithmsintroducedn the previous sectionsarevery high while theexactvalueis 0. An examplecircuit
is shavn in Figure 2.15. It shawvs in detail only this part of the circuit, which is importantfor the
further considerationsThe remainingpartof the circuit is givenasC’. Obviously, no singlestuck-at
faultlocatedin C’ canbe simultaneouslyropagatedo y; andys: For z; = 0 the AND-gate A does
not propagateheerrorto y,; for z; = 1 the OR-gateB preventserror propagatiorto y». In asimilar
way it canbe shavn, thatno input vectorexists, sothata single stuck-atfault at z; is simultaneously
obsenrableatbothoutputsy; andys,.

If the methodbasedon the commongatesratio is usedto analyzethe structureof this circuit and
if |C'| is thenumberof gatesincludedin C’, thenthevaluer,; » assignedo the pair of circuit outputs

(y1,92) Is:
rig = |Enyyl n En:y2| — |Cl| — _ 2 .
’ |Enyyl UEn7y2| |CI| +2 |CI| +2

It follows, thatif the sizeof thecircuit partC’ is increasedthenr; o corvergesat the upperboundl,
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2 StructuralOutputSpaceCompactiorfor CombinationalCircuits

althoughthereexistsno inputvectorresultingin simultaneousherroneousutputsy; andys,.

The values,which are computedby the analysisbasedon propagationdistancescannot be de-
terminedif the circuit part C’ is not specifiedmore exactly. Therefore,now a single gateg’ of C’
is considered.g’ is obviously includedin the intersectionof the transitve faninsof y; andys. The
propagationdistancedrom gateg’ to the outputsy;, andy, ared,(g’,y1) anddy(g’,y2). Theterm
2~ (4 (9" y1)+d5(9":92)) is part of d; » which is the estimatedoss of fault propagatiorif y; andy, are
assignedo the samegroup,sinced; » is definedas

dio = Z 9~ (dp(9:y1)+dn(9:y2))
geFin,ylnFin,yz

Thisimpliesthatthe sumd, » canbeincreasedy addinggatesto thecircuit partC’. Furthermoreno
upperboundond; » canbedetermined.

For theanalysisalgorithmsbasedon approximatedbsenration probabilitiesit cananalogicallybe
shavn, thatthereis no upperboundon p; 2, which is the value assignedby thesealgorithmsto the
outputsy; andys.

In summary for eachanalysismethodthe circuit C shavn in Figure 2.15 canbe constructedn
suchaway, thatfor the assignmenbof y; andy. to the samegroupof the linear compactorary error
of the estimatedeductionof fault propagatiorcanbe produced Althoughary errorcanbe generated,
the analysisresultscanhelpto determinethe parity groupsin sucha way thatfor the resultinglinear
compactothe probability of fault maskingis reduced.This s true,becaus¢hetypeof errordescribed
above only preventstwo outputsfrom being assignedo the samegroup, althoughthis assignment
would causeno lossof fault propagation.

Errorsof the analysisalgorithms,which underestimat¢he lossof fault propagatiorif two circuit
outputsare assignedo the sameparity group are much more critical. The constructionof sample
circuitsfor sucherrorsis difficult andusuallythe errorsaresmallcomparedo the othertype of errors
givenin theexampleabore. For mary circuitsit is not clear whetherthe valuesof several outputpairs
areunderestimatedr whetherthe valuesof otheroutputpairsareoverestimated.

In conclusionthis sectionshaws, thatthe quality of the analysismethodscannot be judgedfrom
the error of the estimationsof the methods. Therefore,in the following sectionsseveral benchmark
circuitsareanalyzedby the proposedanalysismethodsandthe obtainedresultsarecompared.

2.2.6 Comparisons Between Exact Probabilities and Analysis Results

The analysisalgorithmsof circuit structuresntroducedabove were developedto estimatethe loss of
fault propagationwhich is causedby the assignmenbf two outputsof the processedtircuit to the
sameparity groupof the linear outputcompactar In the following, the resultsof thesealgorithmsare
comparedvith exactvaluesobtainedby fault simulation.

For agivencircuit the exactvaluesarecomputedn thefollowing way: A fault simulatorappliesto
theinputsof thecircuit all possibleinput vectors.Thereforejf the numberof circuit inputsis m, then
2™ differentvectorsareapplied.

For eachpair of circuit outputs(y;, y;) the numberof singlestuck-atfaults,which aresimultane-
ously propagatedo both outputs,is determined. During the simulationwith the 2™ differentinput
vectors,for eachoutputpair thesenumbersareaddedup, sothatat the endof the simulationthe sum
s;,; is obtained.
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2.2 Analysisof the Circuit Structure

The higherthe sums; ; is, the morelikely is it, thata singlestuck-atfault is simultaneouslyob-
senableat the correspondingpair of outputs(y;, y;). In particular s; ; dividedby 2™ - | F|, which s
the productof the numberof appliedinput vectorsandthe numberof possiblesinglestuck-atfaultsof
the circuit, yields the probability that afterapplyinga randominput vectorthe presencef arandom
singlestuck-atfault causesimultaneousherroneousutputsy; andy;. Thisis only true, if the setof
input vectorsandthe setof singlestuck-atfaultsareuniformly distributed.

In the following, s; ; denoteshe sum, which is obtainedfrom the fault simulationandwhich is
assignedo the pair (y;, y;) of circuit outputs.r; ;, d; ;, andp; ; denotethe valuesassignedo (y;, y;)
by the analysisalgorithmsbasedon the commongatesratio, propagatiordistancesandapproximated
obsenration probabilities respectiely.

In orderto compareheresultsof the differentalgorithmsthe valuesarenormalized.For example,
if thevaluess; ;,1 < i < j < n, areobtainedby the fault simulation,thenthe normalizedvalues

Z],1<z<]<n are

SI. — Si’j
ij — -
’ 21<i<j<n Si,j

Thisimplies:

Z 3;,]- =1.

1<i<j<n

In the sameway thenormalizedvaluesr; 4rj? d; T andp), j arecomputed.

The normalizedvaluess; ;,; obtainedby the simulationare comparedvith the valuesobtainedby
the differentanalysisalgorithmsof circuit structures The normalizedvaluesr; i of the analysisof the
commongatesratlo for example arecomparedasfollows: The standarddeviation D, of the values

r; ; from thevaluess; ; is

>

1<i<j<n

A; maz denotesthe maximaldifference|s;,j — r§,j| of all pairsof circuit outputs. Therefore,it is
Armaz = maz{|s; ; — i ;[;1 <4 <j <n}.

The standardjenatlonst of thevaluesd’ andD,, of thevaluesd’ areanaloglcallycomputed
basecbnthevalueSS - Admaz (Ap,maz) denoteshemaX|maId|fference| — d;’]| (|sw pw|) of
all pairsof circuit outputs respectiely.

Combinationabenchmarlkcircuits of the 1991 InternationalWorkshopon Logic Synthesisvere
simulatedo obtainthe standardieviations D,., Dy, D, andthe maximaldifferencesA; 4z, Admaz
A, mag for eachcircuit. Sinceseveral benchmarkeircuits containcomplex gates thesecircuits were
mappedisingthesoftwaretool SI S[72]. Theunderlyinglibrary containednly inverters AND-, OR-,
NAND-, NOR-, XOR-, and XNOR-gates. Table 2.3 lists the 22 combinationalbenchmarkcircuits,
which wereinvestigated. The columnsof the table shav the namesof the circuits andthe numbers
of gates,inputsandoutputsof eachcircuit. If the original circuit containedcomplex gates,thenthe
numberof gatesafterthe mappingof thecircuit is given.

The next sectiongivesthe resultsof the differentanalysisalgorithmsbasedon the commongates
ratio, propagatiordistancesandapproximateabsenation probabilities. Thena sectionfollows which
presents comparisorof theresultsof thedifferentanalysisalgorithms which useapproximategbrob-
abilities.
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Combinational Numberof
Circuit gates inputs outputs
alu2 334 10 6
alu4 686 14 8
bl 11 3 11
cc 51 21 20
cm138 19 6 8
cml62 39 14 5
cml163 41 16 5
cm42 24 4 10
cm82 22 5 3
cm85 31 11 3
cmb 41 16 4
cu 48 14 11
decod 22 5 16
f51m 127 8 8
i1 36 25 16
pcle 64 19 9
pml 39 16 13
sct 93 19 15
tcon 49 17 16
vda 584 17 39
X2 42 10 7
z4ml 59 7 4
average 1119 126 10.8

Table2.3: Investigateccombinationabenchmarlcircuits

2.2.6.1 Comparison of The Basic Analysis Algorithms

Eachcircuit listedin Table2.3 wasinvestigatedisingan exhaustve fault simulationin orderto obtain
thestandardleviationsD,, Dy, D,, andthemaximaldifferences); a2, Admaz: Dp,maz With respect
to theexactvalues.Theresultsareshavn in Table2.4. For eachcircuit the minimal standardieviation
obtainedfor the threeanalysisalgorithmsandthe smallestdifferenceof A, oz, Admaz, ANAA, maz
aremarkedbold.

For mostcircuits,thatmeandor 13 out of 22 circuits, the standarddeviation of the analysisbased
onapproximateabseration probabilitiesis lowerthanthe standardieviation of thetwo otheranalysis
algorithms.However, for mostcircuitstheworsterrorof the valuesassignedo pairsof circuit outputs
is minimal, if theanalysisof commongatesratio is used.Thelowestaveragestandardieviation of all
circuitsis alsoobtainedfor this analysismethod.

In summarytheresultsindicatethatfor mostcircuitstheanalysisbasedn approximateabsenra-
tion probabilitiescomputegshe mostaccuratevaluescomparedo thevaluescomputedoy the analysis
of commongatesratio andthe analysisbasedon propagatiordistances However, for a considerable
numberof circuitsthe latteralgorithmsmay achiese betterresults.
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Combinational| Standarddeviations max. differences
Circuit Dr Dd Dp Ar,mam Ad,ma.:c Ap,mam
alu2 0.155 0.377 0.371| 0.102 0.199 0.195
alu4 0.112 0.185 0.325| 0.047 0.111 0.207
bl 0.226 0.209 0.194| 0.189 0.152 0.133
cc 0.090 0.094 0.088| 0.057 0.059 0.066

cm138 0.214 0.214 0.210| 0.051 0.059 0.058
cml62 0.116 0.097 0.092| 0.048 0.044 0.039
cml163 0.064 0.036 0.027| 0.042 0.025 0.020
cm42 0.286 0.286 0.287| 0.130 0.133 0.135
cm82 0.081 0.012 0.060| 0.058 0.098 0.049
cm85 0.127 0.168 0.308| 0.104 0.137 0.251

cmb 0.599 0.692 0.381| 0.545 0.625 0.332
cu 0.376 0.402 0.276| 0.313 0.338 0.253
decod 0.140 0.143 0.140| 0.024 0.025 0.026
f51m 0.110 0.312 0.249| 0.048 0.155 0.128
il 0.204 0.170 0.141| 0.096 0.102 0.072
pcle 0.107 0.131 0.062| 0.044 0.057 0.026
pml 0.138 0.137 0.197| 0.070 0.064 0.088
sct 0.063 0.048 0.108| 0.026 0.028 0.045
tcon 0.014 0.057 0.008| 0.005 0.018 0.003
vda 0.027 0.042 0.071| 0.004 0.006 0.020
X2 0.167 0.140 0.204| 0.078 0.060 0.100
z4ml 0.128 0.253 0.115| 0.074 0.202 0.096

average 0.161 0.191 0.178| 0.098 0.123 0.106

Table2.4: Comparisorof theresultsof differentanalysisnethods

2.2.6.2 Comparison of Analysis Algorithms Based on Probabilities

The comparisorof the previous sectionincludedthe basicanalysisalgorithmbasedon approximated
obsenration probabilities. This algorithmusessimplifications which arebasedon reasonablassump-
tions. Above two madificationsof this algorithmare proposedwhich might resultin more accurate
results: An analysis,which is basedon the assumptiorof independenpropagatiornprobabilitiesof
recorvergent paths,and a modification,which includesapproximatedsignal probabilitiesto analyze
the circuit structure.The resultsof thesetwo methodsandof the basicalgorithmarecomparedn the
following.

The standarddeviations of the values,which estimatethe lossof fault propagatiorcausedy the
assignmenbf two outputsto the sameparity group of the linear outputcompactarare computedas
describedcabore andthencompared.To distinguishthesevalues, Dy,gic, Dindep, @Nd Dy;gnqr denote
the standarddeviations of the resultsof the basicalgorithm, of the algorithm assumingndependent
propagatiorprobabilitiesof recomwvergent paths,and of the algorithmincluding approximatedsignal
probabilities,respectrely. The correspondingnaximaldifferencedor all pairsof circuit outputsbe-
tweentheexactvaluesobtainedrom thesimulationandtheresultscomputedy theanalysisalgorithms
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Combinational Standardleviations max. differences
Circuit Dbasz'c Dz’ndep Dsignal AI)asz'c,ma.cc Aindep,ma:c Asignal,ma:ﬂ
alu2 0.371 0.385 0.191 0.195 0.200 0.103
alu4 0.326 0.337 0.092 0.207 0.216 0.059
bl 0.194 0.203 0.082 0.133 0.150 0.065
cc 0.088 0.088 0.029 0.067 0.067 0.024
cm138 0.210 0.210 0.214 0.058 0.058 0.63
cml162 0.092 0.092 0.014 0.039 0.039 0.008
cml163 0.027 0.027 0.027 0.020 0.020 0.022
cm42 0.287 0.287 0.290 0.135 0.135 0.133
cm82 0.060 0.070 0.052 0.049 0.057 0.042
cm85 0.308 0.309 0.006 0.251 0.252 0.005
cmb 0.381 0.380 0.025 0.332 0.331 0.018
cu 0.276 0.276 0.200 0.253 0.252 0.161
decod 0.140 0.140 0.139 0.026 0.026 0.027
f51m 0.249 0.258 0.081 0.128 0.136 0.035
i1 0.141 0.143 0.069 0.072 0.072 0.046
pcle 0.062 0.064 0.035 0.026 0.027 0.012
pml 0.197 0.198 0.150 0.088 0.089 0.094
sct 0.108 0.108 0.057 0.045 0.045 0.027
tcon 0.008 0.002 0.024 0.002 0.001 0.008
vda 0.071 0.071 0.009 0.020 0.020 0.002
X2 0.204 0.206 0.121 0.100 0.100 0.056
z4ml 0.115 0.114 0.067 0.096 0.095 0.059
average 0.178 0.180 0.090 0.106 0.109 0.049

Table2.5: Comparisorof theresultsof differentanalysismethods

areAbasic,mamy Aindep,maacy andAsignal,mam’ respecuely-

Table2.5 lists the resultsobtainedfrom 22 combinationabenchmarlcircuits of the 1991 Interna-
tional Workshopon Logic SynthesisFor eachcircuit the minimal standardieviation andthe smallest
valueof the maximaldifferencef thethreeanalysisalgorithmsaremarkedbold.

For almostall circuits, which meansfor 19 out of 22 circuits, the standarddeviation of the anal-
ysis including approximatedsignal probabilitiesis the lowestof the standarddeviations of the three
investigatedanalysisalgorithms. And even for two of the remainingthreecircuits, i. e. cm138and
CcM42, D;gnq is closeto the minimal standarddeviation. Furthermorethe averagevalueof Dy;gpq
is nearlyhalf of the averagestandardieviationsobtainedfor the othertwo analysismethods.And for
mostcircuits, which meandor 17 out of 22 circuits, theworsterrorof thevaluesassignedo a pair of
circuit outputsis minimal, if thevaluesarecomputedoy theanalysisbasedn approximatedignaland
obsenration probabilities.

The resultsof the basicanalysisandthe analysisassumingndependenpropagatiorprobabilities
of recowvergentpathsdiffer only slightly. If theresultingstandardieviationsaredifferent,thenin most
caseshestandardlerivationsof thebasicalgorithmbasedn approximateabsenationprobabilitiesis
smaller Thereforethe analysisassumingndependenpropagatiorprobabilitiesof recowvemgentpaths
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2.2 Analysisof the Circuit Structure

is notconsideredn thefollowing sections.

A comparisorbetweenTable 2.4 and Table 2.5 shavs that for 16 out of 22 circuits the standard
deviation of theanalysisbasedn approximateaignalandobseration probabilitiesis the lowestof all
results which wereobtainedby thefive investigatedanalysisalgorithms.

2.2.7 Comparison with Testability Measurements

Theanalysisalgorithms which areintroducedabove for theapproximatiorof obserationprobabilities
are basedon conceptswhich are similar to theseknown from testability measurementsTestability
measurementareusedto estimatewhetherfaultsof a givencircuit caneasilybetestedor not. Thisis
donewithout generatingatestsetor runningafault simulatorwith randominput patterns.

If atestsetfor a given circuit shouldbe generatedhen there are testability measureghat can
give a relative comparisonof the costsfor patterngenerationbasedon fault simulationand of the
costsrequiredfor deterministictest generation. For both, deterministicand randompatterntesting,
suchmeasure<an help to identify circuit areaswheredesignfor testability is requiredto improve
the testability Testabilitymeasurementare only usefulif the requiredeffort is lessthanactualtest
setgeneratioror fault simulation. This impliesthatin generalsuchmeasurementsanonly produce
approximateesults.

Marny testability measurementare basedon the determinationof the controllability, which is a
measurehow difficult it is to seta value of a circuit line to a certainvalue, and the obsenrability,
which describeghe probability thata fault canbe propagatedrom the faulty line to a circuit output
[14, 35, 45,60, 63, 74, 82, 84].

Themaindifferencebetweerary testabilitymeasuremerdandthe analysisbasedon approximated
obserationprobabilitiess, thattheformerestimatesiow difficult afault canbeexcitedandpropagated
to at leastonecircuit output, but the latter approximateshe probability thatan alreadyexcited fault
canbe propagatedo separatelyconsiderectircuit outputs. Therefore the analysisintroducedabove
usestuplesinsteadof a singlevalueto describethe approximatedbsenration probabilitiesfor each
circuitline. Eachcomponentf thetuplesis relatedto onecertaincircuit output.

Theapproximatedbseration probabilitiescaneasilybe usedto derive atestabilitymeasurement.
A simpleway to obtaina measurementf the obserability is to addup the component®f thetuple.
Othermore complex methodswhich may resultin moreaccurateestimationscanbe developed. But
sofarthe capabilityof theapproximateabseration probabilitiesto be usefulasa baseof a testability
measuremertasnot beeninvestigated.

Sincethereis alarge numberof testabilitymeasurementgroposingdifferentmethodso produce
an accurateapproximationof the fault obserabilities, suchmethodscan be adaptedo the analysis
describedabove in orderto improve theresults.In thenext sectionthreesimpleconceptsarediscussed,
whichrequireno adaptionpecauseheanalysisis extendedn a straightforvard way.

2.2.8 Extensions for the Analysis Based on Approximated Probabilities

This sectionpresentghreeextensionsof the approximatedrobabilitiesanalysis.The goal of the first
extensionis to improve the accurag of the approximatedbseration probabilities the secondexten-
sionintroducesamorecomple algorithmto approximatesignalprobabilities andthethird oneshaws,
thata few modificationsof the analysisalgorithmaresuficientto obtainapproximategrobabilitiesof
fault propagationthattake into accounthedirectionof theresultingerrorat the circuit outputs.
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Figure2.16: Approximatedobsenration probabilitiesof the XOR-function

2.2.8.1 Comple x Gates Replacing Small Circuit Parts Containing Reconvergent Paths

In mostcasestecorvergentpathsareoneof thereasonsvhy theobserationprobabilitiesapproximated
by the analysigdiffer from the exactvalues.As describedn the sectionwhich introduceghe analysis
algorithmsbasedon approximatedrobabilities,the differencescanoccurif the propagatiorof erro-
neousvaluesis preventedat the point of recomwvergence.Or theapproximationis not accuratepecause
oftenonly asinglepathis sensitizedsothatthe obseration probabilityis largerthanthe approximated
value.

For example,if a circuit consistsof a single two-input XOR-gateg, thenthe analysisbasedon
approximatedbsenation probabilitiesassignghe value 1 to both circuit inputssincethe propagation
probability througha XOR-gateis p(g) = 1. This valueis exact,becausery erroneousalueatone
of theinputsis propagatedo the outputof the gate.

In Figure 2.16the XOR-gateis replacedoy a smallcircuit consistingof two inverters,two AND-
gatesandone OR-gate.Part (a) of Figure2.16shavs the valueswhich are obtainedby the algorithm
Cbservabi i ti es. Thevaluesassignedo theinputlinesarenot equalto the exact probability 1
in spiteof thefact, thatthefunctionimplementedy thecircuit is logically the sameasthefunction of
the XOR-gate.

Thevaluesobtainedby the algorithmSi gnal Cbser vabi | i ti es aregivenin Figure2.16(b).
Again, thevaluesassignedo the input lines differ from the exactvalues. Thereasoris, thatfor both
inputsrecoiverging pathsexist from theinputsto the outputy; .

Thefollowing procedureeduceghe effect of recowvergentpaths:Beforestartingtheanalysisdis-
joint partsof the circuits containingrecomwergent pathsareidentifiedin sucha way, thatthe size of
eachcircuit partis below a certainupperbound.Thesepartsarereplacedy complex gatesmplement-
ing the correspondindogical function. For eachcomplex gateg andfor eachinput line s; the exact
probability p(g;) of propagatiorfrom the input line s; to the outputof the gateg is computed. This
canbedone,for example,usingfault simulationor Binary DecisionDiagrams(BDD) [15]. Thenfor
the modifiedcircuit the approximationof the obsenration probabilitiesfollows utilizing the computed
propagatiorprobabilitiesof the complex gates.

In the next stepthe complex gatesarereplacedby the correspondingpriginal partsof the circuit.
So far thereare no approximatedorobabilitiesassignedo the internallines of the replacedcircuit
parts. In a secondrun of the analysisalgorithm only the missingvaluesare computedbasedon the
alreadyassignedapproximatedbsenration probabilities. The missingvaluesare determinedwithout
modifying ary alreadyexisting approximatiorof probabilities.
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Thecompleity of the procedurancreasesvith the upperboundon the sizeof thereplacedcircuit
parts.If theupperboundis raisedthenit canbeexpectedhatthe approximategrobabilitiesaremore
accuratebut that at the sametime the runtimeincreases.The measurementf the size of the circuit
partscanbe definedin seseral ways;for example,it canbe relatedto the numberof inputs, gatesor
linesincludedin the partof thecircuit.

If anupperboundonthesizeof replacectircuit partsis given,thenthedeterminatiorof thedisjoint
circuit parts,which arereplacedy comple gatess ambiguousn mary casesThereforeacorvenient
choiceof replacectircuit partsmayresultin amoreaccuratepproximatiorof obsenationprobabilities
orin adecreaseduntimeof the procedure.

Theapproximategrobabilities thatin the presencef afaultarandominput vectorproducegwo
simultaneouslherroneousoutputs,are computedas describedfor the basicalgorithmin the section
above.

2.2.8.2 Improved Approximation of Signal Probabilities

KrishnamurthyandTollis introducein [52] animproved algorithmfor approximatinghe signalprob-
abilities of a circuit. It takesinto accountfirst-ordereffects of recovergent pathsdependingon the
differentcircuit inputs. The compleity of the algorithmis linearin the productof the numberof lines
andthe numberof inputsof thecircuit.

The basicideaof this methodis, thatfor eachcircuit line in thefirst stepm approximatedsignal
probabilitiesarecomputedcorrespondingo the circuit inputsz, . . . , z,, of thecircuit. An algorithm
with polynomialruntimeis usedto determinein parallelfor eachcircuit input z; the approximated
signalprobability sothatno errorarisesrom multiple dependenciesnthecorrespondingnput. How-
ever, a signal probability determinedfor a certaininput canstill be erroneoushecauseof multiple
dependenciesn the othercircuit inputs. Finally, for eachline a weightedaveragingalgorithmis used
to derive from m valuesonesingle approximatedsignal probability which is assignedo the line. In
[52] thealgorithmis describednorein detailandexperimentakesultsaregiven.

Experimentakesultsshav thatthis algorithmachieres betterapproximationf the signalproba-
bilities comparedo the resultsobtainedfrom the straightforvard algorithm, which is part of the al-
gorithmSi gnal Cbser vabi | i ti es describedabore andwhich wasproposedy Brglez,Pavnall,
andHum [14]. In Figure2.16,for example,a circuit is given, which implementsthe XOR-function:
Thealgorithmof Si gnal Gbser vabi | i ti es assigndo the outputof the circuit the approximated
signalprobabilityf—(;, but the algorithmconsiderindfirst-ordereffectsof recowvemgentpathscomputes
the exactsignalprobability .

In generaljf themorecomplex algorithmproposedn [52] is usedfor the approximatiorof signal
probabilitiesof Si gnal Cbser vabi | iti es, thenalsothe approximatedbsenation probabilities
maybemoreaccurate.

2.2.8.3 Direction-Dependent Fault Propagation

Thealgorithmsintroducedabore, Cbser vabi | i t i es andSi gnal Cbservabi | i ti es,werede-
velopedfor analyzingthe structureof a circuit in orderto derive a linear spacecompactomvith mini-
mizedfault masking. But the analysisresultsmight not be usefulfor otherdesignapproachesyhich
arebasedon a differentconcept.
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For example severalapproachefor concurrenthecking8, 27, 46, 56, 68, 69] arebasednBermer
codes[4]. Bermer codesdetectall unidirectionalerrors,but not all non-unidirectionaerrors. If the
numberof non-unidirectionakrrorsis even,thentheseerrorsaremasled. Errorsareunidirectional,if
all errorschangethe goodvaluesin the sameway, thatmeansall erroneoudines have the samevalue.
Therefore for the encodingof the circuit outputbasedon Berger codeit mustbetakeninto account,
whetherone or more bits can be erroneousas well as which valuesare assignedo the erroneous
circuit outputs. To handlethis issue,a few modificationsof the analysisalgorithm are sufficient to
obtainapproximatedbseration probabilitiesdistinguishingbetweemon-irvertedandinvertedfault
propagatiorto the circuit outputs.In the following, this new algorithmis calledanalysisof direction-
dependentault propagation.

Das,Touba,SeuringandGossehave alreadyusedthe analysisof direction-dependérault propa-
gationfor concurrentheckingbasednweight-based¢odeq24]. Weight-based¢odeswvereintroduced
by DasandToubain [23].

For the descriptionof the requiredmodificationsa circuit C with n circuit outputsys, ..., y, is
consideredTo distinguishbetweemon-invertedandinvertedfault propagatiorthe modifiedalgorithm
assigngo eachline a matrix of approximatedbsenation probabilities. The matrix consistsof two
rows andn columns.Thefirst row is relatedto non-invertedpropagationthe secondrow is relatedto
invertedpropagation Eachcolumnof the matrix correspondso the approximategrobabilities thata
faultatthe correspondingine is non-invertedor invertedobsenableat onecertaincircuit output.

Themodifiedalgorithmis similarto Cbser vabi | i ti es. Inaninitial stepthefollowing matrices
areassignedo thecircuit outputsy, ¥2, - - - , Yn:

100...00 010...00 000...01
000...00 000...00 /7""\ 000...00 )
Thealgorithmcomputedor eacHine s; thecorrespondin@xn matrix of probabilitiesproceedindgn

areversetopologicalorderfrom thecircuit outputsto thecircuitinputs. Thisis donealmostanalogically
to thealgorithmQbser vabi | i t i es includingthefollowing threedifferences:

1. A matrix of two rows andn columnsinsteadof onesinglen-tupleis assignedo a singleline.
Thetwo rows of amatrix, which areassignedo aline areseparatelfyomputedn the sameway
asthesinglen-tupleassignedo aline by thealgorithmQbser vabi l i ti es.

2. If the currentgateis an XOR-gateor XNOR-gateand the matrix assignedo the gateoutput
consistof thetwo rows r; andry, thenthe following matrix is assignedo eachinputline:

( (r1+12) )

. (7“1 + ’1“2)
3. If thecurrentgateis aninverter aNAND-gate,or aNOR-gatethenbeforeassigninghe matrices
computedor theinputlines,the rows of eachinput matrix areexchanged.

M= N

Becausef thesimilarities,theruntimeof the modifiedalgorithmcanbe estimatedstwo timesthe
runtimeof thebasicalgorithmQObser vabi | i ti es. Furthermorethecompleity of thealgorithmis
equalto the compleity of the basicalgorithm.Henceit is linearin the productof the numberof lines
of C andn, whichis thenumberof circuit outputsof C.
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Figure2.17:Examplecircuit with approximatedbbsenration probabilitiesincluding the direction of
fault propagation

Figure 2.17 shaws the resultsafter using the proposedalgorithmto analyzethe structureof the
examplecircuit whichwasalreadyusedin the previous sectionsFor example thebold pathstartingat
thecircuit outputy, is consideredFirstthe matrix

100
000

is assignedo the circuit outputy; sinceary erroratline y; is certainlydetectedwvithout inversionat
y1, butis neithernon-irvertednorinvertedobserableat ary othercircuit output.

Thenext gatealongthebold pathis aninverter The matrixassignedo theinputline of theinverter
is derived from the matrix assignedo the outputof theinverterby exchangingtherows. Theresulting
matrix canbe explainedasfollows: Any fault at theinput line of the inverteris not detectableat ary
circuit outputexceptoutputy;. Sinceafault attheline is only obserable at the outputy;, whenthe
faulty valueis inverted,the“1” is now in the secondow. The matrix assignedo z; is the sumof the
matricesof thebranche®f theline.

SinceBemyer codesdetectall unidirectionalerrors,it is not convenientto groupoutputshasedon
the approximatedorobabilities, that the valuesof two circuit outputsare simultaneouslyerroneous.
Only non-unidirectionkerrorsareinteresting becauseinidirectionalerrorsarealwaysdetectedf the
encodingis basedon Bermer codes. Now the descriptionof the computationof p;,j follows, which
approximateshe probability thatthe valuesof two givencircuit outputsy; andy; aresimultaneously
erroneousndthesevaluesarenot equal.

For simplificationit is assumedthatfor all s € S theprobabilitiesthatanerrore(s) is propagated
non-irvertedor invertedto thefunctionaloutputsy; andy;, areindependentTheapproximategroba-
bilities aregiven by the matrix m, assignedo theline s. Letthecomponent®f m, begivenby m
with 1< k< 2 andl1 < [ < n. Thentheproductof thetwo valuesm 1 ; andm o ; is theapproximated
probability thatanerrore(s) is obserableasanon-invertedoneat the outputy; andis simultaneously
obsenableasaninvertedoneattheoutputy;. Analogically m o ;-ms 1 ; approximatesheprobability
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thatanerrore(s) is obserableasaninvertedoneat the outputy; andis simultaneouslybserableas
anon-irvertedoneat the outputy;. Thus,the sumof thesetwo productsis the approximategroba-
bility, thatin the presencef afaultthecircuit outputsy; andy; aresimultaneousiynon-unidirectional
erroneous.

ThereforeihevalueSp;-,j caneasilybe computedusing:

Pij = ﬁ D (mgi - Mo+ M- M)

seES

For example,thevalueSp;,j of the circuit shawvn in Figure 2.17 are computedasfollows: There
is only one matrix with both rows unequal0. This matrix is assignedo the circuit input z;. This
correspondso the fact, thatz; is the only line, which is connectedo morethanoneoutputandthe
numbersof inverting gates(like inverters,NAND-, NOR-, XOR-, or XNOR-gates)includedin the
pathsto thecircuit outputsaredifferentmodulo2. For all otherlinesandfor ary pair (y;, y;) of circuit
outputsthesum(my 1 ; - ms 2, + My 1,5 - Ms2,) IS Z€r0. 21 is connectedo thecircuit outputsy; and
12 Sothatthefollowing resultsareobtained:

1 1 1 1
p,152 - E ' (mwl’l’l : mw1’272 + mwlalyz ' m$1’2’1) = E ) (0 + 5 . 1) - 2_4;
phy = 0
Pz = 0.

For ary circuit with n circuit outputsO(n?) differentpairsof outputsexist. In the worstcase for
eachpair (y;,y;) andfor eachline s thesum (mg, 1, - my 2 + M1, - Mg 2,;) Mustbe computedo
obtainp;’j. It follows, thatthe complity of theanalysisis linearin the productof the circuit sizeand
the squareof the numberof outputs.

2.3 Generation of Groups of Outputs

The previous sectiongdescribedechniquegor analyzingthe structureof a givencircuit C. In particu-
lar, the analysisalgorithmsestimatethe reductionof fault propagatiorfor eachpair of circuit outputs
of C, if the outputpair is includedin the samegroup of the linear spacecompactar In this section,
methodsaredescribedwhich usetheresultsof the analysisto form disjoint groupsof circuit outputs.
Theseparity groupsdeterminethe function of the linear spacecompactorsinceeachparity of agroup
egualsa compactedautput.

2.3.1 Basic Algorithm Determining a Fixed Number of Output Groups

Below an algorithmis describedwhich determineghe parity groupsof the linear spacecompactar
Theinput parametersf the algorithmaretheresultsof the circuit analysisandthe numberof groups,
which shouldbe generatedIn orderto obtainan algorithmwith polynomially boundedruntime,the
setof circuit outputsis heuristicallygroupednto disjoint groups.

In thefollowing, theinputparameterarek, whichis thenumberof groupsandv; ;,1 <i < j < n.
v; ; denotesheresultof theanalysisalgorithmassignedo the pair (y;, y;) of thesetof circuit outputs
Y = {y1,...,yn}. vi; istheestimatedeductionof fault propagatiorcausedy theassignmenof two
outputsy; andy; to the sameparity groupof thelinearspacecompactarBasedon the approximations
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v;j, 1 <4 < j < n, the heuristicalgorithm determinesa partition G, of the setY into £ disjoint
groups.ThegroupsareGh, ..., Gy WithG1 U ... UG, =Y andG; N G, = () for i # j.

If only two circuit outputsy; andy; aresimultaneouslerroneousndthevaluesof all othercircuit
outputsarefault-free thentheseerrorscanonly be detectedat the compactedutputs,if theerroneous
outputsarein differentgroups. Therefore jf the approximatedraluew; ; is high, thenalsothe proba-
bility is high thatthetwo outputsy; andy; aresimultaneouslygrroneousn thepresencef afault. For
this reasortheseoutputsshouldbe assignedo differentparity groups.

Thus,thebasicideaof thegroupingalgorithmis, thatfor the giveninput parametek the partition
Gy, is determinedn suchaway thatthe sum

P(Gr)= > ( > Uz’,j) (2.4)

Gi€Gr \¥i,Wi€G) Ni<j

is minimized. If the probability v; ; is smallfor eachpair of circuit outputsy; andy; includedin the
sameparity groupG, thenthevalue P(Gy,) of the partitionGy, is alsosmall.

The heuristicalgorithm, which groupsthe circuit outputsworks asfollows: To minimize P(Gy,),
first the circuit outputsare arrangedaccordingto a connectionweight determinedfor eachcircuit
output. Theweightestimatesiow difficult it is to assignthe correspondingutputto a groupwithout
imposinga considerablencreaseof P(Gy). Thenthe outputsareassignedo the groupsstartingwith
the outputswhoseconnectiorweightsarethe highest.

TheconnectiorweightWW (y;) assignedo eachoutputy; € Y is:

W)= Y vij
yi€Y\{vi}
As describedabove, the functionaloutputsareorderedwith respecto their connectionwveightssothat
the first outputy;, hasthe maximumweight. The first & outputsy;,, ..., y; areassignedo the k

differentgroupsGy, . .., G resultingin G; = {y;;},1 < j < k.

Theremainingn — k outputsareassignedo the differentgroupsin suchaway, thattheincreaseof
the sum P(Gy) is minimized. This is doneaccordingto thefollowing rule: Let [, ¥ < [ < n, outputs
bealreadyassignedo thegroupsGy, ..., Gk. ThenthegroupG € {G1,..., Gy} of thenext output
y; IS chosersothatthesumwg ;

Wai = Y Vi

y; €G

is minimal. If wg; is minimal for more than one group, theny; is assignedo the group with the
smallestindex. After eachcircuit outputis assignedo one of the & disjoint groups, the heuristic
algorithmstops.

The compleity of the heuristicalgorithmcanbe computedasfollows: The compleity of deter
mining the connectionweightsof eachcircuit outputis O(n?) sincefor eachoutputy; € {y1,...,yn}
n — 1 valuesy; ; areaddedup. Theruntimeof sortingthe circuit outputsis O(n - log n). Finally, the
laststepof the heuristicalgorithmdetermineghe groupsof the circuit outputsy; out of theremaining
n — k outputs.Eachvaluev; ;, j # + and1l < j < n, is atmostonceaddecdto oneof the sumswg,;,
G € {G4,...,Gg}, whicharecomputedaccordingto the procedure Thus,the runtimeof thelastpart
of the heuristicalgorithmis boundedoy O(n?). In summary the compleity of the heuristicwhich
partitionsthe setof circuit outputsis quadratidn the numberof circuit outputsof C.
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2.3.2 Modifications

In the following, two modificationsof the heuristicalgorithmintroducedin the previous sectionare
described.The first modificationmay producegroupsof circuit outputswhosesizesaremoreequally
distributed. After thefirst k arrangedbutputsform G; = {y;,}, 1 < j < k, themodificationchanges
thewayhow theremainingn—k arrangeautputsareassignedo thedifferentgroups:Leti, k <[ < n,

outputsbealreadyassignedo thegroupsGi, . . . , Gi. Again,thegroupG € {G4,..., G} of thenext

outputy; is chosenin sucha way, thatthe sumwg ; is minimal. If wg; is minimal for more than
onegroupthena modifiedprocedurds used:y; is assignedo the groupwith the smallesnumberof

outputs. If this groupis not unigquelydeterminedthenout of thesegroupsthe onewith the smallest
index is chosen.

It may happenfor example,thatthe two outputsof ary pair, which consistsof anoutputalready
assignedo a groupandy;, which is next assignedo a group,areindependent.Thenit is wg; = 0
forall G € {G1,...,Gy}. In this casethe outputy; is assignedo the groupcontainingthe smallest
numberof outputs.

If the sizesof the groupsarenearlyequal,thenthe depthsof the XOR-trees which implementthe
linearcompactomrealsonearlyequal.Sincethe delaycausedy thelinearcompactodependonthe
depthof thelargesttreeof XOR gatesthemodifiedheuristicmayreducehedelaycausedy thelinear
compactar Furthermorejn mostcaseghe slackof pathsthroughcircuit andspacecompactoiis only
slightly changed.

The secondmodificationis basedon an algorithm for the refinementof the assignments.The
algorithmis anadditionalstepafterthe groupsarealreadydeterminedlIt works straightforvardly and
triesto improve theresultsof the heuristicalgorithm,sothatthevalueof P(Gy) is furtherminimized.

For eachcircuit outputy; the algorithmcomputesP(Gy,) for the casethatthis outputis reassigned
to anothergroup. If thereis agroup,sothatthenen P(Gy) is smallercomparedo the partitiongiven
atthestartof thealgorithm,thenthe outputy;, thecorrespondingyroup,andthe achieved reductionof
P(Gy,) arestored.

If all circuit outputshave beenprocessedynly thatcircuit outputis removedfrom thecurrentgroup
andincludedin the correspondingnew group,whosereassignmentesultsin the maximaldecreas®f
P(Gx). Thenthe algorithm goesback to its starting point and runs throughthe next loop. If no
reassignmenof a circuit outputthatresultsin a decreasef P(G;) canbe found, thenthe algorithm
ends.

An upperboundon the runtime of this additionalalgorithm cannot be easily derived sinceit is
difficult to estimate how oftenthealgorithmwill runthroughtheloop. However, experimentakesults
shaw, thatthe resultsof the heuristicalgorithm,which partitionsthe setof circuit outputsasdescribed
in the previous sectionaresogood,thatreassignmentsf outputs,which decreasd’(Gy), canseldom
be found. The maximalnumberof executedloopswassix for all experiments. Therefore,underthe
assumptionthat the maximalnumberof requiredloopsis constantthe compleity of the additional
algorithmis boundedby O(n?).

Below the madification,which forms groupswhosesizesare almostequal,andthe additionalal-
gorithm, which minimizesthe value of P(Gy), arealwaysincluded. Henceall experimentalresults
presenteelov have beenobtainedby the heuristicalgorithmincluding the two modificationsde-
scribedin this section.
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Runtimeof analysisalgorithmsbasedn
Combinational| commongates| propagation| approx.observ | approx.signal&
Circuit ratio distances | probabilities | observ probabilities
(s) (s) (s) (s)
c432 <0.01 <0.01 <0.01 <0.01
c499 <0.01 0.01 0.01 0.01
c880 <0.01 <0.01 <0.01 <0.01
c1355 0.02 0.04 0.02 0.03
c1908 0.01 0.03 0.01 0.02
c2670 0.04 0.03 0.02 0.02
c3540 0.01 0.03 0.01 0.01
c5315 0.07 0.10 0.05 0.06
c6288 0.04 0.12 0.03 0.06
c7552 0.09 0.12 0.06 0.08

Table2.6: Runtimesrequiredfor structureanalysisusingdifferentalgorithms

2.4 Experimental Results

The experimentalresultsare derived for the ten combinationakircuits of the ISCAS'85 benchmarks
suite[13]. Table2.10n pagel5liststhecircuitsconsistingof 36 to 233inputsand? to 140outputs.

Thestructureof thebenchmarlcircuitswasanalyzedusingthe algorithmsbasedn commongates
ratio, propagatiordistancesapproximatedbseration probabilities,andapproximatedignalandob-
senation probabilities. The analysisalgorithmswereimplementedn C++. For analyzingthe circuit
structureghe CPU-timesof a computerwith an AMD Athlon processorunningat 700 MHz under
Linux arelistedin Table2.6. Eachruntime was measuredvithout the time requiredfor readingthe
netlistof thecircuit whosestructureis analyzed.The algorithmsrequirelessthan0.2 secondgor each
circuit.

Furtherexperimentsinvestigatedthe runtime requiredfor groupingthe outputsaccordingto the
resultsof the structureanalysis. The algorithm, which wasintroducedabove for generatingdisjoint
groupwasimplementedn C++. The programwasusedto determine2, 3, . .. , 10 parity groups.The
groupswerederived from the resultsof the analysisbasedon approximatedbsenation probabilities.
The CPU-timesof the Athlon computemwereatmost0.01 seconddor eachcircuit outof thetenISCAS
'85 benchmarksircuitslistedin Table2.1.

The heuristicalgorithm introducedabore determinesgroupsof circuit outputsso that the sum
P(Gy) of theresultingpartition G, is minimized. Table2.7 lists thesesumsP(Gy) for k = 1,...,8
parity groups. The resultsshaws for eachof the ten combinationakircuits of the ISCAS '85 bench-
markssuitethefollowing: If theinput parametek which determineshe numberof compacteautputs
isincreasedthentheheuristicalgorithmefficiently utilizesthefact,thatthesetof outputscanbespread
over a larger numberof groups. Thus,the computedpartitionsgy, leadto a smallersumP(Gy) if k is
increased.

This canbeenseenmoreclearlyin Figure2.18,which shavs graphicallytheresultsin a different
way: For thecircuitsc432,c499,c2670,andc7552thesum P(G;) of theparity of all circuit outputsis
setto 100% andfor k = 2,. .., 8 thecorrespondingercentagesf P(Gy) areshavn by thegraph.The
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P(Gy) for partitionsGy,
Combinational consistingof k& groupscomputedby the heuristicalgorithm

Circuit k=1 |k=2|k=3|k=4|k=5k=6|k=T7T|k=28
c432 0.65 | 023 | 0.11 | 0.05 | 0.03 | 0.01 | 0.00 -

c499 2424 | 1093 673 428 325 254 201 152
c880 6.28 | 1.82 | 098 | 0.52 | 0.34 | 0.16 | 0.11 | 0.06
c1355 3393 | 13.75| 8.04 | 366 | 278 | 205 | 1.64 | 1.43
c1908 1290 | 5.45 | 3.09 | 2.06 | 1.34 | 0.80 | 0.56 | 0.37
c2670 8151 | 24.18 | 10.22| 5.30 | 3.20 | 229 | 1.46 | 0.89
c3540 21.27 | 898 | 533 | 356 | 232 | 1.67 | 1.28 | 0.99
c5315 274.17| 112.60| 61.32| 37.81| 22.38| 15.56| 11.92| 941
c6288 75.40 | 25.96 | 12.01| 7.16 | 4.80 | 347 | 2.74 | 2.11
c7552 165.08| 63.35 | 35.30| 22.40| 15.30| 11.87| 9.52 | 7.88

Table2.7: Resultsof the heuristicalgorithmfor groupingoutputs

graphsof the othersix circuitsareomittedin orderto obtaina clearlyarrangedliagram.The graphsof
the missingcircuits arevery similar anddo not exceedthe minimal andmaximalboundsgiven by the
shawvn graphs.

Thereasorfor the high valuesP(G;) obtainedfor the circuit c499is, thatalmosthalf of the gates
of this circuit areXOR-gatesFor XOR-gateghe estimatedrobabilityp(g), thatanerrorattheinputs
of the gateg is propagatedo the outputsof the gate,is p(g) = 1. Mary gateswith p(g) = 1 anda
large numberof recovergentpathsresultin drasticallyincreasedraluesP(Gy). In contrastall other
circuitsexceptc499containno or only a smallnumberof XOR-gates.

Basically P(Gx) dependson propagationprobabilitiesand on certaincharacteristicof the cir-
cuit: The numberof lines, the numberof circuit outputs,the numberof gateswith p(g) = 1 andthe
numberof recowvergent paths. Becausahesecharacteristicasisually differ considerablyfor varying
circuits, P(Gy) cannot be usedto comparethe testability betweertwo circuits or to obtaina general
measurementf testabilityfor circuitswith compactedutputs.

Table 2.8 shaws the sizesof the parity groups,which the heuristicalgorithm computedusingthe
resultsof the analysison approximatedbsenation probabilities. For eachof the ten combinational
circuitsandfor eachcompactowith & = 2, ..., 8 outputsthe size of the smallestandlargestoutput
groupis listed. For all compactorghe ratio of the size of the largestgroupto the size of the smallest
groupis at most2. Hencethe differencebetweenthe depthsof two parity treesis at most1 for all
investigateccompactors.

2.4.1 Simulation of Stuck-At Faults

Several analysisalgorithmsfor circuits were discussedn the previous sections. The analysisresults
are usedto partition the setof circuit outputsinto & disjoint groupsof outputs. Theseparity groups
determinghelinearspacecompactomwith k compacteautputs.Thereductionof thetestabilityof the
circuit causedy the outputcompactioris estimatedy the sumP(Gy,).

In this section,it is investigatedhow exactly the reductionof testability of the circuit with com-
pactedoutputsis estimatedoy P(Gx). The underlyinganalysisalgorithmsarethe analysisbasedon
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Figure2.18:Resultsof the heuristicalgorithmfor groupingoutputs

approximateabsenration probabilitiesandthe analysisvhich includesadditionallyapproximatedig-

nal probabilities.Experimentalesultsgivenabove shav, thatamongthe proposedanalysisalgorithms
thesearethemostaccurateanalysigechniquesvith respecto the singlestuck-atfaultmodel. Thesum

P(Gy,) obtainedusingtheseanalysisalgorithmsarecomparedo resultsobtainedrom fault simulations
of singlestuck-atfaults. Thefault simulationswerecarriedout for circuitswith no outputcompaction
andwith compactedutputsgeneratecdccordingo the partitionGy,.

Furthermorethe resultsof thesefault simulationsare usedto answerthe question,how the pro-
posedinearspacecompactorslealwith theissueof errormaskingfor singlestuck-atfaults.

Thetestabilityof circuitswith the proposedinear spacecompactorss investigatedor concurrent
on-linecheckingfor testingwith a deterministidestset,andfor testingbasedn pseudaandominput
vectors. In the following, an original circuit checled or testedwithout outputcompactionis denoted
by C anda circuit with £ compacteautputsobtainedoy anoutputpartition Gy, is denotedoy Cy.

2.4.1.1 On-Line Checking

The comparisorof the on-linetestability of circuits without andwith the proposedinear spacecom-
pactorsvascarriedoutasfollows: Lete(s) beasinglestuck-affaultatthecircuitline s andlet C'(e(s))

bethecircuit C in the presencef thefaulte(s). A sequencef 100000pseudaandominput vectors
wereappliedfirst to thecircuit inputsof thefaulty circuit C(e(s)) withoutoutputcompactiorandthen
to the circuit inputsof the faulty circuit Cy(e(s)) with the outputcompactorderived from the output
partitionGy. Letn(e(s)) (ng(e(s))) bethenumberof pseudaandominput vectorsfor which at least
oneof the checled outputsof C(e(s)) (Ck(e(s))) is erroneousothatthe fault canbe detectedIf the

49



2 StructuralOutputSpaceCompactiorfor CombinationalCircuits

Minimal/maximalgroupsizefor partitionsgy,
Combinational consistingof k& groupscomputedby the heuristicalgorithm

Circuit k=2 | k=3 | k=4 | k=5 | k=6 | k=7 | k=8
c432 3 4,2 3,1 21 21 2,1 1| - -
c499 16 16|10 11| 8 8| 6 7| 5 6| 4 5| 4 4
c880 13 13| 8 9,6 7|5 6|4 5/ 3 5|3 5
c1355 16 16|10 11| 8 8| 6 7| 4 6| 4 5| 4 4
c1908 12 13| 8 9, 6 7|5 5| 4 5/ 3 4| 3 4
c2670 69 71|46 47|35 35|26 29|22 24|19 21|17 18
c3540 10 12| 6 8| 5 6| 4 5| 3 4, 2 4, 2 3
c5315 61 62|40 42129 34|24 25|19 21|16 20|14 18
c6288 16 16|10 11, 8 8| 6 7| 5 6| 4 5| 3 5
c7552 54 54134 40|26 28|16 31|15 22|13 19|11 19

Table2.8: Sizesof the outputgroupswhich arecomputedby the heuristicalgorithm

outputsof C arecompactedccordingo the partition Gy, then
oy = n(e(s)) — nx(e(s))
Fel n(e(s))
estimateghe probability thatan error at the original functionaloutputscauseddy thefaulte(s) is not

obserableat oneof the k compactedutputs.
For E¢, whichis the setof all singlestuck-atfaultsof thecircuit C,

1
= T Z Kk,e(s) (2.5)
|EC‘ e(s)€Ec

Kk

is the expectedvalue of the probability that after applyinga pseudorandonmput vectoran arbitrar
ily chosensingle stuck-atfault is propagatedo the outputsof the original circuit C' but not to the
compactedutputsof Cy.

The resultswere obtainedusingthe fault simulatorM nos which is briefly describedn the ap-
pendixof thisthesis.

Analysis Based on Observation Probabilities Table2.9 givesthe experimentallydetermined
valuesui, k = 1,...,8, for circuitswith k£ compactedutputsderived from theresultsof the analysis
basednapproximatedbsenationprobabilities.Thecasek = 1 describeshesimplespacecompactor
which consistf a singleparity treeof all functionaloutputs.

For eachbenchmarkeircuit a linear spacecompactomwith £ = 5 outputsis suficient to obtain
ur < 2%. Onaveragek = 3.6 compactedutputsarenecessaryo meetthis requirement.

A comparisorof u1 andus yieldsthefollowing: If two parity groupsareselectednsteadof using
asingleparity tree,thenthe probability thatafaultis obserableatthefunctionaloutputsbut notatthe
compactedutputs,is considerablyreduced.The reductionof the maskingprobabilityis at least48%
andreachesinaverage65.4%.

Figure2.19 presentgraphicallythe experimentalresults: For the circuits c432,c499,¢2670,and
c7552thevaluey, obtainedor asingleparitytreeof all circuit outputsis setto 100%. Fork = 2,...,8
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Combinational Reductionof on-linetestabilityfor SSF(%)
Circuit B B2 | B3 | pa | ps | de P 18
c432 34.28| 17.54| 7.25| 3.56| 1.28 | 1.11 0 -
c499 9.52 | 3.83 |2.26|0.36|0.72| 0.57| 0.30 | 0.15
c880 8.09 | 3.17 | 142| 0.87|0.47| 0.29| 0.12 0.08
c1355 5.44 | 2.38 | 0.86| 0.13| 0.10| 0.08| 0.37 | 0.06

€1908 14.55| 5,57 | 3.18| 1.72| 0.24| 0.09| 1.35 | 1.33
c2670 30.00| 3.90 | 1.07| 0.27| 0.04| 0.18| 0.05 | 0.06
c3540 17.17| 745 | 2.92| 2.06| 1.25| 0.55| 0.29 | 0.12
c5315 27.75| 11.48| 154|442 1.64| 2.28| 0.97 | 0.13
6288 31.43| 6.63 | 1.27| 0.28| 0.07| 0.01| <0.01| <0.01
Cc7552 9.06 | 2.89 | 1.16| 0.66| 0.37| 0.29| 0.17 | 0.15
average 18.73| 6.48 | 2.29| 1.43| 0.62| 0.55| 0.36 | 0.21

Table2.9: On-linetestabilityof circuitswith outputcompactorslervedfrom approximateabsenration
probabilities

the correspondingpercentagesf u/p1 are shovn by the graph. A comparisorwith Figure 2.18
obtainedfor the valuesP(Gy) in the sameway yieldsthefollowing: Thegraphof yy is lessevenand
includespartswith positive gradientsFor k = 2, ..., 8 theratio u /11 obtainedfor thecircuit c2670
is lessthanthe sameratio computedor c7552. But the correspondingpproximationsP(Gy) /P (G1)
of c2670aregreaterthanthoseof ¢7552. This indicatesthattheimprovementof testabilitycannotbe
exactly determinedrom thereductionof P(Gy,).

Figure2.20shavs thedependencbetweery, and P(Gy,) for thebenchmarlcircuitsc880,c2670,
and c3540. u, and P(Gy) arenearly linearly dependent.Similar graphsare obtainedfor all other
circuitswhich have beeninvestigated Theseresultsshaw, thattheminimizationof P(Gy) is in general
agoodcriterionfor the optimizationof ..

Thereis a small numberof exceptionsconcerningthe linear dependenc The resultsfor com-
pactorsof thecircuitsc499,c1355,c1908,c2670,andc5315shaw, thattheon-linetestabilityof circuits
with outputcompactionwhich is generatedasedon approximatecbseration probabilitiescanget
worsealthoughthe numberof compactedutputsis increasedFor example,for c5315it is ug = 1.54
for 3 compactedautputsbut 4 = 4.42 for onemorecompactedutput.In contrastthe corresponding
valuesof the sumcomputedby the groupingalgorithmare P(Gs) = 61.32 and P(G4) = 37.81. The
results|. e. us < pg andP(Gs) > P(G,), indicate thatthe underlyinganalysisof thecircuit structure
computesonly approximatedralues.

Sincein generalthe approximatedraluesof the analysisare sufficiently accuratethereare only
afew casesasdescribedabore. Thesecasesare causedby inaccurateapproximationccomputedfor
outputpair, if for asmallnumberof outputpairs(y;, y;) the analysisalgorithmcomputesa low value
pi,; evenif it is very likely, thatthe outputsy; andy; aresimultaneouslyrroneousFor example,such
incorrectvaluesare producedby recorvergent paths,which are part of the transitve faninsof both
outputs,y; andy;. If p; ; is low, thenthe heuristicgroupingthe outputsis not forcedto assignthe
correspondingutputsy; andy; to differentgroups.In this caseit may happenthatfor £ compacted
outputsy; andy; areassignedo differentgroupsandfor £+ 1 compacteautputsthealgorithmassigns
y; andy; to the sameparity groupresultingin P(Gi) > P(Gi+1) andug, < fg41.
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Figure2.19:0On-linetestabilityof circuitswith outputcompactorslerivedfrom approximatembsena-
tion probabilities

Analysis Based on Approximated Signal and Observation Probabilities  Thecompactors
werederived from the resultsof the analysisbasedon approximatedignalandobsenration probabil-
ities. Again, the casek = 1 denotedinear spacecompactionusing a single parity tree of all func-
tional outputs. Table2.10 givesthe valuesof . experimentallyobtainedby simulatingcircuits with
k=1,...,8 compactedutputs.

A linear spacecompactorwith ¥ = 5 outputsis sufficient for eachbenchmarkcircuit to obtain
ur < 2%. Onaveragek = 3.7 compactedutputsarenecessaryo achieve u, < 2% if thegeneration
of the compactorgs basedon approximatedignalandobsenration probabilities. The averagenumber
of compactedutputsis only k& = 3.6, if theunderlyinganalysisdoesnot utilize approximatedignal
probabilitiesasin the previous sectiondescribed.

Similar to the the previous section the resultsfor compactor®f the circuits c1908,c2670,c6288,
andc7552shaw, thatthe on-linetestabilityof circuitswith a compactorwhich is generatedbasedon
approximatedsignaland obsenration probabilities,canget worsealthoughthe numberof compacted
outputsis increased.

Graphsshawing py, in dependencen the numberof compactedutputsk or in dependencen
P(Gy,) areomitted. They look similar to the correspondingraphsof Figure2.19andFigure2.20,that
aregivenin the previous sectionfor compactorslervedwithout approximatiorof signalprobabilities.

Comparison of the Results Obtained from Different Analysis Algorithms  The compar
ison of the experimentalresultsfor compactorgierived from the two differentanalysisalgorithmsis
basednthe Tables2.9and2.10. Theresultsof Table2.9 correspondo the analysisbasedon approx-
imatedobsenration probabilitiesandthe resultsof the Table2.10arerelatedto the analysisincluding
approximatedignalprobabilities.

Foreachk,k = 2,...,8, lowervaluesy, areobtainedfor the circuit c6288,if the analysisalgo-

52



2.4 ExperimentaResults

Uk A
8%

7%
6906
5%
4%
3%
2%

1%

7 8 9 10
P(Gr)

\

Figure2.20:Comparisorbetweenvaluescomputedby the analysisalgorithmandresultsof fault sim-
ulation

rithm without approximatedsignal probabilitiesis used. The on-line testability of the circuits c432,
¢499,c880,andc1908combinedwith a compactoiis betterfor 2,. .., 8 outputs,if the generatiorof
the compactorgs basedon the analysisalgorithm including approximatedsignal probabilities. For
the othercircuitsit dependon the numberk of compactedutputs,which analysisresultsin a better
testability

The comparisorshaws, that noneof the two analysisalgorithmsis generallythe bestgenerating
alwaysthe compactowith maximalon-linetestabilityfor all circuitsandfor any numberof compacted
outputs. But in mary caseghe analysis,which includesapproximatedsignal probabilitiesresultsin
bettercompactorgomparedo theanalysishasednly onapproximatedbsenrationprobabilities.This
resultcorrespondgo the comparisorbetweenthe standarddeviations given in Section2.2.6for the
resultsof theanalysisalgorithms.

2.4.1.2 Deterministic Test Sets

This sectiondescribeghe resultsobtainedfor deterministictestsof circuits without andwith the pro-
posedinear spacecompactors.The untestablesingle stuck-atfaultsfor the circuits C' (without com-
pactor)and C}, (with compactorwere determinedusingthe automatictestpatterngeneratoof SI' S
[72]. For eachresultingtestsetthe numberof testvectorswerecounted.

Let ¢ be the numberof non-redundansingle stuck-atfaults, which aretestableat the functional
outputsof theoriginal circuit C', andt, thenumberof thefaults,which areobserableatthe compacted
outputsof thecircuit Cy, if thecomputedestsetis applied.Then

t—ty
ot

Tk
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Combinational Reductionof on-linetestabilityfor SSF(%)
Circuit p B2 | B3 | pa | p5 | de P p8
c432 34.28| 17.39| 6.96| 2.48| 1.15| 0.08| O -
c499 9.52 | 3.83 |1.85|0.36|0.28| 0.22| 0.18 | 0.15
c880 8.09 | 240 | 1.09| 0.45| 0.33| 0.15| 0.10 | 0.07
cl1355 5.44 | 2.38 | 1.04| 0.13| 0.10| 0.08| 0.07 | 0.06

c1908 1455| 545 |1.67|1.68| 0.23| 0.05| 1.32 | 1.32
c2670 30.00| 3.89 | 0.94| 0.31| 0.32| 0.03| 0.01 | <0.01
c3540 17.17| 6.20 | 4.11| 2.15| 0.62| 0.23| 0.14 | 0.05
c5315 27.75| 13.05| 4.75| 437| 1.13| 0.21| 0.13 | 0.02
c6288 31.43| 8.35|2.64|0.70| 0.72| 0.48| 1.09 | 1.63
c7552 9.06 | 3.00 | 1.06| 0.60| 0.28| 0.02| <0.01| 0.04
average 18.73| 6.59 | 2.61| 1.32| 0.52| 0.16| 0.30 | 0.33

Table2.10:On-linetestabilityof circuitswith outputcompactorslervedfrom approximatedignaland
obsenration probabilities

is theratio of the originally testablefaultsof the circuit C, which arenot detectedht the outputsof Cj,
becausef the outputcompaction.

Analysis Based on Obser vation Probabilities Experimentsverecarriedoutto determinethe
setof faults,which aredetecteddy deterministictestof the circuits Cy, with &k = 1,...,4 compacted
outputs. The compactorsvere determinedusing the resultsof the analysisbasedon approximated
obsenration probabilities.

Startingfrom theleft, eachrow of Table2.11givesthenameof theinvestigatedtircuit, thenumber
of detectablesingle stuck-atfaultsof C, (4, ..., C4, andthevaluer, for k = 1,...,4, respectiely.
All resultsaregivenwith respecto collapsedstuck-atfaults.

If ko is the minimal numberof compactedutputsachieving t;, = ¢t andry, = 0, thenfor each
circuit thevaluefor kg is alwayslessthanor equalto 3 exceptfor the circuit c5315(ky = 4). Hence
for mostcircuits an outputcompactiorwith 3 parity groupsis sufficient to avoid ary reductionof the
testabilityfor deterministicests.

This goodresultfor the deterministicestmight be surprisingsincethe analysisalgorithmwasde-
velopedto estimateonly fault maskingduringon-line checking.The goodtestabilitycanbe explained
in thefollowing way: If duringon-line checkingonly for afew input patternsa smallnumberof faults
is masled by the compactarthenit is likely, thatfor a certainfault at leastoneinput patternexists,
which propagateshe fault to the compactedutputs.In this case the errorat the functionaloutputsis
not masledfor all input patternsaandthefault remainsdetectable.

Table2.12 shaws the length|T’| of the compactedestfor all testablesingle stuck-atfaultsof the
original circuit C. It listsalso|Ty |,k = 1,...,4, whichis thelengthof a compactedestfor C. “-”
meansthatatestsetcouldnotbegeneratediueto anerrorof theautomatidestpatterngeneratarThe
two rightmostcolumnsgive | T}, | andtheratio |T%, |/|T’|. Thisratio measuretheincreasef thesizeof
thetestset,if all non-redundantaultsof the original circuit mustbe detectedandunderthis condition
the minimal numberof compactedautputsis chosen.
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Combinationall Numberof untestedSSFs Ratiory = (t — tx)/t (%)
Circuit C Ci | Cy | C3 | Cy |k=1|k=2|k=3|k=4
c432 4 4 4 4 4 0 0 0 0
c499 8 | 32| 16| 8 8 261 | 0.87 0 0
€880 0 6 0 0 0 0.78 0 0 0
€1355 8 | 32| 16 | 8 8 1.95 | 0.65 0 0
€1908 7 119 7 7 7 0.68 0 0 0
c2670 112 | 722| 118 | 112 | 112 | 26.03| 0.26 0 0
c3540 135|168 | 136| 135| 135| 1.05 | 0.03 0 0
c5315 59 | 69 | 64 | 61 | 59 | 0.21 | 0.10 | 0.04 0
6288 34 | 37 | 34| 34| 34| 0.05 0 0 0
c7552 133|303 | 141 | 133 | 135| 2.51 | 0.12 0 0.03

Table2.11:Deterministictestof circuits with outputcompactorslerived from approximatedbsenra-
tion probabilities

Combinational Lengthof generatedests
Circuit T | |Ta| | |Tol | T3] | [Ta] | |Thol | [Tiol/IT|
c432 60 | 79 | 63 | 63 | 59 | 79 1.32
c499 56 | - - 57 | 56 | 57 1.02
c880 91 | - 86 | 88 | 84 | 86 0.95
c1355 88 | - - 96 | 93 | 96 1.09
1908 136 | - 154 | 145 | 156 | 154 1.13
c2670 153 | - — | 143 | 154 | 143 0.93
c3540 211 - — | 215 226 | 215 1.02
c5315 167| 185| 170 | 160 | 168 | 168 1.01
c6288 39 | 61 | 43 | 42 | 42 43 1.10
c7552 319| - | 325|313| - | 313 0.98

Table2.12:Lengthsof deterministidestsfor circuitswithoutandwith outputcompaction

Therequiredtestlengthincreasesat mostby a factor1.32 andon averageonly by a factor1.06.
For somecircuitsthe numberof the testpatternss reduced.In this casea smallertestsetis found by
theheuristicalgorithmof thetestpatterngeneratgrwhich compactshe setof testpatterns.

The experimentsalsoshaw, thatalmostall faultsof the XOR-gatesof the compactoraretestable,
too. Theonly exceptionis a singlefaultin the compactor®f the circuit c2670.

Analysis Based on Approximated Signal and Obser vation Probabilities  Now circuitsCy,
Cs, andCj3 with 1, 2, and3 compacteautputsderivedfrom theanalysisbhasedn approximatedignal
andobsenration probabilitiesareinvestigated Again, the automatictestpatterngeneratoof Sl S [72]
was usedto computea compacttest setand to determinethe numberof untestablefaults of these
circuits.

Table 2.13lists the namesof the circuits, the numbersof undetectedollapsedstuck-atfaults of
C,Cy,...,Cs, andthevaluesry, r9, andrs. The minimal numberof compactedutputsk, required
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Combinational| Numberof untestedSSFs| Ratior, = (¢ — tx)/t (%)
Circuit C |CL|Cy| C3 |k=1|k=2| k=3 | |Tkl | |Thl/IT|
c432 4 4 4 4 0 0 0 79 1.32
c499 8 | 32 | 16 8 2.61 | 0.87 0 55 0.98
c880 0 6 0 0 0.78 0 0 87 0.96
c1355 8 | 32 | 12 8 1.95 | 0.32 0 89 1.01
c1908 7 19 9 7 0.68 | 0.11 0 145 1.07
c2670 112 | 722 | 112 | 112 | 26.03 0 0 158 1.03
c3540 135|168 | 135| 135 | 1.05 0 0 225 1.07
c5315 59 | 69 | 61 59 0.21 | 0.04 0 166 0.99
c6288 34 | 37 | 34 34 0.05 0 0 44 1.13
Cc7552 133|303 | 133| 133 | 251 0 0 304 0.95

Table2.13: Deterministictestof circuitswith outputcompactorslerivedfrom approximatedignaland
obsenration probabilities

for r,, = 0 is lessthanor equalto 3 for all benchmarkcircuits. The two rightmostcolumnsof
Table2.13give for eachcircuit the sizeof thetestset|Ty, | for Cy, andtheratio | Ty, |/|T|.
Therequiredtestlengthincreasest mostby afactor1.32, andon averagethetestlengthincreases
only by afactor1.05. For somecircuitsthe numberof thetestpatternds reduced.
Theexperimentshaw, thatalsoalmostall faultsof the gatesof the XOR-treesaretestable Again,
the only exceptionis a singlefault locatedin the spacecompactorsvhich are designedor the circuit
c2670.

Comparison of the Results Obtained from Different Analysis Algorithms  If theanalysis
includesapproximatedsignal probabilities,thenin mary caseshetterresultscanbe expected. The
minimal numberof compactedutputsk,, which is requiredto avoid ary reductionof testability is

smallerfor the circuits c2670,¢c3540,c5315,and c7552; only for the circuit c1908it is larger in

comparisorto theresultsobtainedor theanalysiswhich approximate®nly obseration probabilities.
Furthermore the averagesize of the computedtest setsis slightly smallerif the analysisincludes
approximatedignalprobabilities.

Theresultsof thetwo analysisalgorithmscanbe combinedin suchaway, thatfor eachcircuit and
for eachnumberof compactedutputsthe analysisis chosenwhich resultsin the compactomwith the
betterresults. Thenfor seven out of ten benchmarlcircuits two compactedutputsare sufficient to
avoid ary reductionof testability For theremainingcircuitsthreecompacteautputsarenecessary

2.4.1.3 Pseudo Random Testing

In this section the effect of the proposedcompactoidesignson pseudaandomtestingis investigated.
This is doneby fault simulationasfollows: 100000 pseudorandominput vectorsare appliedto the
original circuit C' andto the circuit Cy, whichis relatedto the outputpartition G,. Thefault simulator
M nos is usedto determined andd,,, which arethe numbersof the detectedstuck-atfaultsof C' and
C,. For the simulationsof Cj, only the stuck-atfaultsof the original circuit C areconsidered.Thus,
additionalfaultswithin the XOR-treesof the compactorarenot takeninto account.
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Combinationall Numberof undetecte®SFs Ratiog, = (d — di)/d (%)
Circuit C (o1 Cy | C3 | Cy |k=1k=2|k=3|k=4
c432 10| 10 | 10 | 10 | 10 0 0 0 0
c499 8 56 | 24 | 8 8 485 | 1.62 0 0
€880 0 10 0 0 0 0.57 0 0 0

c1355 8 56 | 24 | 8 8 1.78 | 0.59 0 0
c1908 11| 23 11 | 11 | 11 | 0.32 0 0 0
c2670 620 | 1897 | 628 | 620 | 620 | 27.06 | 0.17 0 0
c3540 256 | 336 | 256 | 256 | 256 | 1.17 0 0 0
c5315 62| 78 | 66 | 62 | 62 | 0.15 | 0.04 0 0
c6288 68 | 75 | 68 | 68 | 68 | 0.06 0 0 0
Cc7552 602 | 910 | 624 | 602 | 608 | 2.12 | 0.15 0 0.04

Table2.14:Pseudaandomtestof circuits with outputcompactorsierived from approximatedbser
vationprobabilities

Thequotient

Cd—dy
qr = d

determineghe fractionof faults,which aredetectedat the outputsof the original circuit, but notatthe
compacteautputsof the circuit Cy.

Analysis Based on Observation Probabilities  The analysisbasedon approximatetbsenra-

tion probabilitieswere usedto designcompactordor the ten benchmarksircuits. The experimental
resultsobtainedafterapplying100000pseudaandomtestvectorsto thesecircuitswith andwithoutad-
ditionaloutputcompactorsarepresentedh Table2.14. Eachrow givesthenameof theinvestigatecir-

cuit, thenumberof undetectedinglestuck-affaultsof C, C4, . .., C4, andthevalueof g;, k = 1,.. ., 4,

respectrely.

Theresultsshav, thatasingleparitytreecompactingall functionaloutputsto onecompacteautput
causegaultmaskingfor nineout of tencircuitsduringthe pseudaandomtest.If compactorsvith two
outputsareused thenfault maskingoccursonly for half of the circuits. Finally, for eachcircuit three
compactedutputsaresuficient to detectat the compactedutputsall faults,which areobserable at
thefunctionaloutputs.

Analysis Based on Approximated Signhal and Observation Probabilities  Again,thefault
simulatorM nos is usedto apply 100000pseudorandomtestvectorsandto determinehow mary
singlestuck-atfaultsarenot detected Table2.15lists thesenumberdor the original circuit C' andfor
thecircuits C1, ..., Cy. Foreachcircuit Cy,...,Cy with k = 1,...,4 compactedutputsthe lossof
fault coveragey;,, which wascomputedasdescribedhbore, is alsogivenin thetable.

If compactorsvith two outputsareaddedthenthefault coverageis reducedonly for four circuits.
No fault maskingoccursfor compactorsith 3 outputs.
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2 StructuralOutputSpaceCompactiorfor CombinationalCircuits

Combinationall Numberof undetecteSFs Ratiogy, = (d — dy,)/d (%)
Circuit C Cy Cy | C3 | Cy |k=1|k=2|k=3]|k=
c432 10 | 10 | 10 | 10 | 10 0 0 0 0
c499 8 56 | 24| 8 8 485 | 1.62 0 0
€880 0 10 0 0 0 0.57 0 0 0
c1355 8 56 | 16 | 8 8 1.78 | 0.30 0 0
€1908 11| 23 | 13| 11 | 11 | 0.32 | 0.05 0 0
c2670 620 | 1897 | 620 | 620 | 620 | 27.06 0 0 0
c3540 256 | 336 | 256 | 256 | 256 | 1.17 0 0 0
c5315 62 | 78 | 66 | 62 | 62 | 0.15 | 0.04 0 0
€6288 68 | 75 | 68 | 68 | 68 | 0.06 0 0 0
c7552 602 | 910 | 602 | 602 | 621 | 2.12 0 0 0.13

Table2.15:Pseudaandomtestof circuits with outputcompactorgerived from approximatedignal
andobsenration probabilities

Comparison of the Results Obtained from Different Analysis Algorithms  Thetwo com-
pactordesignsyield very similar resultsfor pseudorandomtest. The analysisalgorithmincluding
approximatedsignal probabilitiesleadsto slightly bettervaluesfor ¢1355,¢2670,and c7552. The
other analysisonly producesfor the circuit c1908a compactorwith two outputs,which causeso
reductionof the fault coverage.

2.4.2 Simulation of Transition Faults

Although output spacecompactorsare designedo propagateaults of a certainmodel, compactors
shouldalsopropagatdaultsof othermodelsor unmodelledaultswhich canoccurin practice.lIn most
caseghe occurrenceof unmodelledfaultsdependson the physicalimplementatiorof the circuit and
the characteristic®f the productionprocess.Herethe effect of the compactoron the propagatiorof
anotherfaultmodelis investigated Theconsideredaultsaretransitionfaults,while thedesignof space
compactorsntroducedabove taigetsat the propagatiorof singlestuck-atfaults.

Again, the underlyinganalysismethodsconsideredn the following arethe analysisbasedon ap-
proximatedobserationprobabilitiesandtheanalysiswhich additionallyincludesapproximatedignal
probabilities. The testability of circuits with spacecompactorswhich are designedaccordingto the
resultsof the two analysisalgorithms,is investigatedor concurrenton-line checkingandfor testing
basedn pseudaandominput vectors.

The experimentakesultswere obtainedusingthe fault simulatorM nos, which supportsghe sim-
ulationof transitionfaults.

2.4.2.1 On-Line Checking

The experimentsinvestigatingthe on-line testabilitywith respecto transitionfaultswere carriedout
similarly to the experimentsfor the model of single stuck-atfaults. A sequencef 100000pseudo
randominput vectorswere appliedto circuits without and with linear spacecompactorsn orderto
determineu; asdefinedin Equation(2.5)on page50 for acircuit Cy, with k compactedutputs:If Ex
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2.4 ExperimentaResults

Combinational|  Reductionof on-linetestabilityfor transitionfaults(%)

Circuit B B2 | B3 | pa | ps | de P 18
c432 34.33|1750| 7.39| 3.66| 1.28| 1.11| O -
c499 9.52 | 3.83 |2.25|0.35|0.72| 0.58| 0.30 | 0.15
c880 8.11 | 3.14 | 1.42| 0.85| 0.46 | 0.26| 0.11 | 0.08
c1355 5.43 | 2.37 | 0.86| 0.13| 0.10| 0.08| 0.37 | 0.06

c1908 14.56| 5.57 | 3.18| 1.73|0.24| 0.08| 1.35 | 1.31
c2670 2754| 3.88 | 1.07| 0.27| 0.04| 0.18| 0.05 | 0.06
c3540 17.17| 7.45 | 294 2.08| 1.26| 0.56| 0.30 | 0.12
c5315 27.78| 11.50| 1.54| 444|1.66| 2.29| 0.96 | 0.14
c6288 31.39| 6.60 | 1.26| 0.28| 0.07| 0.01| <0.01| <0.01
c7552 9.06 | 2.89 | 1.16| 0.66| 0.37| 0.29| 0.17 | 0.15
average 18.49| 6.47 | 2.31| 1.45| 0.62| 0.54| 0.36 | 0.21

Table2.16:0On-linetestabilityof circuitswith outputcompactorslerived from approximatedbsera-
tion probabilities

is the setof all transitionfaultsof C andn(e(s)) (n(e(s))) is the numberof pseudorandominputs,
for which atleastoneof the outputsof C (Cy) is erroneousinderthe presencef thefaulte(s) € E¢,
thenit is

_ 1 n(e(s)) — ni(e(s))
M 1B ()ZE n(e(s)

Analysis Based on Observation Probabilities  Table 2.16 lists the experimentalresultsob-
tainedfor circuitswith & = 1,...,8 compactedoutputs. The valuesyu,, are given with respectto
compactorslerived from the resultsof the analysisbasedn approximateabseration probabilities.

Only afew resultsdiffer from the valuesobtainedfor the simulationof singlestuck-atfaultsgiven
in Table2.9. Thedifferencesaresmall. Again, for eachinvestigatedoenchmarlkcircuit a compactor
with & = 5 outputsis sufiicient to obtainu, < 2%. On average,k = 3.5 compactecutputsare
necessaryo meetthis requirement.

Analysis Based on Approximated Signal and Obser vation Probabilities  For circuitswith
k compactedutputsthevaluesu, k = 1,. .., 8, wereexperimentallydeterminedor transitionfaults.
The resultsare very similar to the resultsgiven in Table 2.10 with respectto single stuck-atfaults.
Therefore atableshaving the resultsfor the simulationof transitionfaultsis omitted.

Comparison of the Results Obtained from Different Analysis Algorithms  The values
uy for transitionfaults, which are obtainedfrom simulationsof circuits with compactedutputs,are
almostequalto theresultsfor singlestuck-atfaults. Therefore a comparisorof the valuesy,, derived
for the two different analysisalgorithmsyields the sameoutcomefor transitionfaults asfor single
stuck-atfaults: For eachk,k = 2,...,8, lower valuesyu are obtainedfor the circuit c6288,if the
compactorsaarederived from the analysisbasedon approximatedbsenration probabilitiesonly. The
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2 StructuralOutputSpaceCompactiorfor CombinationalCircuits

Combinational| # undetectedransitionfaults Ratiogy = (d — di)/d (%)
Circuit C Cy Cy | C3 | Cy |k=1|k=2|k=3]|k=
c432 10| 10 | 10 | 10 | 10 0 0 0 0
c499 8 56 | 24 | 8 8 485 | 1.62 0 0
€880 5 15 5 5 5 0.57 0 0 0
c1355 35| 83 | 51| 35| 35| 1.79 | 0.60 0 0
c1908 11 | 23 11 | 11 | 11 | 0.32 0 0 0
c2670 7721|1918 | 780 | 772 | 772 | 25.09| 0.18 0 0
c3540 260 | 345 | 260 | 260| 260 | 1.25 0 0 0
c5315 63| 79 | 67 | 63 | 63 | 0.15 | 0.04 0 0
c6288 85| 92 | 85 | 8 | 8 | 0.06 0 0 0
c7552 742 | 1055| 764 | 742 | 748 | 2.18 | 0.15 0 0.04

Table2.17:Pseudaandomtestof circuits with outputcompactorsierived from approximatedbser
vationprobabilities

on-linetestabilityof the circuitsc432,c499,c880,andc1908combinedwith acompactoimproves, if
the generatiorof compactoradditionallyincludesthe approximatiorof signalprobabilities.

2.4.2.2 Pseudo Random Testing

The effect of the proposedcompactordesignon pseudorandomtestingof transitionfaultsis inves-
tigatedsimilarly to the experimentsfor the model of single stuck-atfaults. A sequencesf 100000
pseudorandominput vectorswere appliedto circuits without andwith linear spacecompactors.All
possibletransitionfaultsaresimulatedin orderto determined, which is the numberof detectedaults
at the functionaloutputsof the original circuit C. d, which is the numberof detectedaultsat the k
compactedutputsof thecircuit Cy, is determinedn the sameway. For the simulationof C}, only the
transitionfaultsof the original circuit C' areconsidered Additional faultswithin the XOR-treesof the
compactorsarenottakeninto account.

Thequotientg, = d;dd& determineshefractionof faultswhich aredetectablet the outputsof the
original circuit, but which arenot detectedatthe compactedunctionaloutputsof the circuit Cy,.

Analysis Based on Observation Probabilities  Theanalysisbasedon approximatedbsenra-
tion probabilitieswasusedto designspacecompactorgor theinvestigatectircuits. The experimental
resultsobtainedafter simulatingthe circuits with thesecompactorsare presentedn Table2.17. Each
row givesthe nameof theinvestigatedircuit, the correspondingiumberof undetectedransitionfaults
of C, Cy,...,Cy, andthecorrespondingalueof g;, k = 1,. .., 4, respectiely.

The resultsshaw, that a single parity tree, which compactgshe functional outputsto one output,
resultsin fault maskingfor nine out of ten circuits during the pseudaandomtest. If compactorswith
two outputsare used,thenfault maskingoccursonly for half of the circuits. Finally, if the number
of compactedutputsof the investigatedcircuits is three,thenary fault, which is obserable at the
functionaloutputs,canbe detectecdat the compactedutputs.

Thefaultcoveragesachievedfor transitionfaultsarealmostashigh asthe fault coveragesbtained
from the simulationsof singlestuck-atfaults.
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2.4 ExperimentaResults

Analysis Based on Approximated Signal and Observation Probabilities  For transition
faultsthevaluesg, = %& arealmostequalto theresultsgivenin Table2.15for singlestuck-atfaults.
Therefore atableshaving theresultsfor transitionfaultsis omitted.

Comparison of the Results Obtained from Different Analysis Algorithms  Thevaluesgy,
which wereobtainedby simulatingtransitionfaultsof the circuitswith £ compactedutputs,arevery
similar to the resultsfor the simulationof single stuck-atfaults. Thereforecomparingthesevalues
yieldsthe sameoutcomeasgivenabove for singlestuck-atfaults: The useof compactorslervedfrom
the resultsof the analysisalgorithmincluding approximatedsignal probabilitiesand the compactors
generatedvithoutapproximatiorof signalprobabilitiesleadsto very similar resultsfor pseudaandom
test. Theformeralgorithmresultsin slightly bettervaluesg;, for c1355,c2670,andc7552. Only the
latter algorithm producesno reductionof the fault coveragefor c1908if the numberof compacted
outputsis two.

2.4.3 Comparison with Other Approaches

In this section,the experimentalresultsof spacecompactorgproposedabore are comparedwith the
resultsof otherspacecompactodesignggivenin theliterature.

As alreadymentionedn the introductionof this chapter Chakrabartyand Hayesinvestigatetwo
differentapproachei [18]. In bothapproachefirst asetof testinputsT is computediy anautomatic
testpatterngeneratoior suchatestsetis alreadygiven. Thenfor all circuits onecompactedutputis
alwaysobtainedoy asingleparity tree,which compactsll outputsof thecircuit undertest. For thetest
setT the singlestuck-atfaults,which arenot obsenableat the parity of all outputs,aredetermined.

In thefirst approachadditionalfunctionaloutputsaresuccessiely selectedsothatthefaults,which
are not obsenable so far becomealso detectableor the testsetT. The selectedsingle outputsare
addedto the setof the outputsof the compactoruntil 100% fault coverageis achieved. The added
outputsarenot compactedColumn2 of Table2.18lists for this methodthe numberof outputswhich
arenecessaryo obtain100% fault coverage.

Thesecondapproachdescribedn [18] is basednamodificationof theoriginal circuit C. Selected
internallinesaretransformednto new externalcircuit outputsin additionto the parity of all functional
outputs.Thesdlinesaresuccessely addedto the outputsof the compactomuntil 100% fault coverage
is achiered. Column3 of Table2.18lists the numberof outputs which arenecessarjor this method.

In the introductionof this chaptera zero-aliasingspacecompactordesignis describedwhich is
proposedor testingby PouyaandTouba[61]. Sincethesuggestedpacecompactorgonsistof AND-,
OR-,NAND-, or NOR-gatesthecompactioris non-linear Thegatesareaddedstepby stepasfollows:
After choosinga pair of outputsconsistingof functionaloutputsor alreadycompacteautputs thetype
of the gate,which combineghesetwo outputsis chosen.The gateis addedto the spacecompactorif
this resultsin no additionalredundang. The check,if arny redundang is introducedby the additional
gate,involves 5-valuedlogic andautomatictestpatterngeneration.If all possibilitiesof outputpairs
andgatetypesarechecled, but no gatewith the demandegropertycanbe found, thenthe algorithm
ends. The experimentalresultsof [61] shav for the ten ISCAS '85 benchmark<ircuits, that the
computationsof spacecompactordor the investigatedbenchmarlcircuits requireruntimesfrom less
thanoneminuteupto tenhoursdependingnthesizeof the processedircuits. Column4 of Table2.18
presentghe minimal numberof compacteautputs which canbe achiered usingthis approach.
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2 StructuralOutputSpaceCompactiorfor CombinationalCircuits

Circuit [18] [61] | new approach
1 2 3 4 5 6
c432 | 3 4 2 1 1
c499 | 2 7 1 3 3
c880 | 1 1 1 2 2
cl355 | 6 2 1 3 3
cloo8 | 4 2 3 2 3
c2670 | 9 2 2 3 2
c3540 | 9 2 2 3 2
cb315| 2 35| 4 4 3
c6288 | 5 2 2 2 2
c7552 | 9 2 5 3 2
average| 5.0 59| 2.3 | 2.6 2.3

Table2.18:Resultsof variouscompactorgor deterministicoff-line testing

The compactorgproposedn the previous sectionscanalsoachiere 100% fault coveragefor single
stuck-atfaults. If the numberof compacteutputsis nottoo small,thenfor the circuit with anoutput
compactoran automatictestpatterngeneratocangeneratea testset,which detectsall non-redundant
faults of the circuit. For compactorgderived from the resultsof the analysisbasedon approximated
obsenration probabilities,the minimal numbersof outputswhich arerequiredto achieze 100% fault
coveragearegivenin column5. Columné lists for eachinvestigatedcircuit the minimal numberof
outputsnecessaryo detectall testablesinglestuck-atfaults,if the compactorsaredesignedaccording
to theanalysisresults which includeapproximatedignalprobabilities.

In comparisorto the proposeccompactoidesignbasedon the analysisof the circuit structure the
methodgescribedn [18] onaveragerequiremorecompacteautputsto achieve 100% fault coverage.
The methods,which are basedon adding functional outputsor selectinginternal lines, requireon
averageb.0 or 5.9 compactedutputs,respectiely; while on average2.6 or 2.3 outputsaresufficient
for compactorswhich are designedbasedon approximatedobsenation probabilitiesor which are
derived from theresultsof the analysisncludingapproximatedignalprobabilities respectiely.

Althoughthe algorithmsproposedn this chaptergeneratespacecompactorswithin lessthanone
secondruntime, the compactionratios of thesealgorithmsare almostasgoodasthe resultsachieed
by the zero-aliasingspacecompactodesignproposedn [61].

In [9] Bohlauintroducesa methodwhich generatesinear spacecompactorgor functionaloutputs
basedon an analysisof the circuit structure which is differentfrom the algorithmssuggestedn this
work. The basicconceptof the analysisof [9] is basedon the determinatiorof pathlengthsin the
circuit. Table2.19lists the resultsgiven in this paperfor pseudorandomtestingwith 100000test
vectors.In particular column2 lists the numbersof compactedutputs,which aresuficient to detect
all singlestuck-atfaults,thatareobserableat thefunctionaloutputs.

In the previous sectionsthe effect of the proposedcompactorson pseudorandomtestingis in-
vestigatedtoo. The compactorsvere derived from the analysisbasedon approximatedbseration
probabilitiesandfrom the algorithmincluding approximatedaignalprobabilities.For comparisonfor
thesecompactorcolumns4 and5 of Table 2.19 give the numbersof compactedutputs,which are
sufiicient to avoid fault maskingfor the testwith 100000pseudorandomvectors. Thesenumbers
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Circuit | [9] | new approach
1 2 3 4
c432 3 1 1
c499 4 3 3
c880 | 13 | 2 2
cl355 | 16 | 3 3
cl908 | 6 2 3
c2670 | 6 3 2
c3540 | 4 2 2
c5315 5 3 3
c6288 | 4 2 2
c7552 | 45 3 2
average| 10.8| 2.4 2.3

Table2.19:Resultsof variouscompactorgor pseudaandomtesting

of compactedutputsare considerablysmallerthanthe numbersgivenin column2. Therefore the
methodsntroducedabove resultin a highercompactiorratio comparedo the approactof [9], if ary
reductionof thefault coveragefor pseudaandomtestis not permitted.

2.5 Summary

In this chapteranapproactor thedesignof linearoutputspacecompactorgor combinationatircuits
is discussedThe approacthis structural,sinceit is basedon an analysisof the circuit netlist. Several
analysisalgorithmswith polynomialruntimeare presentedthe analysisalgorithmsbasedon common
gatesratio or basedon propagatiordistancesthe algorithmbasedon approximationf obseration
probabilities amodificationof the probabilitybasedanalysisand,finally, theanalysisalgorithm,which
additionallyincludesapproximatedignalprobabilities.

Theerrorof theapproximation®f the proposedanalysisalgorithmsis investigatedn this chapter
For eachanalysisalgorithmanexamplecircuit canbe constructedn suchaway, thatthe estimationof
thereductionof fault propagatiorcausedy two functionaloutputsassignedo the sameparity group
is asbadaspossible But it is very unlikely, thatsuchcircuitsareusedin practice.

This is corroboratecby comparisondetweenthe exact probabilitiesand the analysisresultsfor
several benchmarlcircuits. Thesecomparisonsare alsousedto evaluatethe accurag of the various
analysisalgorithms.Theresultsshawv, thattheanalysisalgorithmsbasecdn approximategrobabilities
achiere higheraccuraciesTherefore pnly for thesealgorithmsexperimentakesultsarepresentedin
mostcaseshe bestresultsare obtainedfor the algorithm basedon the approximationof signaland
obsenration probabilities.

Threeextensiongfor the analysisalgorithmsbasedon approximatecprobabilitiesareintroduced:
Theinsertionof complex gates,which replacesmall circuit partscontainingrecorvergent paths,the
moreaccurateestimationof signalprobabilities,anda direction-dependeriawult propagation.

Theheuristicalgorithm,which computeghe parity groupsof the compactiorfunctionis described
in detail. Two modificationsof the heuristicsarediscusse@ndit is shavn, thatthetotal compleity of
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2 StructuralOutputSpaceCompactiorfor CombinationalCircuits

theproposediesignprocedurdor linearspacecompactorss atmostlinearin the productof thecircuit
sizeandthe squareof the numberof outputs.

Experimentatesultsarepresentedor thetencombinationatircuitsof theISCAS’85 benchmarks
suite[13]. Most of the testswere carriedout for the two analysisalgorithms,which achiee higher
accuracieq, e.thealgorithmbasednapproximate@bseration probabilitiesandthealgorithm which
additionallytakesinto accountsignalprobabilities.

The resultsfor concurrentcheckingshaw, that on averagelessthanfour compactecutputsare
requiredto achieve anerrordetectionprobabilityof 98%. Thisis obtainedfor bothfaultmodels stuck-
at andtransitionfaults. For deterministictestgenerationat mostthreegroupsof compactedutputs
arenecessaryor a 100% fault coveragewith respecto singlestuck-atfaults. The sizeof thetestsets
producedby an automatictestpatterngeneratoincreasest mostby onethird. Experimentakesults
for pseudorandomtestare also presented.For eachbenchmarkcircuit threecompactedutputsare
sufiicient to detectatthecompacteautputsall stuck-ator transitionfaults,which areobserableatthe
functionaloutputs.

The experimentsindicate, that in mary casesbetterresultsare obtainedby a spacecompactor
designbasedon approximatedignaland obseration probabilitiesthanby a compactorderived from
theanalysisncludingapproximateabsenation probabilitiesonly. However, very oftentheresultsare
almostequal.

A comparisorbetweerthe experimentalresultsof thesetwo analysisalgorithmsandof a similar
approachwhich was introducedby Béhlau [9], shavs, that the methodsdescribedin this chapter
producecompactorsith a highercompactiorratio which do not reducethe fault coveragefor pseudo
randomtest.
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3 Structural Output Space Compaction for Sequential
Circuits

Sofar, only outputspacecompactiorfor combinationatircuitshasbeenconsideredNow theapproach
describedn the previouschapteiis extendedo thegeneratiorof linearspacecompactorgor sequential
circuits.

The next sectioncontainsa brief introductionof the applicationof outputspacecompactordor
sequentiatircuits, sinceit is very similar to the usagefor combinationakircuits. As in the previous
chapter the compactordesignfor sequentialcircuits is basedon parity treesof disjoint groupsof
outputs.Again, theseparity groupsarederived from the resultsof ananalysisof the circuit structure.
Theanalysisalgorithmis modified,sothatfault propagatiorvia theflipflops is additionallytakeninto
consideration.This modificationis explainedin the secondsectionof this chapter Thenthe heuristic
algorithmis describedwhich computesdisjoint parity groupsbasedon the resultsof the analysis.
Finally, thelasttwo sectiongresenexperimentakesultsanda summary

3.1 Introduction

The main differencebetweena combinationaland a sequentiakircuit is, that the sequentiakircuit
containsflipflops, which storethe stateof the circuit. In the following, techniquedor accessinghe
valuesstoredin theflipflops arenot consideredFor example,if theflipflops arefully accessiblethen
only the combinationalpart of the sequentiakircuit mustbe taken into consideration.In this case
outputspacecompactorgor combinationakircuits canbe usedfor testingor concurrenttheckingas
describedn the previous chapter

The designof outputspacecompactordor sequentiatircuitsis optimizedfor the propagatiorof
singlestuck-atfaults,andthedesignproceduras limited to polynomialruntimein termsof thenumber
of inputs,outputs,andgates.

If the outputsof additionalobseration pointsof acircuit aretreatedasfunctionaloutputs thenthe
approachdescribedn thefollowing canbeeasilyextended andacompactofor thetestresponsefom
obsenation pointsandfunctionaloutputsis derived. The experimentakesultsconsiderthe simulation
of singlestuck-atfaultsandtransitionfaults. Thesefault modelsaredescribedn the introductionof
the previous chapter

Partsof thework describedn this chaptethave beenpublishedn [77].

State of the Art In theliterature,mostmethodsconsideroutputspacecompactioronly for combi-
nationalcircuits. While for combinationakircuits the event, thata certainpathis sensitizeddepends
only on the valuesappliedto the circuit inputs,for sequentiatircuitsit alsodependon the stateval-
ues.For example,for sequentiatircuitsthefault coverageobtainedfor a giventestsetdepend®nthe
order whichis usedfor theapplicationof thetestpatternssincethis orderdetermineshe sequencef
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Figure3.1: Sequentiatircuit

statevaluesduring the test. Therefore mostof the structuralapproachesyhich areproposedor the
designof spacecompactorgor combinationaktircuits,arenot suitablefor sequentiatircuits.

In the introductionof the previous chaptera large numberof approaches$or outputspacecom-
pactionfor combinationatircuitsarementioned Theapproachesyhich do nottake into consideration
thecircuit structurecanalsobe usedto designspacecompactorgor sequentiatircuits.

Thiswork investigategor thefirst time outputspacecompactiorfor sequentiatircuitswhichtakes
into accountfault propagatiorfrom faulty statego the outputsof the circuit.

3.2 Analysis of the Circuit Structure

Theanalysisof the structureof a given circuit requiresthe knowledgeof the netlistof thecircuit. The
resultsof theanalysisareutilized to determinedisjoint parity groupsof the linear spacecompactarin
particular the analysisresultsare usedto estimatethe loss of fault propagationcausedoy including
two functionaloutputsin the sameparity group.

For sequentiakircuitsit mustbe taken into considerationthat a fault, which is not immediately
detectablat the outputs,canproduceerroneoustateswhile in thefollowing clock cyclesthe error of
the statescanbe propagatedo the functionaloutputs sothatthefaultis detectedvith somedelay

Again, polynomialruntime of the analysisalgorithmis demandedbecauséahe designprocedure
for thelinearspacecompactorshouldalsobe applicableto very large circuits.

Sinceamongthe analysisalgorithmsdiscussedn the previous chaptey the bestresultswere ob-
tainedfor mostcombinationakircuits usingthe algorithmsbasedon approximatedgrobabilities,only
extensionf thesealgorithmsaredescribedn this chapter

The samebasicnotationsasin the previous chapterareused. Additionally, the circuit C' contains

p flipflops r1, ..., 7, storingthe statesof the sequentiakircuit. The functionsimplementedby the
outputsys, - . ., y, dependonthevaluesof thecircuit inputsz, . . ., z,, andonthe statevaluesstored
inrq,...,r, asshovnin Figure3.1.
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Figure3.2: Iterative arrayof time framesof a sequentiatircuit

3.2.1 Model consisting of Time Frames

A detectabldaulte(s) ataline s canbepropagatedo thecircuit outputsdirectly duringthe sameclock
cycle or with adelayof ¢, t > 1, clock cyclespassingtheflipflop elementsf the sequentiakircuit ¢
times. As thedelayt increasesthelengthsof the paths which propagatehe errorareenlaged. Thus,
theprobability thatoneof thesepathsis sensitizeddecreases.

The approximatedorobability that a pathis sensitizeddecreasesxponentiallywith the number
of AND-, NAND-, OR-, or NOR-gatesncludedin this path. Hencethe approximatedoropagation
probabilitiesthatthepathsof largedelayst aresensitizedarevery smallcomparedo theapproximated
probabilities,which are obtainedfor direct propagatiorto the circuit outputsor for smalldelayst. In
orderto simplify the analysis,the analysisof the structureof sequentiakircuits doesnot take into
accounfpathswith delaylargerthana corvenientupperbound.This boundis denotedoy ¢4 -

If theconsideredlelayis limited to ¢,,,.., thenit is sufiicient, thatthe analysistakesinto consider
ationthe functionalbehaiour of the sequentiatircuit duringt,,., + 1 clock cycles. t,,q. + 1 clock
cyclesof asequentiatircuit canbemodelledasaniteratve array Ac (tmaz + 1) Of tinar+1 time frames
Ch,CP,...,CP, .. +1. Thistechniquds describedn [1].

Theiteratve array A¢ (tmaz + 1) is shavn in Figure3.2. Eachtime frameCP;, 0 < t < tymqz, IS
identicalto the combinationapart of the sequentiatircuit C'. Theinputsandthe outputsof thetime
frameC P, aredenoteddy z1 4, . .. , Ty andyi ¢, . . ., Yn ¢, respectrely. A line s of theoriginalsequen-
tial circuit C correspond$o t,,,4,+1 linessg, s1, . . ., s¢,,,, Of thetimeframesC Py, CP;,...,CPF,, ..,
respectiely. Sincetheflipflops areremoved, A¢(tmae + 1) is acombinationatircuit.

An errore(s) atthecircuit line s, which is propagatedvith a delayof ¢ clock cyclesthroughthe
sequentiatircuit C' to thecircuit outputy;, is modelledasfollows: It corresponds$o anerrore(sg) at
the correspondingircuit line so of C P, whichis propagatedo the outputy; ; of CP;, 1 < t < t45.
Hencethe probability thatan errore(s) is propagatedo the circuit outputy; with a delayof ¢ clock
cycles,canbeapproximatedy thevaluep(so~»y; ;) computedor theiterative array Ac (tpmae + 1).

3.2.2 Computation of Approximated Probabilities

In thefollowing, theanalysisalgorithmbasedn approximateabsenation probabilitiesandthe analy-
sis,whichalsoincludesapproximatedaignalprobabilities areusedto computep(so~+y;¢). In general,
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3 StructuralOutputSpaceCompactionfor SequentialCircuits

this approximatedgrobability canbe determinedoy ary analysisalgorithm,whichis proposedn the
previous chapterfor combinationakircuitsandwhich is basedon approximategrobabilities.For ex-

ample, the analysisalgorithm basedon independenpropagatiornprobabilitiesof recowvergent paths
canalsobeused.

The computatiorof p(so~y;,.) correspondso sensitizecpathsfrom anerroneousine sy of C P,
throughthe iterative array Ac (tmar + 1) to the outputy; ; of CP,. Sucha pathamonga variety of
otherpathsfrom s, to y; ; cangothroughtheerroneousine sy, of C Py, 1 <k <t <t;4,. In thiscase,
thecorrespondingrroneoudine s of the sequentiatircuit is includedtwice in the path.

If the probabilitiesp(so~»y; ;) arecomputedusingthe analysisalgorithmintroducedin the previ-
ouschapterthenthefactis neglectedthatthelines s, of C P, 1 <k <t, areerroneouslf asensitized
pathfrom s, to y; ; passest leastoneof thelines s;, 1 <k <t, thatcorrespondo passinga second
time (or even several times)the erroneoudine s, thenthe propagatiorof the fault of sy is masled.
But in this casethereis alsoa shortersensitizedoathfrom sq to y; ¢ of CP}, t' <t, which doesnot
passthe erroneoudines s, 1 < k < t'. Becauseof the shorterlengthof the path (¢ < t) the proba-
bility p(so~y;,») is considerablytarger thanthe probability p(so ~» y;+). Therefore the errorof the
approximatiorp(so~»y; ;) is neglectedbelow.

The objective of the designof the outputcompactorswhich is basedon the analysisof the circuit
structurejs to avoid fault maskingduring on-line checking.For simplification, the possibleinfluence
of theinitial stateof a sequentiatircuit canbeneglected sinceafteroperatingor seseralclock cycles
the numberof variousstateswhich could be storedin theflipflops, is large for mostcircuits.

Therefore,the analysisof the structureof a sequentiakircuit can be carriedout as follows: A
corvenientvaluet,,,, is chosenandthe sequentiakircuit is modelledas an iterative arrayyielding
Ac(tmaer + 1). The analysishasedon approximatedbsenration probabilitiesor the analysis which
additionallyincludesapproximatedsignal probabilitiesare usedto computefor eachoutputy; of the
sequentiatircuit C

tmaz

Ptmas (8Ui) = D P(S0~Yi)-
t=0

sg correspondso theline s of the sequentiakircuit C' andis locatedin the first time frame C' P, of
thearray Ac (tmez + 1). The experimentalresultsshaw, thatfor all investigatedcircuitst, ., = 8 is
sufiicient, sincethechange®f thevaluesp,,, ., (s~ ;) arevery smallfor highervaluesof ¢,,45.

If |S| is the numberof lines of Ac(tmaez + 1) andn is the numberof outputsof the sequential
circuit, thenthecomputatiorof thevaluesp;, . (s~ y;) canbeimplementedsothatthecorresponding
compleity is O(]S| - n2). This boundis valid for both analysisalgorithms,i. e. the analysisbased
on approximatedbsenration probabilitiesandthe analysis which additionallyincludesapproximated
signalprobabilities.

The estimationp; ; of the loss of fault propagationproducedby the assignmenbf two circuit
outputsy; andy; to thesameparity groupis derivedsimilarly to themethodslescribedn the previous
chapter:

Pij = 757 D Plmas (8" U3) * Plynas (572 4)-

1
| |s€S

The complity of the algorithmscanbe determinedasfollows: The number|S| of lines of the
array Ac(tmaz + 1) isatmost (¢4 + 1) - |Sc|, sincetheiterative array consistsof ¢, + 1 time
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3.3 Generatiorof Groupsof Outputs

framesCP,,...,CP,, . +1 of the combinationalpart of the underlyingsequentiakircuit C. |S¢|
denoteghe numberof linesof C. The numberof the outputpairs(y;, y;) andthusthe numberof the
correspondingaluesp; ;, whicharecomputedy theanalysisjs (n- (n+1))/2. Hencethecompleity
of theanalysisalgorithmsfor sequentiatircuitsis O(|S¢/| - (tmaz + 1) - n2).

Sincefor t,,., > 8 the experimentalresultsshav only smallchangedor all investigatectircuits,
aconstantvaluecanbechoserfor t,,,,. Thenthecompleity of the proposedanalysisalgorithmscan
bedescribedndependentf ¢,,,,., yielding O(|S¢| - n?).

3.2.3 Modifications and Extensions

Any modificationor extensionproposedn the previous chapterfor the analysisof combinationakir-
cuitscanalsobe usedfor the analysisof the sequentiatircuits: Smallcircuit partsof Ac(tmas + 1),
which containrecovemgentpathscanbereplacedy complex gates.Furthermoretheanalysiscanalso
bebasednindependenpropagatiorprobabilitiesof recowvergentpaths.

The signal probabilitiesof a sequentiakircuit canbe easilyapproximatedFirst % is assignedo
eachcircuit input and alsoto eachflipflop. This meansthat for eachcircuit input and eachflipflop
the assignmenbf the value “0” or the value“1” is equallylikely. If the setof reachablestatesis
not uniformly distributed and for eachflipflop the independenprobability is given, that the flipflop
stores‘l”, thentheseprobabilitiesare assignedo the flipflops. Furthermorethe methodintroduced
by KrishnamurthyandTollis [52] canbeusedto improve the approximatiorof signalprobabilities.

An extendedanalysisconsideringthe direction of fault propagationas proposedn the previous
chaptercanalsobeapplied.

3.3 Generation of Groups of Outputs

Thealgorithmswhichanalyzehestructureof asequentiatircuit asdescribedbove, computeor each
pair of circuit outputsof C' an estimatedreductionof fault propagatiorcausedoy the assignmenof
two outputsto the sameparity groupof thelinearspacecompactar Therefore theanalysisalgorithms
of sequentiatircuits computethe sametype of resultsasthe algorithmsgivenin the previous chapter
for combinationatircuits. Thus,thegroupingalgorithmandits modificationswhich aredescribedor
combinationaktircuits,canalsobeusedfor the designof outputcompactorgor sequentiatircuits.

Again, for agivennumberof compacteautputsk theheuristicalgorithmscomputedisjointgroups
of outputsfrom the resultsof the analysisalgorithms,sothatthe sum P(Gy ) of theresultingpartition
Gy, is minimized.

3.4 Experimental Results

Theexperimentaresultsaredervedfor 20 sequentiatircuitsof theISCAS’89 benchmarksuite[12].
Thecircuitsareshavn in Table3.1. They contain3to 78inputs,5 to 152outputsand5 to 638flipflops.

Thestructureof eachsequentiabenchmarlcircuit wasmodelledasaniterative array A¢(9). This
implies, that ¢,,,,, Wassetto 8. As mentionedabove, experimentalresultsshaw, thatt,,., = 8 is
sufficient, sincehighervaluesof ¢,,,,,, changeheapproximategrobabilitieg,,, .. (s~ y) only slightly.

Eachiterative arrayderived from a sequentiabenchmaricircuit wasanalyzedusingthe algorithm
basedn approximatebseration probabilitiesandthe analysisincluding approximatedignalprob-
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3 StructuralOutputSpaceCompactionfor SequentialCircuits

Sequential Numberof
Circuit | gates inputs outputs flipflops
$298 119 3 6 14
s344 160 9 11 15
s349 161 9 11 15
s382 158 3 6 21
s386 159 7 7 6
s400 162 3 6 21
s444 181 3 6 21
s510 211 19 7 6
s526 193 3 6 21
s641 379 35 23 19
s713 393 35 23 19
s820 289 18 19 5
s832 287 18 19 5
s1196 529 14 14 18
s1423 657 17 5 74
51494 647 8 19 6
s5378 2779 35 49 164
s9234.1 | 5597 36 39 211
s13207.1| 8020 67 152 638
s15850.1| 9785 78 150 534
average | 1543 21 29 92

Table3.1:ISCAS’'89 benchmarlcircuits

abilities. Theanalysisalgorithmswereimplementedn C++. It tookacomputemwith anAMD Athlon
processorunningat 700 MHz underLinux lessthan5 seconddo analyzeary iteratve array The
runtimeof theanalysiswasmeasuredvithout thetime requiredfor readingthe netlistof the processed
circuit. Theexperimentaresultsaregivenin Table3.2.

The heuristicalgorithm,which wasintroducedfor the designof outputcompactordor combina-
tional circuits, was usedto determinedisjoint groupsof outputs. Again, the algorithm computesa
partition G, so that the correspondingsum P(Gy) is minimal. The paritiesof thesegroupsare the
compactedutputsof the sequentiatircuit.

The experimentalresultsinvolving fault simulationof stuck-atandtransitionfaultswere obtained
usingthesimulatorM nos.

3.4.1 Simulation of Stuck-At Faults

In orderto investigatehow goodthe proposediesignof linearspacecompactorgor sequentiatircuits

dealswith theissueof errormasking sequentiatircuitswith no outputcompactiorandwith compacted
outputsweresimulated.Theoutputspacecompactorgor the sequentiatircuitswerederived from the

analysisbasedn approximateabseration probabilitiesandtheanalysiswhich includesadditionally

the signalprobabilities.The experimentdncludedsimulationof singlestuck-atfaults.
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3.4 ExperimentaResults

Runtimeof analysisalgorithmsbasedon
Sequential| approx.observ approx.signal&
Circuit probabilities observ probabilities
(s) (s)
s298 0.01 <0.01
s344 <0.01 0.01
s349 <0.01 <0.01
s382 <0.01 0.01
s386 0.01 <0.01
s400 0.01 0.01
s444 <0.01 <0.01
s510 <0.01 0.01
s526 <0.01 <0.01
s641 0.02 0.03
s713 0.02 0.02
s820 0.01 0.03
s832 0.01 0.04
s1196 0.01 0.01
s1423 0.01 0.01
s1494 0.03 0.05
s5378 0.48 0.63
$9234.1 0.53 0.60
s13207.1 3.56 4.30
$15850.1 3.52 3.98

Table3.2: Runtimesrequiredfor structureanalysisusingdifferentalgorithms

Thetestabilityof sequentiatircuits with the proposedinear spacecompactorss investigatedor
concurrenbon-line checkingandfor testingbasedon pseudarandominput vectors. In the following,
an original circuit checled or testedwithout outputcompactionis denotedby C' and circuits with &
compacteautputs which arederived from anoutputpartitionG,, aredenotedoy Cj.

3.4.1.1 On-Line Checking

The comparisorof the on-linetestabilitiesof circuitswithout andwith the proposedinearspacecom-
pactorswas carriedout asin the previous chapter:First a sequencef 100000pseudorandominput
vectorswereappliedto thecircuitinputsof theoriginal circuit C(e(s)), which containedasinglestuck-
atfaulte(s) atthecircuitline s. Thenthesamevectorswereappliedin thepresencef e(s) to thefaulty
circuit Ck(e(s)) with k£ compactedutputs.If n(e(s)) andn(e(s)) arethenumbersof pseudaandom
inputvectors for which atleastoneof thechecled outputsof C(e(s)) andCy(e(s)) is erroneousthen

n(e(s)) — nk(e(s))

e =T nle(s)
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3 StructuralOutputSpaceCompactionfor SequentialCircuits

Sequential Reductionof on-linetestabilityfor SSFH%)
Circuit P P2 #3 fa P5 e 7 s
s298 45.95| 12.27| 14.12| 4.52 | <0.01 0 — -
s344 25.81| 833 | 2.77 | 1.00 | 047 | 0.07 0.64 | 0.21
s349 25.82| 839 | 281 | 1.00 | 048 | 0.07 0.64 | 0.21
s382 787 | 285 | 285 | <0.01| <0.01| O - -
s386 11.64| 6.93 | 0.04 | <0.01| <0.01| <0.01| O -
s400 7.89 | 743 | 324 | 104 | <0.01| O - -
s444 565 | 522 | 3.13 | 0.68 | <0.01 0 - -
s510 34.29| 17.43| 586 | 3.44 | 5.01 1.94 0 -
s526 409 | 0.24 | 275 | <0.01| <0.01| O - -
s641 11.04| 261 | 1.14 | 0.82 | 0.29 | 0.14 | 0.13 | 0.10
s713 10.53| 259 | 1.07 | 0.62 | 0.18 | 0.15 | 0.31 | 0.10
s820 18.37| 5.04 | 0.72 | 129 | 0.78 | 0.30 | 0.54 | 0.36
s832 18.16| 493 | 0.71 | 127 | 0.77 | 0.28 | 0.53 | 0.36
s1196 15.56| 6.46 | 298 | 142 1.03 | 0.53 0.25 | 0.21
s1423 3.13 | 0.17 | 0.01 | <0.01| O - - -
s1494 1432 716 | 213 | 0.68 | 0.57 | 048 | 0.95 | 0.08
s5378 | 11.42| 2.09 | 0.79 | 0.33 | 0.16 | 0.07 | 0.04 | 0.03
s9234.1 | 10.81| 3.30 | 2.71 | 1.76 213 | 0.09 | <0.01| 1.42
s13207.1| 18.19| 1.63 | 1.15| 051 | 0.26 | 0.35 | 0.05 | 0.01
s15850.1 | 12.25| 5.22 | 3.58 | 0.41 | 0.20 | 0.10 | 0.05 | 0.03
average | 15.64| 551 | 2.73 | 1.04 | 0.62 | 0.23 0.21 | 0.16

Table3.3: On-linetestabilityof sequentiatircuitswith outputcompactorslerived from approximated
obsenration probabilities

estimatesheprobability thatanerroratthefunctionaloutputscausedy thefaulte(s) isnotobserable
atthek compactedutputs.

Again, the Equation(2.5) givenon page50 is used:If E¢ is the setof all singlestuck-atfaultsof
thecircuit C, then

1
Kk = - Z Hk,e(s)
Bol ek

canbe usedto computethe expectedvalueof the probability thata pseudorandormput vectormalkes
anarbitrarily chosersinglestuck-atfault detectablat the functionaloutputs but not at the compacted
outputsof Cy,.

Analysis Based on Observation Probabilities  Table3.3 givesthe experimentallydetermined
valuesu,, k = 1,...,8, for circuits with & compactedutputsderived from the analysisbasedon
approximatedbseration probabilities.

For eachbenchmarlcircuit acompactomwith k£ = 6 outputsis suficientto achiere u, < 2%. On
averagek = 3.6 compactedutputsarenecessaryo meetthis requirement.
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3.4 ExperimentaResults

Sequential Reductionof on-linetestabilityfor SSF(%)
Circuit B 2 13 f4 Bs 16 pr s
s298 4595| 35.41| 821 | 056 | <0.01| O - -
s344 25.81| 844 | 588 | 0.85 | 2.46 202 | 0.18 | <0.01
s349 25.82| 850 | 586 | 0.86 | 243 | 2.00 | 0.17 | <0.01
s382 787 | 719 | 1.09 | 3.25 | <0.01| O - -
s386 11.64| 214 | 1.25 | 0.33 | 0.01 | <0.01 0 -
s400 7.89 | 6.39 | <0.01| <0.01| <0.01| O - -
s444 5.65 | 454 | <0.01| <0.01| <0.01| O - -
s510 34.29| 15.10| 4.60 | 3.06 | 0.02 | <0.01| O -
s526 4.09 | 384 | 024 | <0.01|<0.01| O - -
s641 11.04| 4.72 | 3.68 | 0.35 | 0.13 | 0.09 | 0.07 | 0.05
s713 10.53| 343 | 247 | 0.29 | 0.17 0.23 | 0.10 | 0.07
s820 18.37| 5.09 | 5.10 | 144 | 2,53 | <0.01| <0.01| 0.07
s832 18.16| 4.97 | 1.08 181 | 247 | <0.01| <0.01| 0.07
s1196 | 15.56| 6.31 | 3.63 | 1.07 | 0.96 | 0.67 | 0.02 | 0.01
s1423 | 3.13 | 0.03 | 0.08 | <0.01| O - - -
s1494 | 14.32| 8.33 | 3.62 2.68 | 0.67 1.32 | 0.18 | 0.03
s5378 | 11.42| 142 | 119 | 069 | 0.32 | 0.16 | 0.10 | 0.06
s9234.1 | 10.81| 3.23 | 0.63 2.08 1.10 | 0.26 | 0.24 | 0.09
s13207.1| 18.19| 1.48 | 1.79 | 0.59 | 0.38 | 0.33 | 0.10 | 0.02
s15850.1| 12.25| 2.38 | 1.33 | 0.16 | 0.18 | 0.12 | 0.07 | 0.35
average | 15.64| 6.65 | 259 | 1.00 | 0.69 | 0.36 | 0.06 | 0.04

Table3.4: On-linetestabilityof sequentiatircuitswith outputcompactorslerived from approximated
signalandobsenation probabilities

A comparisorbetweenu; and s yields the following: If two parity groupsinsteadof a single
parity tree are selectedthenthe probability thata fault is obserable at the functional outputs,but
not at the compactedutputs,is considerablyeduced.The reductionof the maskingprobabilityis on
average65% for thetwenty circuits. For sixteenout of the twenty circuits uo is equalor lessthan y;
dividedby 2.

Theresultsobtainedfor the compactorswhich aregeneratedasedon approximatedbsenration
probabilitiesshav for mostcircuits, thatthe on-line testabilitycanget worse,althoughthe numberof
compactedutputsis increased.For example,for s526it is s = 0.24 for 2 compactedutputs,but
us = 2.75 for onemorecompactedutput. This obseration correspondso similar resultsderived for
combinationakircuitsandcanbe explainedin the sameway asin the previouschapter

Analysis Based on Approximated Signal and Observation Probabilities Table3.4gives
the valuesof uj, which are obtainedby simulatingthe original circuit C' andthe circuits Cj, with
k = 1,...,8 compactedoutputs. The compactorsvere generatedaccordingto the resultsof the
analysishasedon approximatedignalandobseration probabilities.

Compactorswith k& < 5 outputsare sufiicient to achieve u;, < 2% for all benchmarkcircuits.
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3 StructuralOutputSpaceCompactionfor SequentialCircuits

i/ 1 100%:
s382-obs.prob
s382- sig. & obs.probh ...
80% s$820- obs.prob _ _ _
s820- sig. & obs.proh _ _
60%
40%
20%
0 -
7 8 9 10
compactedutputs

Figure3.3: Comparisorof resultsfor on-line checking

On averagek = 3.4 compactedutputsarenecessaryo fulfill this condition,if the generatiorof the
compactorss basedon approximatedignalandobseration probabilities. If the underlyinganalysis
doesnot approximatesignal probabilities,thenthe averagenumberof compactedutputsis slightly
higher(k = 3.6).

Similarto thevaluedlistedin the Table3.3,theresultsfor compactorsvhich aregeneratedhasedn
approximateaignalandobsenration probabilitiesshav for mary circuits,thatthe on-linetestabilityof
circuitswith compacteutputscandecreasealthoughthe numberof compactedautputsis increased.

Comparison of the Results Obtained from Different Analysis Algorithms  The experi-
mentalresultsof compactorsierived from the two differentanalysisalgorithmsaregivenin Table3.3
andTable3.4: Theresultsof Table3.3 correspondo the analysishasedon approximatedbsenration
probabilitiesandthe resultsof the Table 3.4 arerelatedto the analysisincluding approximatedsignal
probabilities. A comparisorof the two tablesshaws, thatfor mary circuits the resultsobtainedfrom
thetwo analysisalgorithmsarevaryingconsiderably Thisis shavn moreclearlyin Figure3.3.

Figure 3.3 shaws the reductionof u, £ = 1,...,8, for two circuits s382and s820with com-
pactorsbasedon the two different analysisalgorithms. The graphsare computedin the following
way: u1, which is the valueobtainedfor a singleparity treeof all circuit outputs,is setto 100%. For
k =2,...,8 thecorrespondingercentagesf y/u1 aredeterminedandshowvn in Figure3.3for the
four combinationsThesolid line andtheline of long dasheshav theresultsobtainedfor the sequen-
tial circuits s382ands820with compactedutputs,respectrely. The compactoraverederived from
the analysisbasedon approximatedbseration probabilities. The lines consistingof dotsandshort
dasheshawv alsoresultsobtainedfor s382ands820with compacteautputs but the compactorsvere
generatecccordingo theanalysisresults which includeapproximatedignalprobabilities.

The two graphsof s382,which both include partswith positive gradientsdiffer considerablyfor
lessthan5 compactedutputs. For the sequentiakircuit s820the analysisbasedon approximated
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3.4 ExperimentaResults

obsenration probabilitiesachiereslower uy, for £ = 3, 4,5 compactedutputs.In contrasttheresults
of the otheranalysisalgorithmarebetterfor £ = 6,7, 8.

The varying resultsindicate, that for several sequentialcircuits and for variousk both analysis
algorithmsarenot accurateenough sothatthe resultingcompactorsnasktoo mary faults.In contrast,
for almostall combinationatircuitsthetwo analysisalgorithmsresultin compactorsywhich minimize
fault maskingfor ary £ with only smalldifferences.

The distinction betweencombinationaland sequentiakircuits is, that sequentiakircuits contain
flipflops, which storethe states. Often, sequentiakircuits reachonly a limited numberof statesor
somestatesarelesslikely. In this case the propagatiomprobability is O or very low for paths,which
becomeonly sensitizedundersuchstates. The two analysisalgorithmsproposedabore neglect this
effect.

To furtherimprove the analysisthe approximatiorof signalprobabilitiescantake into accounthe
setof reachablestatesasdescribedn Section3.2.3. Also the othermodifications which areproposed
for theanalysisalgorithmsin Section3.2.3,might be useful.

3.4.1.2 Pseudo Random Testing

In this section,the effect of the proposedcompactoron pseudorandomtestingis investigated.This
is doneby fault simulation: 100000 pseudarandominput vectorsareappliedto the original circuit C
andto thecircuit C, correspondingo the outputpartitionG,. Thefault simulatordeterminesl andd,
which arethe numbersof detectedstuck-atfaultsof C andCy, respecitely. For the simulationof Cj,
only thestuck-atfaultsof theoriginal circuit C' areconsideredAdditional faultswithin the XOR-trees
of the compactorsareomitted.

Thequotient

_d—dy
Qk——d

determineshefractionof faults,whichareobserableatthefunctionaloutputsof thesequentiatircuit,
but which arenot detectedat the compacteatircuit outputsof Cy,.

Analysis Based on Observation Probabilities  The analysisbasedon approximatetbsena-
tion probabilitieswere usedto determinecompactordor the benchmarkgircuits. The experimental
results which areobtainedafterapplying100000pseudaandomtestvectorsto the circuitswith com-
pactedoutputs,are presentedn Table3.5. Eachrow givesthe nameof the investigatedcircuit, the
numberof undetectedinglestuck-atfaultsof C, C4, ..., Cy, andthevalueof ¢, k =1, ... , 4.

For several sequentiakircuits the pseudorandomtestachiezes a poor fault coverageso that the
pseudaandomtestis not sufiicient for thesecircuits. Thecircuitss382,5s400,s444,s526,ands9234.1
arenotlistedin Table3.5, becausdor eachof thesecircuitsthefault coverageobtainedby fault simu-
lationis lessthan40%.

Theresultsshaw, thatfor pseudaandomtesta singleparity treecompactingall functionaloutputs
to one compactedutputcausedault maskingfor mostcircuits. If compactorswith two outputsare
addedto the circuits, thenfault maskingis avoidedfor nine of the fifteen circuits. Finally, the space
compactorsof 13 circuits requireat mostfour outputs,so that all faultswhich are obserable at the
functionaloutputsare detectedat the compactedutputs. To fulfill alsothis conditionfor the circuits
s5378ands13207.1five compactedutputsarerequired.
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Sequential Numberof undetecteSFs Ratiogy, = (d — dy,)/d (%)
Circuit C o1 Cy Cs Cy k=1k=2|k=3|k=4
s298 64 265 66 64 65 49.81| 0.38 0 0.19
s344 18 18 18 18 18 0 0 0 0
s349 22 22 22 22 22 0 0 0 0
s386 192 193 193 192 192 0.17 | 0.17 0 0
s510 0 0 0 0 0 0 0 0 0
s641 152 152 152 152 152 0 0 0 0
s713 230 230 230 230 230 0 0 0 0
s820 829 849 829 829 829 2.47 0 0 0
s832 852 873 852 852 852 2.59 0 0 0
s1196 18 21 18 18 18 0.13 0 0 0
51423 977 977 977 977 977 0 0 0 0
s1494 1049 | 1152 | 1112 | 1060 | 1049 | 5.31 | 3.25 | 0.57 0
s5378 3020 | 3447 | 3069 | 3024 | 3027 | 5.70 | 0.65 | 0.05 | 0.09
s13207.1| 15573 | 18529 | 15576| 15595| 15576| 27.04| 0.03 | 0.20 | 0.03
s15850.1| 16917| 17711| 16935| 16950| 16917 5.36 | 0.12 | 0.22 0

Table3.5: Pseudaandomtestof sequentiatircuitswith outputcompactorsierivedfrom approximated
obsenration probabilities

Analysis Based on Approximated Signal and Obser vation Probabilities  In thefollowing,
outputcompactordor sequentiakircuits are consideredwhich are obtainedfrom the resultsof the
analysisbasedon approximatedignalandobsenration probabilities. Again, 100000pseudorandom
testvectorswere appliedto the sequentiakircuits and fault simulationwas usedto determine how
mary singlestuck-atfaultsremainundetectedTable 3.6 lists the numbersof undetectedaultsfor the
originalcircuit C andfor thecircuitsC1, ..., Cy with k = 1,. .., 4 compactedutputs.For eachcircuit
C1,...,Cy thelossof fault coverageg,, whichwascomputedasdescribedabove, is givenin thetable.
Again,if for ary original circuit thefault coverage whichwasobtainedby fault simulation,is lessthan
40%, thenthis circuit is notlistedin Table3.6.

If compactorsvith two outputsareused thenthe fault maskingoccursonly for afifth of thelisted
circuits. For almostall circuitsthefault coverageis not reducedor compactorsvith 4 or lessoutputs.
Theonly exceptionis s1494 which requiress compacteautputs.

Comparison of the Results Obtained from Different Analysis Algorithms  The usageof
thecompactorswhicharederivedfrom thetwo differentanalysisalgorithmsyieldsvaryingresultsfor
alarge numberof theinvestigatedsequentiatircuits.

For the analysis,which is only basedon approximatedbseration probabilities,on average2.4
compactedutputsaresuficient to avoid fault masking.In comparisonthe compactorglerived from
the analysisalgorithmincluding approximatedignalprobabilitiesrequireon averagea slightly lower
numberof compactedautputs(2.1). Thisresultindicatesagain thatfor mostcircuitstheapproximation
of signalprobabilitiesincreaseshe accurag of theapproximategrobabilities.
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Sequential Numberof undetecteSFs Ratiogy, = (d — dy,)/d (%)
Circuit C (o1 Cy Cs Cy k=11k=2|k=3|k=4
s298 64 265 71 66 65 49.81| 1.32 | 0.19 0
s344 18 18 18 18 18 0 0 0 0
s349 22 22 22 22 22 0 0 0 0
s386 192 193 192 192 192 0.17 0 0 0
s510 0 0 0 0 0 0 0 0 0
s641 152 152 152 152 152 0 0 0 0
s713 230 230 230 230 230 0 0 0 0
s820 829 849 829 829 829 2.47 0 0 0
s832 852 873 852 852 852 2.59 0 0 0
s1196 18 21 18 18 18 0.13 0 0 0
51423 977 977 977 977 977 0 0 0 0
s1494 1049 | 1152 | 1098 | 1075 | 1056 | 5.31 | 253 | 1.34 | 0.36
s5378 3020 | 3447 | 3020 | 3027 | 3031 | 5.70 0 0.09 | 0.15
s13207.1| 15573 | 18529 15573| 15626| 15573| 27.04 0 0.48 0
s15850.1| 16917| 17711| 16984 | 16932| 16917| 5.36 | 0.45 | 0.10 0

Table3.6: Pseudaandomtestof sequentiatircuitswith outputcompactorsierivedfrom approximated
signalandobsenration probabilities

3.4.2 Simulation of Transition Faults

In this section,the effect of the proposedcompactorson the propagatiorof transitionfaultsis inves-
tigated. Although the designof the compactorsvasoptimizedfor the propagatiorof single stuck-at
faults,the compactorshouldalsopropagateutputerrorscausecdy defects which arenot modelled
by singlestuck-atfaults.

Theunderlyinganalysisalgorithmsconsideredn the following arethe analysisbasedon approxi-
matedobsenration probabilitiesandthe analysiswhich additionallyincludessignalprobabilities. The
testabilityof circuitswith compactorswhich aregeneratec@ccordingo the resultsof thetwo analysis
algorithms,is investigatedfor concurrenton-line checkingand for testingbasedon pseudorandom
inputvectors.

3.4.2.1 On-Line Checking

The experimentsinvestigatingthe on-line testabilitywith respecto transitionfaultswere carriedout
similar to the experimentsfor the single stuck-atfault model. A sequencef 100000pseudarandom
input vectorswasappliedto circuits without andwith the proposedinear spacecompactionjn order
to determineu;, asgivenin Equation(2.5)on page50for acircuit Cy, with £ compacteautputs:If E¢
is the setof all transitionfaultsof C, andn(e(s)) (ng(e(s))) is the numberof pseudorandominputs
for which underthe presencef thefaulte(s) € E¢ atleastoneof the outputsof C (Cy) is erroneous,
thenit is

__1 ) n(e(s)) — nr(e(s))
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Sequential Reductionof on-linetestabilityfor transitionfaults (%)
Circuit 1 B2 13 e K5 e Hr s
s298 37.79| 9.16 | 12.77| 2.88 | <0.01| O 0 -

s344 18.72| 576 | 213 | 0.70 | 043 | 0.05 | 052 | 0.18
s349 18.81| 586 | 2.16 | 0.71 | 044 | 0.05 | 052 | 0.18
s382 0.52 | <0.01| <0.01| <0.01| <0.01 0 - -
s386 9.17 | 513 | 0.01 | <0.01| <0.01| <0.01 0 -
s400 0.50 | 0.50 | <0.01| <0.01| <0.01 0 - -
s444 0.34 | 0.34 | <0.01| <0.01| <0.01 0 - -
s510 30.23| 15.38| 489 | 3.25 | 425 | 1.90 0 -
s526 0.29 | <0.01| <0.01| <0.01| <0.01 0 - -
s641 895 | 171 | 074 | 059 | 0.23 | 0.10 | 0.10 | 0.06
s713 835| 159 | 0.72 | 055 | 0.13 | 0.11 | 0.28 | 0.08
s820 1428 417 | 0.64 | 1.12 | 0.75 | 0.26 | 0.42 | 0.29
s832 14.16| 4.08 | 0.63 | 1.10 | 0.73 | 0.26 | 0.41 | 0.28
s1196 | 15.23| 6.30 | 291 | 1.33 | 1.16 | 0.54 | 0.26 | 0.22
s1423 273 | 013 | 0.01 | <0.01 0 - - -
s1494 | 11.48| 581 | 1.81 | 053 | 0.46 | 040 | 0.78 | 0.07
s5378 884 | 144 | 064 | 024 | 0.15 | 0.12 | 0.04 | 0.03
s9234.1 | 548 | 161 | 148 | 1.20 | 1.36 | <0.01| <0.01| 1.15
s13207.1| 9.80 | 090 | 0.77 | 0.30 | 0.09 | 0.09 | 0.01 | <0.01
s15850.1| 7.46 | 3.67 | 265 | 029 | 019 | 0.06 | 0.01 | 0.01
average | 11.16| 3.68 | 1.75 | 0.74 | 0.52 | 0.20 | 0.17 | 0.13

Table3.7: On-linetestabilityof sequentiatircuitswith outputcompactorslerived from approximated
obsenration probabilities

Analysis Based on Observation Probabilities  Table3.7liststheexperimentalesultsobtained
for circuitswith £ = 1, ..., 8 compactedutputs.

Thefault coveragesachiared for transitionfaultsareconsiderablysmallerthanthe fault coverages
obtainedfrom the experiments,which simulatedsingle stuck-atfaults. For the circuits s382,s400,
s444,ands526thefault coveragesarebelov 10%.

Thelow faultcoveragescanbe explaineddueto thefact, thata testof a singledelayfault consists
of two successie vectors. The first vectorinitializes the faulty site to a given value andthe second
vectorlauncheghetransitionat the faulty site, sothatthe delayfaultis propagatedo the flipflops or
to thecircuit outputs.If thenumberof differentpairsof two vectors which areappliedsuccessiely to
thecircuitis low, thenusuallya low fault coverageis obtained70].

For sequentialcircuits the test vectorsappliedto the combinationalpart consistsof the values
assignedo theinputsandthe state.For severalsequentiatircuitsthe sequencef stateproducesonly
a small numberof differentpairsof two successie statesyielding a low fault coveragefor transition
faults.In orderto achieve higherfault coveragesanaccessnechanisnto the statevaluescanbeadded
sothatthe statescanbe controlledduringthetest.

The low fault coverageimplies, that mostly faults that are easily detectableare obsered during
the simulation. For thesefaultsthe approximategrobabilitiesof propagatiorto the outputsarevery
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3.4 ExperimentaResults

Sequential Reductionof on-linetestabilityfor transitionfaults (%)
Circuit B 2 13 f4 Bs 16 pr s
s298 37.79| 29.37| 6.82 | 0.47 | <0.01| O -
s344 18.72| 555 | 3.56 | 0.62 1.94 1.08 | 0.08 | <0.01
s349 18.81| 5.64 | 357 | 0.63 | 1.92 | 1.07 | 0.08 | <0.01
s382 0.52 | 052 | <0.01| 052 | <0.01| O - -
s386 9.17 | 148 | 0.99 | 0.26 | 0.01 | <0.01| O -
s400 0.50 | 0.50 | <0.01| <0.01| <0.01| O - -
s444 0.34 | 0.34 | <0.01| <0.01|<0.01| O - -
s510 30.23| 13.34| 4.17 | 2.06 | <0.01| <0.01| O -
s526 0.29 | 0.29 | <0.01| <0.01| <0.01| O - -
s641 895 | 387 | 327 | 0.26 | 0.10 | 0.06 | 0.05 | 0.03
s713 835 | 263 | 217 | 0.21 | 0.13 0.21 | 0.08 | 0.07
s820 14.28| 4.05 | 448 | 124 | 2.21 | <0.01| <0.01| 0.07
s832 14.16| 3.96 | 098 | 159 | 2.16 | <0.01| <0.01| 0.06
s1196 | 15.23| 6.07 | 3.57 | 1.00 | 0.94 | 0.63 | 0.02 | 0.01
51423 2.73 | 0.02 | 0.07 | <0.01| O - - -
s1494 | 11.48| 650 | 298 | 238 | 0.60 | 1.09 | 0.10 | 0.05
s5378 | 8.84 | 1.17 | 0.97 | 044 | 0.29 | 0.14 | 0.09 | 0.05
s9234.1 | 548 | 161 | 0.18 | 1.35 | 0.35 | 0.06 | 0.07 | <0.01
s13207.1| 9.80 | 0.78 | 1.28 | 041 | 0.31 | 0.14 | 0.05 | <0.01
s15850.1| 7.46 | 1.45 | 0.84 | 0.09 | 0.14 | 0.07 | 0.02 | 0.30
average | 11.16| 4.41 | 2.00 | 0.68 | 0.56 | 0.23 | 0.03 | 0.04

Table3.8: On-linetestabilityof sequentiatircuitswith outputcompactorslerived from approximated
signalandobsenation probabilities

high. Thus,the proposedalgorithmsform parity groupsin away, thatmakesit very unlikely, thatone
of thesefaultsis propagatedo two outputsof the samegroup. Sofor eachcircuit andalmostevery k,
thevaluesyy, listedin Table3.7 aresmallerin comparisorto theresultsgivenin Table3.3for single
stuck-atfaults.

For eachinvestigatecbenchmarlkcircuit a compactorwith £ = 6 outputsis suficient to achieve
ur < 2%, andon averagek = 2.9 compacteautputsarenecessaryo fulfill this condition.

Analysis Based on Approximated Signal and Obser vation Probabilities  For circuitswith

k compactedutputsthevaluesuy, k = 1,.. ., 8, wereexperimentallydeterminedor transitionfaults.
Thevaluesarelistedin Table3.8. The compactorsverederived from the resultsof the analysishased
on approximateaignalandobseration probabilities.

The comparisonbetweenthe simulationof transitionfaults and single stuck-atfaults yields the
sameresultasabove: The fault coveragesachieved for transitionfaultsare considerablysmallerthan
thefault coveragesbtainedfrom the simulationof singlestuck-atfaults. Again, for the circuits s382,
s400,s444,and s526the fault coveragesare belov 10%. And for eachcircuit and almostevery k,
thevaluesyy, listedin Table3.8 aresmallerin comparisorto the resultsgivenin Table 3.4 for single

79



3 StructuralOutputSpaceCompactionfor SequentialCircuits

Sequential Numberof undet.transitionfaults Ratiog, = (d — di)/d (%)
Circuit C 4 Cy Cs Cy |k=1|k=2|k=3|k=4
s298 167 | 360 | 167 | 167 | 167 | 51.28 0 0 0
s344 64 66 64 64 64 | 0.33 0 0 0
s$349 69 71 69 69 69 | 0.33 0 0 0
s386 336 | 341 | 343 | 336 | 336 | 1.15 | 0.69 0 0
s510 129 | 132 | 129 | 129 | 129 | 0.34 0 0 0
s641 244 | 244 | 244 | 244 | 244 0 0 0 0
s713 353 | 353 | 353 | 353 | 353 0 0 0 0
s1196 56 63 56 56 56 | 0.30 0 0 0
s1423 | 1421 | 1421 | 1421 | 1421 1421 0 0 0 0
s1494 | 1364 | 1454 | 1413 | 1374 | 1364 | 554 | 3.02 | 0.62 0
s5378 | 3920| 4245| 3944 | 3928 | 3920 4.93 | 0.36 | 0.12 0

Table3.9: Pseudaandomtestof sequentiatircuitswith outputcompactorsierivedfrom approximated
obsenration probabilities

stuck-atfaults.
Onaveragek = 2.9 compactedutputsaresuficientto achieve uy < 2%.

Comparison of the Results Obtained from Different Analysis Algorithms  Thecompari-
sonof thetwo Tables3.7and3.8shawvs, thatfor mostcircuitstheresultsobtainedrom thetwo analysis
algorithmsbasedn approximategrobabilitiesareconsiderablyarying. Thereasongor the different
resultsarethe sameasthosegivenabove for the differencesbtainedfor stuck-atfaults.

3.4.2.2 Pseudo Random Testing

In this section,the effect of the proposedcompactorsn pseudarandomtestingof transitionfaultsis
investigated.100000 pseudaandomtestinput vectorsareappliedto the original circuit C andto the
circuit Cy, in orderto determined andd,, which arethe numbersof detectedfaults of C and C,

respectiely. Thenthe quotientg, = % is computed.

Analysis Based on Observation Probabilities  Theanalysisbasedon approximatedbsera-
tion probabilitieswas usedto determinecompactordor the investigatedcircuits. The experimental
results,which wereobtainedfrom the simulationof the circuits with thesecompactorsare presented
in Table3.9.

For several sequentiatircuits the pseudaandomtestachierespoorfault coverages.The explana-
tion is the sameasgivenin the previous sectiongivenfor thelow fault coveragesbtainedfor on-line
checking.Sequentiatircuitswith fault coverageessthan40% arenotlistedin Table3.9.

While onecompactedutputconsistingof a singleparity treereduceghe fault coveragefor eight
out of eleven circuits, two compactedutputscausefault maskingonly for threecircuits. Finally, a
compactomwith four outputsis sufficientto avoid fault maskingfor eachlistedcircuit.
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3.5 Summary

Sequential Numberof undet.transitionfaults Ratiogy = (d — di)/d (%)
Circuit C o1 Cy Cs Cy |k=1k=2|k=3|k=
s298 167 | 387 | 180 | 167 | 167 | 51.28| 3.03 0 0
s344 64 66 64 64 64 | 0.33 0 0 0
s$349 69 71 69 69 69 | 0.33 0 0 0
s386 336 | 341 | 338 | 338 | 336 | 1.15 | 0.46 | 0.46 0
s510 129 | 132 | 130 | 130 | 131 | 0.34 | 0.11 | 0.11 | 0.22
s641 244 | 244 | 244 | 244 | 244 0 0 0 0
s713 353 | 353 | 353 | 353 | 353 0 0 0 0
s1196 56 63 56 56 56 | 0.30 0 0 0
s1423 | 1421 | 1421 | 1421 | 1421 1421 0 0 0 0
s1494 | 1364 | 1454 | 1401 | 1385| 1374| 554 | 228 | 1.29 | 0.62
s5378 | 3920 | 4245| 3927 | 3925| 3924| 493 | 0.11 | 0.08 | 0.09

Table3.10:Pseudaandomtest of sequentiakircuits with outputcompactorgderived from approxi-
matedsignalandobsenration probabilities

Analysis Based on Approximated Signal and Obser vation Probabilities  Inthefollowing,
outputcompactorgfor sequentiakircuits are consideredwhich are obtainedfrom the resultsof the
analysisbasedon approximatedsignaland obsenration probabilities. Again, 100000pseudorandom
testvectorswereappliedto the circuitswith thesecompactorsin orderto simulatethe propagatiorof
transitionfaults.

Table 3.10 lists the numbersof undetectedaults for the original circuit C and for the circuits
C1,...,Cy andalsothelossof faultcoverageg, with k =1, ... , 4.

Two compactedutputsarerequiredto achieze no fault maskingfor six out of eleven circuits. A
compactomwith five outputsis sufiicientto avoid fault maskingfor eachlistedcircuit.

Comparison of the Results Obtained from Different Analysis Algorithms  Compactors
derived from the analysisbasedon approximatedbseration probabilitiesonly achieve betterresults
thancompactorsyhich were generatedncluding approximatedignal probabilities. On average2.2
compactedutputsare sufficient to avoid fault masking,if the former analysisis used. A compactor
generatedaccordingto the resultsof the latter analysisalgorithmrequireson average2.8 compacted
outputsto fulfill this condition.

3.5 Summary

In this chapterthe designof linear output spacecompaction,which is proposedfor combinational
circuitsin thepreviouschapteris extendedo theapplicationto sequentiatircuits. Again,theapproach
is basedon ananalysisof the circuit netlist. Only the extensionsof two analysisalgorithmsbasedon
approximategrobabilitiesare describedn this chapter sincefor the mostcombinationakircuitsthe
compactorglerived from thesetwo algorithmsachieze the bestresults.

Thebasicideaof the structuralanalysisof a sequentiatircuit is to modelthe sequentiatircuit as
aniterative arrayof time frames which consistof the combinationapartof thesequentiatircuit. Then
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3 StructuralOutputSpaceCompactionfor SequentialCircuits

theanalysisalgorithmsproposedor combinationatircuitscanbe usedto processheiteratve array

The groupsof outputs,which determinethe function of the linear compactorare obtainedin the
sameway asdescribedn the previous chapterfor combinationakircuits. The proposedapproachs
applicableto large sequentiakircuits, sincethe compleity of the designprocedureis linear in the
productof the circuit sizeandthe squareof the numberof outputs.

Experimentakesultsare given for twenty sequentiakircuits of the ISCAS '89 benchmarksuite
[12]. Theresultsfor concurrentheckingshaw, thaton averagefour compactedutputsareenoughto
achieve anerrordetectiorprobabilityof 98% for stuck-atandtransitionfaults. For pseudaandomtest,
compactorsvith five outputsat mostaresuficientto detectall errorsat the compactedautputs which
areproduceddy stuck-ator transitionfaultsandwhich areobserableat the functionaloutputs.

If two differentcompactorsare designedfor the samesequentiakircuit using the two different
analysisalgorithmsbasedon approximatedorobabilities,thenin mary casesthe reductionof fault
propagatiorof thesetwo compactorgliffers considerably This indicates that the approximationof
the probabilities,which are computedby the analysisalgorithmsareinaccurate so that the resulting
compactorsnay masktoo mary faults. In contrastfor combinationatircuitsthe experimentakesults
differ only slightly for thetwo analysisalgorithms.

Obviously, the reasonfor the varying accurag of the analysisalgorithmsfor combinationaland
sequentiakircuits is, that a sequentiakircuit containsflipflops storing the state. For example, the
analysisalgorithmsneglectthe effect, thatfor mary sequentiatircuits several statesarenotreachable
and then certain pathscan never be sensitized. To handletheseissues,somemodificationsof the
analysisalgorithmsareproposedn this chapter Thesemodificationscanimprove the designof linear
outputspacecompactordgor sequentiatircuits.
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4 Output Space Compaction for Circuits with
Unkno wn Structures

In the previous chaptersthe designof outputspacecompactorgor a givencircuit requiredthe knowl-
edgeof thecircuit netlist. Thelinearspacecompactoraredesignedsothatthe propagatiorof errorsat
thefunctionaloutputsis optimizedfor stuck-atfaults.In this chapteiit is assumedthatthe structureof
thecircuit is unknavn, but a precomputedestsetandthe correspondindault-freetestresponsesf the
circuit aregiven. Underthis condition,non-linearspacecompactorsare designedvithout knowvledge
of theunderlyingfault modelof thetestset.

Thefollowing sectionintroduceshebasicconcepof spacecompactorgor circuits,whosestructure
is notknown, anddiscusseshe usageof thesecompactorsin the following sectionghe basicdesign
of suchcompactorandanextensionwhich improvesthe compactiorratio, aredescribed Afterwards
experimentakesultsarepresentedFinally, the lastsectiongivesa summary

4.1 Introduction

Circuits or moduleswhosestructuresareunknawvn, areoftenusedfor large chip designs.The design
of achip startswith thedesignof thearchitecturewhichis developedaccordingo the specification®f
thechip. Thechipis dividedinto severalmodulesmplementingvariousfunctionalities.Thesemodules
aredesignedseparatelyor somepre-designe@mbeddedoresare used. The advantageof including
pre-designednodulesis, thatthe demandedunctionality canbe addedto the chip without expensve
andtime consumingdevelopment. Therefore,designreuseallows greateron-chip functionality and
shortemproductdevelopmentycles.

In mary casessuchpre-designedunctionalblocksareintellectualproperty(IP) cores.Normally,
the core vendorgives no structuralinformationaboutthe IP core, so thatthe intellectualpropertyis
protected.In this case,the methodsproposedn the previous chapterscannot be usedto designan
outputspacecompactar However, if the vendorwantsto supportthe testof the IP coreandprovides
a setof test patternswith the correspondindault-freetestresponse®f the IP core, thenthe space
compactodesignintroducedn this chaptercanbe applied.

Testinga coreembeddedn a chip poseghe problemof propagatinghetestresponsesf the core
to obsenrable chip input/outputpins. If the testresponse®f the core are inputs of other circuits,
thenerrorsat the outputsof the coremay be masled, sothatthey cannot be obsered. As shavn in
Figure4.1,wrappercellscanbeplacedonthefunctionaloutputs86]. Sincewrappercellsseriallyshift
thetestresponse® obserablechipinput/outputpins,thetestapplicationtime increasesonsiderably
Furthermorethis approactcauseslelayson functionalpathsbetweercores.

In orderto reducethe delayson functionalpaths,spacecompactorcanbe usedto accesghe test
responsesf the core. Sincethe accesss in parallel,thetesttime increase®nly slightly andat-speed
testingis facilitated. This approachis shavn in Figure4.2for a sequentiatircuit in full-scandesign.
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4 OutputSpaceCompactiorfor Circuitswith Unknown Structures
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Figure4.1: Corewith testaccesdbasedon awrapper

In the previous chaptersputput spacecompactorsvere designedn sucha way, that minimized
or eliminatedaliasingis achieared for the stuck-atfault model. In orderto reducealiasing,mostap-
proachedor output compactionsuggestedn the literature are basedon an underlyingfault model.
Sincethe methodproposedn this chaptershouldbe applicableto IP coresand usually the type of
faultstestedby the correspondingdestsetis unknawn, it is importantto designthe spacecompactor
sothatthey propagatehe maximumamountof errorinformation,irrespectie of anunderlyingfault
model. Furthermore the methodspresentedn the previous chaptersand also mosttechniquesro-
posedin the literatureare inherentlyunsuitablefor compactingthe testresponse®f IP cores,since
they requirestructuralkknowledgeaboutthecircuit.

The approackpresentedn this chapterrequiresno informationaboutthe internal structureof the
circuit undertest. The designof the spacecompactords basedon the knovledge of a precomputed
compacttestsetandthe correspondingault-freetestresponseslt guaranteesthatall outputerrors
producedy thegiventestsetarepropagatedo theoutputsof thecompactarThereforethecompactors
arezero-aliasingvith respecto thetestset.

For the purposeof simplification,belav the designof zero-aliasingspacecompactorss described
only for functional outputs,but thesespacecompactorsanalso be usedto compactthe outputsof
obsenation points. Suchcompactoranbe easilydesignedijf the outputsof the obseration points
aretreatedasfunctionaloutputs.Thesecompactorsequireno knowledgeaboutwherethe obseration
pointshave beenplacedin the circuit andzero-aliasingor ary underlyingfault modelis guaranteed
for the giventestset.

Theproposednethodis agenerabneandcanbeappliedto ary circuit with aprecomputedestset.
However, it yieldsthebestresultsconcerningcompactiorratio andlow areaoverheadif the numberof
testpatterngs small. In contrastalargetestsetusuallyresultsin alarge zero-aliasingspacecompactor
which causesigh areaoverhead.

Oftenalongtestsequencéncludesa smaller essentiaketof testpatterns.For example,a pseudo
randomtestpatterngeneratomay generatdhe long testsequenceThenspeciallogic is designecand
added,so that the essentiatest patternsare part of the sequenceln this case,the methodproposed
in this chaptercanbe usedto designa zero-aliasingcompactomwith respecto the essentiatestset.
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This compactorcanbe combinedwith a secondcompactorwhosefunctionimprovesthe propagation
of errorsproducedy theothertestpatterns.The secondcompactiorfunctionshouldideally propagate
themaximumamountof errorinformationindependentf thetestsetandthe underlyingfault model.

In the absenceof specifictestand fault information, it is reasonabldo assumethatall errors
areequallylikely. Sinceit canbe shavn thata parity tree hasthe highestprobability of propagating
arbitraryerrors,which areequallylikely [58], the secondcompactiorfunctioncanbeimplementedy
aparitytree.

Thesecondcompactorrequiresanadditionaltime stepfor applyingthelong testsequencesothat
thetestingtime mayincrease The benefitof this additionalstepis, thatfaultsmay be detectedwhich
arenottestedby the patternsof the smaller essentiatestset.

The proposedoutputcompactioncanbe appliedto combinationalkircuits. Furthermorethe ap-
proachis alsoapplicableto sequentiatircuitsin full-scandesign.In orderto reducethe testingtime
requiredfor thescan-inandscan-oubperatiorof testpatternandresponsesnostcurrentscandesigns
utilize the conceptof multiple scanchains.Thereforejn mary caseshe numberof functionaloutputs
is greaterthanthe lengthof a singlescanchain. In orderto accesghetestresponseat the functional
outputsof a circuit without furtherincreasinghetestapplicationtime, an outputspacecompactoican
be usedto compactthe testresponsesit the functional outputsandto propagatehe errorsto a test
accessnechanisnmasshavn in Figure4.2.

In contrastto the compactorgntroducedin the previous chaptersthe numberof outputsof the
compactorsiescribedbelon cannot be arbitrarily chosen.Thereis a lower boundon the numberof
compacteautputswhich arenecessaryo propagatell errorsatthefunctionaloutputsduringthetest.
Thebounddepend®n the numberof distincttestresponsesf thefault-freecircuit.

If the spacecompactorswork in two time steps,thenthe numberof compactecbutputscan be
furtherreduced.n thefollowing this conceptis describednorein detail. The correspondinglesignis
calledtwo-stepcompaction.The straightforvard method which requiresonly onecompactiorstepper
testpatternis denotedasone-stegompaction.This methodis presentedirst. Both compactordesigns
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4 OutputSpaceCompactiorfor Circuitswith Unknown Structures

have beenpublishedn [76].

4.1.1 State of the Art

Variouscompactiondesignsandtestaccessarchitecturegor coreshave beensuggesteds, 6, 7, 21,
34, 37,42, 59, 85]. Severalapproacheproposadesignof zero-aliasingcompactorsyhich requireno
knowledgeof the structureof the givencircuit. In thefollowing two approachearebriefly described.

BhattacharyaDmitriev and Gdsselproposen [5] thefollowing design:The outputsandaddition-
ally all theinputsof the circuit undertestare connectedo the compactar The compactorcompresses
testresponsefrom multiple outputsto a singleperiodicstreamobsenable at a singlecompactedut-
put. This methodachieres zero-aliasingspacecompactionwithout requiringary information about
the circuit structure. The additionalinterconnectarearequiredto connectthe inputs of the circuit to
the compactomay be high in several cases.Sucha compactoiis strictly speakingan“input andout-
put” compactar In contrast,in the following compactionincluding the circuit inputsis left out of
consideration.

Another compactordesignwhich is structureindependents introducedin [37] by Gdssel,So-
gomoryan and Morosor. The compactompropagatesll errorsat its inputsto the outputs. Henceit
is totally error propagating.Sincethe compactoroperatesn differentmodes,several time stepsare
requiredfor the compaction.Becausehe numberof time stepsdependsn the compactiorratio, the
testapplicationtime mayincreaseconsiderably

4.1.2 Basic Notations

In the following, a circuit C with m inputsz, ..., z, andn outputsy,...,y, is considered.The
spacecompactorSC mapsn functionaloutputsyy, . .., y, to k, k < n, compactedutputszy, . .., z.
SC implementghebooleanfunction f with f = (fi1,..., fx) andz; = fi(y1,---,yn), i = 1,..., k.
TheprecomputediestsetT” of C' consistof p differenttestinputpatterns, ..., t,. Thecorresponding
fault-freetestresponsesrery, . .., r,, which form the setof fault-freeresponsed?. The numberof
distinctfault-freeresponsesf R is[. Obviously, itis! < p.

4.2 One-Step Compaction

For ary giventestsetT alower boundk,,;, exists onthe numberof compactedutputs,which are
necessaryo guaranteehe propagatiorof all errorsproduceddy T'. k,,;, dependonthesizel of the
setof fault-freeresponsed asfollows:

Theorem4.1 LetT bea testfor a circuit C andlet! bethe numberof distinctfault-freeresponsesf
CtoT. Let SC bea spacecompactorwhich is connectedo the functionaloutputsof C' and which
propagatesany error producedby T'. Thena lower boundon the numberof compactedutputsk is
givenby

k> logy(l +1).

Proof:
The spacecompactorpropagatesry fault that causeghe testresponsdo changefrom a fault-free
response; to adifferent,erroneousesponse;. Hencef (r;) mustbedistinctfrom f(r;). Furthermore,
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4.2 One-StegCompaction

the compactormustmap two differentfault-freetestresponses;, r; € R to distinct outputvectors
f(ri) # f(r;). Otherwise theremay exist a fault which producesnsteadof the fault-freeresponse
r; the erroneousesponser; with r; = r;. In this case the vectorat the outputsof the compactoiis
f(r}) = f(r;) = f(ri), whichmeanghatthefaultis not propagated.

Thereforethevaryingfault-freetestresponsemustbe mappedo uniqueoutputvectorswhich are
alsodistinctfrom the outputvectorsof all othererroneousgestresponsesSincethenumberof different
fault-freetestresponsess /, the compactomustproduceat least! + 1 distinct outputvectorsandat
least[log, (I + 1)] compactedutputsarenecessarjo generatall outputvectors. O

The proof of Theoremd. 1 statesthata compactgrwhich propagateary erroneougestresponse,
mustmapthefault-freetestresponseto [ uniqueoutputvectors.Now thesetof all othertestresponses
is denotedby R~ with R~ = {0,1}" — R. ThesetR~ canbe mappedo anadditionaluniqueoutput
vector f.. Thenary erroneoudestresponsef(r;) # f(r;) is eithermappedto f(r;) with r; # r;
orto f.. In both casesthe erroris propagatedinceit is f(r;) # f(r;) and f(r;) # fe. Thel +1
differentoutputvectorscanbeproduceddy log, (I + 1) compacteautputs sothatazero-aliasingpace
compactowith the minimal numberof outputsis obtained.

Thereforea zero-aliasinggompactoicanbe designedasfollows:

1. Uniquesymbolicvaluesareassignedo eachof thefault-freeresponseandanadditionaldistinct
symbolicvalueis assignedo the setof all othererroneousesponse® .

2. Thena logic synthesigool canbe usedfor mappingthe symbolic valuesto binary values,so
thatthe function of the resultingcompactorcanbe simply implementedwhich meanshat the
expectedareaof the compactoiis minimal.

3. After that the output vectorsof the spacecompactorare fully specifiedfor the fault-freetest
responseandfor thesetR . Thus,the compactorcanbe synthesizedAgain, this canbedone
usingalogic synthesigool.

The designdescribedabore producesan one-stepcompactorwhich is zero-aliasingor faults of
thecircuit detectedy the giventestset. This canonly beguaranteedf the compactomworksproperly
Therefore concerningthe setof faultswhich arelocatedin the compactarthe numberof detectable
faultsshouldbe maximized.If the compactoiis implementedasa two-level non-redundanAND-OR
circuit andthe underlyingfault modelis that of stuck-atfaults,thenit is suficient to considerfaults
occurringat the inputs of the AND gates[49]. Usually testsetsinclude patternsthat detectstuck-
at faults at the functional outputsof the circuit, so that also stuck-atfaults at the inputs of the space
compactomaretested.

If the compactoris synthesizedn sucha way thatthe overheadis minimized,thena multi-level
circuit is generatedn mostcaseslf the multi-level implementatioris obtainedusingalgebraicfactor
izationfrom thetwo-level functionaldescriptionthenthetestis presered|[2, 62]. Evenif thesynthesis
is notrestrictedto specialtransformationsthetestsetdesignedor atwo-level designcanachiese high
fault coveragedor stuck-atfaults[26].

In contrasto the compactorslescribedn the previous chaptersthe compactorgienerate@ccord-
ing to the procedurggiven abore arenon-linear Linear spacecompactorsare not suitable,sincethe
numberof outputsof a zero-aliasindinearspacecompactois never lessthanthe numberof functional
outputsof thecircuit:
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Figure4.3: Two-stepcompactobasedn two transmissioriunction

Theorem4.2 LetT beatestfor a circuit C with n outputsandlet! bethenumberof distinctfault-free
responsesf C to T. If SC is a linear spacecompactarwhich propagatesany error producedby T
fromtheoutputsof C to its outputsin onetime step thenthe numberof compactedutputsk is: & > n.

Proof:

As mentionedabore, a spacecompactomwhich propagatesry erroneougestresponsenustmapthe
fault-freetestresponseso [ uniqueoutputvectors. The linear compactomwith £ compactedutputs
implementsk linearfunctions.Eachof the k linearfunctionsis 1 for exactly 2" ! input combinations
dividing theinput spaceof the compactoiinto two equalsets.

In thefollowing, it is assumedthatthelinearfunctionsvary. Theneachsuccessie linearfunction
subdvidesthe setsof the input spaceinto equalhalves. Therefore k < n differentlinearfunctions
will divide theinput spaceof the compactoiinto atotal of 2¢ setsandeachsetconsistsof 27— input
vectors. Sincethe compactomustmapeachsinglefault-freetestresponsdo a uniqueoutputvector
theremustexist input setscontainingexactly oneinput vector Thisimpliesk = n.

Obviously, if severallinearfunctionsof the compactorareidentical,thenmorethann compacted
outputsarerequired. O

4.3 Two-Step Compaction

SinceTheorem4.1 providesatight lower boundon the numberof compactedutputsk, analternatve
compactordesignis required,if the value of £ shouldbe reducedfurther The two-stepcompaction
designincreaseghe compactionratio. The basicideais, thatfor eachsingle testvectort; the cor
respondingresponséds compactedwice usingtwo different compactionfunctions. The compactor
includesa 2k-input multiplexer with an additionalcontrol line, which is usedto switch betweenthe
two compactiorfunctionsasshavn in Figure4.3.

Thebenefitof a highercompactiorratio of two-stepcompactioris accompaniedby anincreasen
thetestapplicationtime. If two-stepcompactioris usedfor sequentiatircuitsin full-scandesign then
loadingthe scanchaintwice with the samevector canbe avoidedasfollows: After serially loading
the scancellsandrunningthe functionalclock for onecycle, the valuesat the functionaloutputmust
be held stableuntil both compactionstepshave beencarriedout. The two time stepsof the two-step
compactorcan be interleared with the scan-inand scan-outoperation. Thus, in comparisonto the
one-steompactiorapproximatelhthe sametestingtime is required.
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4.3 Two-StepCompaction

The compactoimplementghetwo compactiorfunctionssothatall errorsthatarenot propagated
in the first time stepare guaranteedo be propagatedn the secondstep. In orderto determinesuch
functions,the generatiorof the compactoris basedon the useof orthogonaltransmissiorfunctions.
Thenotionof orthogonakransmissiodunctionsis introducedoy Murray in [58].

4.3.1 Transparenc y and Orthogonal Transmission Functions

The functionof the zero-aliasingcompactomustbe chosenin sucha way that, aftera fault modified
a fault-freetestresponsethis error is propagatedo the outputsof the compactar This requirement
is relatedto the conceptof transparencgivenin [55, 58]. A compactoiis transparentif any change
atthe inputsresultsin a changeof the outputvector If only for a subsetf input vectorsary change
causes modifiedoutputvector thenthe compactoiis partially transparent.

In [58] Murray definesa specialtype of propagatiorfunctionto analyzethetransparencproperty
of circuitmodules.Thistypeis calledtransmissioriunctionandit is definedfor combinationamodules
with controlinputswhich arefed by a sequencef controlvalues.

In orderto simplify the following explanations,which describethe generationof the two com-
pactionfunctions,a modified definition of transmissiorfunctionsis given belon. The transmission
functionfor asingletime stepis:

Definition 4.3 (TransmissionFunction for the Control Valuec) Let M be a combinationalcircuit
modulewith contiol inputs,datainputsand data outputs. If the contol valuec is appliedto M and
if {v1,...,v,} is the setof all vectos, which can occur at the data outputsof the module thenthe
transmissiorfunctionof the compactoifor the contol valuec is givenby

Tr(M,[c]) = {(SC,m;'Ul)a cees (Sc,'up; Up)}

whee S.,,, 1 <1 < p, isthesetofall inputvectos mappedo the outputvectorv;.

The two-stepcompactorhasonly one control line, which controlsthe multiplexer switching be-
tweenthe two compactionfunctions. In the first compactionstepthe control line of the compactor
SC is setto 0. Therefore,the correspondingransmissiorfunction of the compactoris denotedby
Tr(SC,[0]). If the controlline is setto 1, thenthe transmissiorfunction of the compactorSC'is
Tr(SC,[1]). Again, for simplificationherethe definition of the transmissiorfunctionfor two or more
time stepdiffersslightly from the original definitiongivenin [58]:

Definition 4.4 (TransmissionFunction) Let M be a combinationalcircuit modulewith contiol in-
puts, data inputs and data outputs. Let CVyey = [c1,...,¢] be a sequencef ¢ contol values. If
the control sequence&’ V., is appliedto M in t time stepsandif {Vieq,1,- .-, Vieqp} is thesetof all
sequencesf vectos, which canoccurat thedataoutputsof themodule thenthetransmissioriunction
of thecompactorfor contol sequenc€'Vs,, is givenby

TT(M, CVS@Q) = {(Sl; Vtseq,l)a trt (S;D; ‘/;eq’p)}

whee S;, 1 < 1 < p, isthesetof all inputvectos, which are mappedo the sequencef outputvectos
Vseq,i-
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4 OutputSpaceCompactiorfor Circuitswith Unknown Structures

SinceDefinition4.4includesthecasethatthesequenc€'V,,, consistonly of onecontrolvalue,it
comprisePefinition4.3. Furthermoreatrivial definitionof transmissioriunctionsof moduleswithout
controlinputscanbe simply derived from thesedefinitions.

Thedefinitiongivenby Murrayin [58] includesanequationwhichdescribeshecomputatiorof the
setsSy, ..., S, of Tr(M, C'V,,) from theinputsetsgivenin Definition 4.3. For afixedcontrolvaluec
andfor asingleoutputvectorv theinputsetsof the correspondingransmissiofunctionTr (M, [c]) is
Sep- If CVyeq consistof the controlvaluese;, 1 < j < ¢, thentheinput setS; mappedo asequence

of outputvectorsVe, ; = [v;1, . . . , ;] Canbedeterminedasfollows:

Si = Seri0 NN Sep ;e 4.2)
Thus, the transmissiorfunction T'r (M, C'Vj.,) for a control sequenceanbe easilyderived from the
correspondingransmissioriunctions?'r (M, [c1]), ..., Tr(M, [¢]) for onetime step.

Sincethe intersectionoperationis commutatve, Equation(4.1) implies, that the input setsof a
transmissiorfunction T'r (M, CV,.,) areindependentrom the orderof the control valuesof the se-
quenceCV,.,, Which is appliedto M in ¢t time steps.Furthermorejf a controlvalueis addedto the
sequencewhichis alreadyincludedin C'V,.4, thentheinput setsremainunmodified.

Becausderetransmissioriunctionsareonly usedfor atwo-stepcompactoiSC, now thetransmis-
sionfunctionsT'r(SC, [0]) andT'r(SC, [1]) aredenoteddy T'r¢ andT'r;, respectiely. Furthermorein
thefollowing it is assumedthattheinputlinesof thecompactoareordered.Thenthevectorsassigned
to the input lines canbe describedoy the binary value accordingto this order Therefore,below the
setsof input vectorsare written asa list of binary valueswhich correspondgo the notationof [58].
Analogically a singleoutputvectoris representetly the correspondindpinaryvalue.

For example,if acompactowith two inputsandoneoutputis givenandfor the controlinputc = 0
(c = 1) thefirst (second¥unctionof the compactoequalshe OR-function(XOR-function),thenit is:

Tre = {(0:0),(1,2,31)},

Try = {(0,3;0),(1,2;1)},
Tr(SC,[0,1]) = {(0:00), (3;10), (1,2;11)},
Tr(SC,[1,0]) = {(0;00),(3;01),(1,2;11)}.

As mentionedabove, theinputsetsof T'r(SC, [0, 1]) andT'r(SC, [1, 0]) areidentical,sincethecontrol
sequencediffer only in theorderof the controlvalues.

Theamountof information,thatcanbe propagatedy thecompactotSC, depend®n thestructure
of the input setsin SC’s transmissiorfunction. If eachsetconsistsonly of oneelementthenSC' is
transparent.If not all but several setsconsistof only oneinput vector thenthe compactoris called
partially transparentvith respecto theseinputvectors.

The basicideaof the generatiorof a two-stepcompactoiis to choosetransmissiorfunctions7'rg
andT'rq, so that the combinationof thesefunctionsin two time stepsresultsin a compactorwith
improvedtransparenc Theproposednethoddetermine®rthogonatransmissiorfunctionsto achieve
this. Accordingto [58] thedefinitionof orthogonatransmissiorfunctionsis:

Definition 4.5 (Orthogonal TransmissionFunctions) Let M bea combinationakircuit modulewith
contol inputs,datainputsanddataoutputs.For thetwo sequencesf contol valuesCieq 0 and Cieq,1
let Tr (M, Cyeq0) @and Tr(M, Cyeq,1) be the correspondingiransmissiorfunctionsof M. If no two
elementsvhich are includedin the sameinput setof T'r(M, C,eq,0) appearin a commonnput setof
Tr(M,Cseq,1), thenTr(M, Cyeq0) andT'r(M, Cyeq,1) are orthogonaltransmissiorfunctions.
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4.3 Two-StepCompaction

In somecasesonly for a subsetof input vectorsthe conditionis fulfilled, thatno two elements
which areincludedin the sameinput setof T'r(M, C,eq0) appearin a commonsetof input vectors
of Tr(M, Cseq,1). In this caseT'r (M, Cseq0) andTr(M, Cseq,1) arecalledorthogonaltransmission
functionswith respecto this subset.

Thetwo transmissioriunctionsT'ry andT'r; of theexamplegivenabore arenot orthogonal since
theinputs1 and2 areincludedin thesameinput setfor bothfunctions. The correspondingompactor
SC is only partially transparentvith respecto {0, 3}.

If theexampleabove is modifiedsuchthatthefirst functionof the compactois equalto the XNOR-
function, thenthe correspondingransmissiorfunctionis T'ry = {(1,2;0), (0,3;1). In this casethe
Try andT'r; arenot orthogonaleither sincetheinputs1 and2 areincludedin the sameinput setfor
both functions,even whendifferent output valuesare assignedo the input sets. The corresponding
compactorSC is not partially transparent.

Finally, if in the first compactionstepthe first input line of the compactoris fed through,then
the resultingtransmissiorfunctionis Tro = {(0,2;0),(1,3;1). Obviously, the transmissiorfunc-
tionsT'ry andT'r; areorthogonal,sinceit is Tr(SC,[0,1]) = {(0;00), (2;01), (3;10),(1;11)} and
Tr(SC,[1,0]) = {(0;00), (3;01), (2;10), (1; 11)}. Thereforethe correspondingwo-stepcompactor
is transparent.

A compactorSC, which propagatesiry errorwhichis producedy thetestsetT atthefunctional
outputsof thecircuit, mustpartially transparentor a certainsubsebf theinput vectors.Thisis stated
in thefollowing theorem:

Theorem4.6 LetT beatestsetfor a circuit C andlet/ bethe numberof distinctfault-freeresponses
of C to T. Let SC be a spacecompactorwith contol inputs, which is connectedo the functional
outputsof C. For a givensequence&'V,,, of control valueslet S;, 1 < i < p, bethe input setsof
the correspondingransmissiorfunctionTr(SC, CVs.4). Thenthe compactorpropagatesany error
producedby T, if andonlyif ead fault-freetestresponse is the only elemenin its input setsS;.

Proof:

1. If eachinputsetS;, which containsafault-freetestresponséncludesno otherinputvectorsthen
ary erroneousnodificationof the fault-freetestresponsés an elementof a differentinput set.
Thisleadsto atleastonedifferentoutputvectorduringtheapplicationof the sequencef control
values.Thus,suchanerroris propagatedhroughthe compactar

2. If afault-freetestresponse andary othervectorr’ areincludedin the sameinput setsS;, then
afault may be not propagatedFor example,if the testt which correspondso r is appliedand
afault modifiesr in suchaway thatthe erroneousesponsas r’, thenthefaultis masled. The
reasornis, thatr; andr’ areelementof the samenput setandhencethe compactoproduceghe
samesequencef outputvectors. O

Obviously, this theoremis alsoapplicableto spacecompactorsvithout controlinputs. The result
givenin thistheoremthatfor a zero-aliasingcompactormry input set,which includesa fault-freetest
responseconsistsof exactly this single element,s usedin the proof of the following theorem. The
theoremgivesalower boundon the numberof outputswhich arerequiredfor a zero-aliasingwo-step
compactar
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Figure4.4: Proposediesignof thetwo-stepcompactor

Theorem4.7 LetT beatestsetfor a circuit C' andlet bethe numberof distinctfault-freeresponses
of CtoT. Let SC be a two-stepspacecompactgrwhich is connectedo the functionaloutputsof C
andwhich propagatesany error producedby 7" for a givensequenc&€'V;,, of contol values.Thena
lower boundon the numberof compactedutputsk is givenby

k> logy (I + 1).
2

Proof:

Firstly, alower boundonthe numberof differentinput setsof the correspondingransmissioriunction
is derived: Accordingto Theorem4.6, eachinput set,which containsa fault-freetestresponsegdoes
notincludeary otherinputvector sinceSC propagateary errorproducediy 7'. Additionally, atleast
oneinput setcontainsthe remaining,erroneoudestresponsesf R, sothatat least! + 1 different
input setsof thetransmissiorfunctionexist.

If the numberof compactedutputsis k thenin both compactiorstepsat most2* differentoutput
vectorsarepossible Furthermorethenumberof input setsof thetransmissioriunctionsof thefirstand
secondstepis at most2*. Therefore poneof theinput setsof thetransmissioriunction7'ry containsat
least(l + 1)/2* elementswhich mustbe assignedo differentinput setsof the transmissiorfunction
of SC.

These(l +1)/2* elementsnustbeassignedo differentinput setsof thetransmissiorfunction7'r;
of thesecondstep.As mentionedabore, the numberof input setsis atmost2*. Thus,it is:

[+1
92k
[+1

2k
22-10
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Obviously, thelower boundonthe numberof outputsfor two-stepcompactorss thecorresponding
boundfor one-stegcompactorslivided by two.

4.3.2 Determination of the Compaction Functions of the Two Time Steps

This sectiondescribesn detail how the compactionfunctionsof the two stepsare determined. In
orderto reducethe areaoverheadof the resultingcompactorsa designis introducedwhich trivially
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4.3 Two-StepCompaction

1. responses_bound [1/2*];

2. while (no_solution_fond) do

3 #outputs_etracted:= 0;

4, search_start_output 1;

5. Sel ect Qut put s (#outputs_gtracted search_start_outpu
6 responses_bound responses_boungl;

7 if (responses_bougrd2*) then

8

9

k=k+1;
. responses_bound [1/2*];
10. endif;
11. endwhile;
12. end.

Figure4.5: ThealgorithmGet Tr O which determinegunctionaloutputsimplementingl'rg

implementsT'ry usinga setof k feed-throughwires. Hencethe expectedarearequiredfor additional
gatesandinterconnectionis smaller The secondstepof the compactionis derived from the first step
in sucha way, that the two transmissiorfunctionsT'ry andTr; are orthogonalwith respectto the
fault-freetestresponsed-urthermorepneinputsetof T'r; equalghesetR —, which consistof all test
responseghatarenot generatedby thefault-freecircuit.

Thecompactiorof thefirst compactiorstepis givenby k carefullychoserfunctionaloutputsof the
circuit C. Theseoutputsaredirectly connectedo the multiplexer of the two-stepcompactomsshavn
in Figure4.4.

Determination of the First Compaction Function Thek functionaloutputsarechoserin such
away thatthe fault-freetestresponsearedistributed asuniformly aspossibleamongtheinput setsof
the correspondingransmissiorfunction 7'ry. This meansthatthe maximalnumberof fault-freetest
responsesyhich areincludedin asingleinput setof T'rg, is minimized.

The algorithm Get Tr O can be usedto determinethe functional outputsimplementingtrivially
Try. Thepseudocodef thealgorithmis givenin Figure4.5. Theinputparametersf thealgorithmare
thefault-freetestresponseatthefunctionaloutputsof C' andk, whichis the numberof outputsof the
compactar k is alsothe numberof outputsof C, which the algorithmshouldchoose.The algorithm
callstherecursve algorithmSel ect Qut put s in orderto performanexhaustve searctfor k outputs.
If thesearcltfails,thenno k functionaloutputscanbechosersothateachinputsetof thecorresponding
transmissiorfunction T'r containsat most2* — 1 fault-freetestresponseskFurthermorethis means
no transmissiorfunctionT'r1, whichis orthogonato T'ry with respecto the fault-freetestresponses,
canbe generated.In this case,no setof k£ feed-throughoutputsexists for a zero-aliasingtwo-step
compactowith k£ compacteautputs.ThereforethealgorithmGet Tr O increase%.

In particular the transmissiorfunction T'r of the first stepproduces2® differentinput setsfor
k compactedutputs. In the bestcase,eachof the input setscontainsat most [1/2%] fault-freetest
responsesThis boundis determinedn stepl of thealgorithmGet Tr O.

Thenthe initial parameter®f the recursie algorithm Sel ect Qut put s aredeterminedandin
step5 the algorithmis called. ThealgorithmSel ect Qut put s searchesor £ functionaloutputsso
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1. #outputs_rtracted:= #outputs_gtracted+1;

2. for next_output= search_start_outpta » do

3. selectoutputaccordingto “next_output”anddetermingnput setsof
thetransmissiorfunctionimplementedy the outputsselectedsofar

4, max_responses_okts= determine_max_respses_d_se();

5. if (max_responses_of ts€ responses_bounthen

6. return(solution_foundt

7. elseif(max_responsesf et < 2k—#outputs_extracted. ragnonses_bounthen
9. Sel ect Qut put s (#outputs_gtracted next_output-1);

10. if (solution_found}then return(solution_found)

11. endif;

12. endfor;

13. return(no_solution_fand);

14. end.

Figure4.6: Therecursve algorithmSel ect Qut put s calledby Get Tr 0

thatfor thegeneratedransmissiorfunctionT'ry the numberof fault-freetestresponsesicludedin the
sameinputsetis notlargerthanthe givenbound.In step6 this boundis incremented.

If theboundequals2¥, thenno solutionfor k£ compactedutputsexists, becaus€F is the number
of differentinput setsof the secondransmissioriunctionTr; andoneof thesesetsis reseredfor R™.
If the equationof step7 is true, thenin the two following stepsk is incrementedanda new boundis
computedanalogicallyto stepl. If k outputscould be sucessfullychosenthenthe algorithmends,
otherwisethe searctstartsagainwith the modifiedvalueof the bound.

The pseudocodef the algorithm Sel ect Qut put s is shawvn in Figure4.6. The additionalpa-
rametergiven by its call arethe numberof functionaloutputs,which arealreadychoserfor T'ry, and
the numberof the next functionaloutput,which shouldbe checled for selection.In stepl of this al-
gorithmthe numberof selectedutputsis incrementedThenthe next outputis selected Furthermore,
thetransmissiorfuntion T'ry andthe input setsarecomputedccorrespondingo the outputsselectedso
far.

In stepb it is tested,if oneof the input setscontainstoo mary fault-freetestresponsesywhich
meansthat the boundgiven by Get Tr O is exceeded.If the boundis valid, thena solutionhasbeen
found andthe algorithmreturnsthe selectedunctionaloutputs. Otherwisethe inequationof step7 is
usedto check,whetherthe selectionof more functional outputscanresultin a solutionor not. If a
solutioncanpossiblyfound, arecursve call of Sel ect Qut put s follows in step9. If no solutionis
possible the last selectedunctional outputis dropped.If therearestill functionaloutputswhich can
bechosenthenthenext outputis selectedn step2. Otherwisethe algorithmreturnsno solution.

The algorithm Get Tr O performsan exhaustve search. Thus, the complity of the algorithm
is O((}) - 1) < O(n* - 1), if the algorithm doesnot increasethe numberof compactecbutputsk.
Below it is shawvn, that a very small value can be chosenfor k. Furthermore functional outputs,
which cannot be part of a solutionare often skipped,becausef the conditiongivenin step7 of the
algorithmSel ect Qut put s. Therefore,n practicein mary caseghealgorithmGet Tr O requiresa
shortexecutiontime.

For example for theISCAS’85 benchmarksircuit c6288atestsetof 12 inputvectorsis available.

94



4.3 Two-StepCompaction

Test Respons&aluesof functionaloutputs
responsq y1 Y2 Y3 Ya Ys Ye Y7 Y8 Yo Yo Y11 Y12 Y13
1 1 1 0 O 1 1 1 0 O 1 1 0 1
T O 0 0 0O 0O 0O O O O o 0 0 0
T3 1 1 1 1 0 1 0 O 0 O 1 0 0
T4 1 0 0 0 0 1 1 0o O o 0 1 1
5 1 0 0 0 0 0 0O O 0 1 0 0 0
T o o 1 1 0 O 0O 1 O 1 1 1 1
7 O 1. o 0 1 1 1 0 1 O 0 0 0
T8 0 1 1 1 O 1 O O 1 1 1 1 1
T9 1 1 0 1 0 1 1 0 1 1 0 1 0
710 1 0 0 0 1 1 O O 1 1 0 0 0
11 1 0 1 o0 1 1 1 1 1 0 1 0 1
719 O 0o 1 0 0 1 1 0 1 O 1 0 0

Table4.1: Testresponsesf the c6288benchmaricircuit

This setdetectsall non-redundarginglestuck-atfaultsof c6288.Table4.1 givesfor the corresponding
fault-freetestresponses;, .. ., r1o thevaluesof 13 functionaloutputsof c6288.

If the numberof compactedoutputsis setto 2, thentwo outputlines must be chosen,so that
eachinput setof the generatedransmissiorfunctionTry containsthreefault-freetestresponsesThe
algorithmGet Tr O determineghis boundin thefirst step. Thenthe algorithmSel ect Qut put s is
called. The searchstartswith outputy; whosevaluesare“1” for seventestresponseand“0” for five
testresponsesThus,the two input setsof the correspondindransmissiorfunction of the first output
containfive and seven testresponsesiespectiely. The maximalnumberof fault-freetestresponses
includedin thesameinputsetis seven. Obviously, theinequatioriy < 3 of step5of Sel ect Qut put s
is nottrue andno solutionhasbeenfoundsofar. Theinequation? < 2 - 3 of step7 is not true either
Hencethe outputy; is skipped.

Only outputs,whosevaluesare“1” for six testresponsesnd“0” for six testresponsesre not
skipped,becauseonly for theseoutputsthe inequationof step7 is true. The first outputwith this
propertyis y7. Thenthealgorithmrecursiely callsitself in orderto determinethe secondutput. The
searchstartswith yg andafter additionally checkingfour outputsthe algorithmfinds the solutiony;
andy11 .

The outputvaluescorrespondingo the solutionaremarked in Table4.1. Thetwo columnsof y;
andyq1 shav eachof the combination€0, 01, 10, and11 threetimes. ThetransmissiorfunctionT'rg
is:

TTO = {(7‘2,7"5,7‘10,R6;0), (T35T67T83R;; 1)7 (7"4,T7,7"9,R5;2), (T17T117T121R5;3)}

whereR, , ..., Ry denotethepartsof thesetR~ of erroneousestresponsesyhich aremappedo the
outputvaluesy, . . ., 3, respecirely.

Determination of the Second Compaction Function The secondstepof the compactionis
derived from the first compactionfunction so that the two transmissiorfunctionsTry andTr, are
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1. Ry =R,

2. for output_\alue_of Tr;=1to 2¥ — 1 do

3. for output_\alue_of T'ry=0to 2 — 1 do

4, for eachfault-freetestresponse € Ry do

5. if (T'ro(r) = output_\alue_of T'ry) then

6. Trq(r) := output_\alue_of 7'rq;

7. remover in Ry;

8. break // of “F or eadh fault-freetestresponse € R”
9. endif;

10. endfor;

11 if (|Rg| < 2% — 1 - output \alue_of T'r;) then

12. for eachfault-freetestresponse € R do

13. output_\alue_of T'ry :=output_\alue_of T'r; +1;
14, Tri(r) := output_\alue_of T'ry;

15. endfor;

16. break; // of “F or output_value_ofl'r¢=0 to 2¥ — 1”
17. endif;

18. endfor;

19. endfor;

20. end.

Figure4.7: ThealgorithmGet Tr 1 which dervesTr; from T'r

orthogonalwith respectto the fault-freetest responses.That means,that fault-freetestresponses,
which areincludedin the sameinput setof T'ry, areassignedo differentinput setsof T'r,. Finally,
oneadditionalinput setof Try equalsR—, which consistsof all testresponsethatarenot generated
by the fault-freecircuit.

The algorithmGet Tr 1 canbe usedto determinethe secondcompactionfunctionimplementing
Tr1. Thepseudocodef thealgorithmis givenin Figure4.7.

In stepl, thealgorithmGet Tr 1 copiesthe setR of fault-freetestresponseto thesetRy. Ry is
the setof fault-freetestresponsesyhich arenot yetincludedin ary input setof T'r;. Sinceoneinput
setis resered for R, the algorithmassignghe elementsof R, to the remaining2*~! input sets. In
step2, thealgorithmgraduallygeneratesll outputvaluescorrespondingo these2~! inputsets.Then
for suchanoutputvaluewv the correspondingnput setof T'r; is generatedFor eachinputsetsS of Trg
the algorithmsearchedn R, for exactly onetestresponse: € S. If the searchis successfulthenin
step6 thealgorithmassignghe outputvectorv to r, sothatthetestresponsés addedo the new input
setcorrespondingo v, andr is removedfrom the setRy. Sinceat mostonetestresponseut of each
input setS of T'ry is chosenfor the new input setof T'rq, the resultingtransmissiorfunction T'ry is
orthogonako T'ry with respecto thefault-freetestresponses.

The comparisorof stepl1 checkswhetherthe numberof fault-freetestresponsesyhich arenot
yetincludedin aninput setof T'rq, is equalor lessthanthe numberof outputvaluesof Trq, which are
unusedsofar. If theinequatioris true,thentheremainingfault-freetestresponsesf R, areassignedo
theinput sets,which arerelatedto the outputvaluesunusedsofar. Becauseén step14 of thealgorithm
theseresponsesire assignedo distinct outputvalues,eachof the generatednput setsconsistsof a
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4.3 Two-StepCompaction

singleelement.Thus,the stepsl1to 17 of the algorithmareonly addedto increasehe likelihood of
input setsconsistingof a singlefault-freetestresponse.

ThealgorithmGet Tr 1 canbeimplementedn a way thatis differentfrom the onegivenin Fig-
ured.7,sothatthe compleity of thealgorithmis linearin I, whichis the numberof distinctfault-free
testresponses.

For example thedescriptiorof the compactodesignfor thecircuit c6288with atestsetconsisting
of 12 testvectorsis continued.T'ry canbe generatedy the algorithmGet Tr 0 asdescribedabove,
yielding:

Tro = {(re,75,710, Ry ';0), (3, 76,78, R ; 1), (14, 77,79, Ry 3 2), (11,711,712, R3;3) }.

Ry, ..., Ry denotethepartsof thesetof erroneousestresponse®—, which aremappedo theoutput
values0, ..., 3, respectiely.

ThealgorithmGet Tr 1 computed'r; basednT'ry. Thefirst outputvalueof T'ry whichis consid-
eredin step2 of Get Tr 1 is 1. Thealgorithmgraduallyassignghe outputvaluel to thefirst element
of eachinput setof T'r( resultingin theinput set{ry, r3, 4,71}, which is mappedo the first output
value. ry, 73, 4, andr; areremoved from Ry, sothatthesefault-freetestresponsesare not consid-
ered,whenthe input setof the next outputvalue 2 is determined. Therefore,the input setof value
2 is {rs,7¢,77,m11}. Again, the elementsf the new input setareremoved from Ry. Finally, after
the elementf the input set{ri, s, r9, 712} Of the outputvalue3 have beenremovedfrom Ry, it is
Ry =0.

ThesetR ™ of testresponsesyhich cannot be producedby a fault-freecircuit, is mappedo the
outputvalue0, sothatfinally thefollowing transmissiorfunctionT'r; is obtained:

Try = {(R;0),(r2,73,74,71;1), (15,76, 77,7115 2), (10, 78,79, T12; 3) }

Thus, the two stepsof the compactionfunction are specifiedanda compactorSC, which imple-
mentsthesetwo transmissioriunctionsT'ry andT'r1, canbesynthesizedThentheresultingtransmis-
sionfunctionis:

Tr(SC,[0,1]) = {(Ry;00),(r2;01), (rs;02), (r10;03),
(Ry310), (rs3;11), (re; 12), (rs; 13),
(Ry520), (ra; 21), (r7522), (r9; 23),
(R5530), (r1;31), (1115 32), (r12; 33) }.

Obviously, thetransmissiorfunction of SC is partially transparentvith respecto the setof fault-free
response, sincethe transmissiorfunctionsT'r, andT'r; weregeneratedn sucha way, thatthese
functionsare orthogonalwith respectto R. It follows, thatthe compactorSC propagatesry error
producedby T if bothcontrolvaluesd and1 areapplied.

4.3.3 Lower Bounds on the Number of Compacted Outputs

In this section,a lower boundk,,;, onthe numberof compactedutputsis given for the designof
zero-aliasingwo-stepcompactorsntroducedabove. For ary giventestsetT, theboundk,,;, depends
onthenumberof distinctfault-freeresponsesf C' asfollows:
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4 OutputSpaceCompactiorfor Circuitswith Unknown Structures

Theorem 4.8 LetT bea testsetfor a circuit C andlet! bethe numberof distinctfault-freeresponses
of CtoT. Let SC bea zen-aliasingtwo-stepspacecompactorgeneatedasdescribedabove Thena
lower boundon the numberof compacteutputsk is givenby

kminzlogQ(V4'l+1+1)_1'

Proof:

Accordingto Theorem4.6 eachinput set, which containsa fault-freetestresponsedoesnot include
ary otherinput vector sinceSC propagatesiry error producedoy T'. Thus,thereareat least! input
setsconsistingof a singlevector

If thenumberof compacteautputsis k, thenfor bothcompactiorstepsat most2* differentoutput
vectorsexist. Thisimplies,thatthe numberof input setsof the transmissiorfunctionsof thefirst and
secondstepis at most2*. Furthermorepneof theinput setsof thetransmissiorunction7'r contains
atleastl /2¥ fault-freetestresponses.

Soatleastl/2* fault-freetestresponsemustbe assignedo differentinput setsof thetransmission
functionTr; of the secondstep. As statedabove, the numberof input setsis at most2*. Oneof the
inputsetsis reseredfor theresponsesf R, thatarenot generatedy thefault-freecircuit undertest.
Thus,atleastl /2* testresponsesustbe assignedo 2* — 1 differentinputsets:

k
2—k§2—1

1< 2k.(2F -1
0 < K?2—-K-—|forK =2k

Thetwo solutionsof thelastquadratidnequationare

0 < g 1tvitd-l ';JerorK—%ZOand
0 < k-1zvifdl V12+4'lforK—%<o. 4.2)

Thelattersolutionwith K < 3 is notvalid. Thatimplies:

% 1+v4-1+1
- 2
V4 - 141
k> 10%2(%)-
E > logy(vV4-1+1+1)—1.

O
Obviously, the boundon the numberof outputsof ary zero-aliasingwo-stepcompactomivenin
Theoremd.7cannotbegreatethantheboundonthenumberof outputsof thespecialdesignintroduced
above. This canbeshavn asfollows:

VvVi+4-1+1
logo(V14+4-1+1)—-1 = logQ(#)
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VItdl+1,
logy (V)

1+4w+2wh+44+1)
4
1+4-1+2+1
1 )

: 10%2(

- logy (

NN RN~ N -

= —-logy(1+1)

logy (1 + 1)
—

4.3.4 Generation of Zero-Aliasing Two-Step Space Compactor s

For a circuit C with precomputedestsetT the procedurdor designinga zero-aliasingwo-stepcom-
pactorSC is givenasfollows:

1.
2.

The minimumnumberof compactooutputsk,,;, is computeddasedn Theorenyd.8.

ThenthealgorithmGet Tr 0 is usedto searcHor k,,;, functionaloutputssothatatmost2¢min —1
fault-freetestresponseareincludedin ary input setof the correspondingransmissiorfunction
Try. If thesearchfails, thenthe algorithmincreaseshe numberof outputs. Finally, algorithm
Get Tr O returnsk functionaloutputs(k > kpin).

The transmissionfunction T'r; of the secondcompactionstepis computedusing algorithm
Get Tr 1 sothatTry andT'r, areorthogonalwith respecto thesetof fault-freetestresponses.

. Unique symbolic valuesare assignedo the 2* input setsof T'r;. Thena logic synthesigtool

canbeusedfor mappingthe symbolicvaluesto binaryvaluesin suchaway thatthe function of
the secondcompactiorstepcanbe simply implementedwhich meanghatthe expectedareais
minimal.

Thenthe outputvectorsof the secondcompactiorsteparefully specifiedfor the fault-freetest
responseandfor thesetR~. Thus,thecompactorcanbe synthesizedAgain, this canbedone
usingalogic synthesigool.

Finally, the multiplexer is connectedto the functional outputsdeterminedby the algorithm
CGet Tr 0 andto thecompactodesignedor the secondstep.

Theforth stepmodifiesthetransmissioriunctiondeterminedy thealgorithmGet Tr 1. Themod-
ified transmissiorfunctionis still orthogonalto T'ry with respecto thefault-freetestresponsessince
only the outputvaluesof T'r; arereassignedo the input setsin orderto reducethe arearequiredfor
theimplementation.

While the two-stepcompactolis zero-aliasingor ary fault of the circuit, which is detectedy the
giventestset,amaximalnumberof faults,which affect the compactoshouldalsobedetectableSince
thefunctionof thetrivially implementedirst compactiorstepandthe multiplexer canbe easilytested,
in the following only the testingof the faultsof the secondcompactiorstepis discussedTestingthe
secondcompactionstepis analogicalto testinga one-stepcompactar Hencethe sameconclusions
asdescribedabore for one-stepcompactorsanbe derived: For a two-level non-redundanfAND-OR
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4 OutputSpaceCompactiorfor Circuitswith Unknown Structures

realizationusuallyall stuck-atfaultsof the secondccompactiorsteparedetected Evenfor amulti-level
designhigh fault coveragedor stuck-atfaultscanbe expected.

4.3.5 Reduction of Testing Time for Two-Step Space Compactor s

Although the designfor zero-aliasingwo-stepspacecompactordntroducedabove is basedon two
compactiorstepsimplementingtwo orthogonaltransmissiorfunctions,the first compactionstepcan
be omittedundercertainconditions.

In this case for somevectorsof thetestsetit is suficient to compactthe testresponsenly once
usingthe compactorwhichimplementsr'r;. Thus,thetestingtime canbereducedrom 2 - |T'| cycles
to (1 + «) - |T'| cycles,where0 < a < 1 dependsn the numberof compactedutputsk andthe
numberof fault-freetestresponses

The following lemmacharacterizeshe patternsof 7', for which the first compactionstepis not
necessaryo achieve zero-aliasingerror propagatiorof the compactor:

Lemma4.9 LetT beatestsetfor a circuit C' andlet! bethenumberof distinctfault-freeresponsesf
CtoT. Let SC bea zeo-aliasingtwo-stepspacecompactorgeneatedasdescribedn Sectiord.3.4.
It is suficientto compactthe circuit responsef a testpatternt € T' in onestepusingthe compactor
implementindgl'r, if andonly if thefault-freetestresponse correspondingo ¢ is the only elemenin

its input setof T'r;.

Proof:

1. If the input set, which containsthe fault-freetestresponse: doesnot include arny otherinput
vectorsthenary erroneousnodificationof thefault-freetestresponsés anelemenbof adifferent
inputsetof T'r1. Thereforeadifferentoutputvectoris producedandthe erroneousestresponse
to t is obserableatthe compactedutputs.

2. Sinceoneinput setof T'r; consistf all erroneougestresponsef R, theinput setsof T'rq,
which containa fault-freetestresponsedo notincludeary erroneougestresponself two fault-
freetestresponses andr’ areincludedin the sameinputset,thenafaultmaynotbe propagated
by Try. If thetestt, which correspondso r is appliedanda fault modifiesthe testresponseo
t sothatthe erroneousesponsequalsr’, thenthe faultis masled. Thereasonis, thatr andr’
arein the sameinput setof T'r; andthusthis compactionstepproduceghe sameoutputvector
In this casethefirst compactiorstepmustalsobe carriedout, sinceit implementsl'ry, whichis
orthogonalo T'r; with respecto R. O

For the reductionof testingtime the testvectors,which canbe discardedn the first compaction
step,canbeeasilyderivedfrom thetransmissioriunction7'r;. Thesetestvectorsaremappedo fault-
freetestresponsesyhich arethe only elementsn their input sets. In the following, the setof these
testvectorsis denotecby 71 C T'. In orderto achieve thereductionfrom 2 - |T'| cyclesto (1 + «) - |T|
cycles, the testresponseso vectorsof T} are compactednly onceusingthe transmissiorfunction
Try. Thereforejtisa = (|T| — |T1])/|T|.

The stepsl1 to 17 of the algorithm Get Tr 1, which generated'r; basedon T'ry, increaseghe
likelihoodof input setsconsistingof a singlefault-freetestresponseThus,thesizeof T1, whichis the
setof testvectorsrequiringonly the secondcompactiorstep,is maximized.
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4.3 Two-StepCompaction

The following lemmagives an upperboundon the numberof testvectors,which are the only
elementsn theirinput sets:

Lemma4.10 LetT beatestsetfor a circuit C' andlet ] bethe numberof distinctfault-freeresponses
of CtoT. LetSC bea zep-aliasingtwo-stepspacecompactoigeneatedasdescribedn Sectiord.3.4
with & outputs.LetT; C T bethesetof testvectos, for which onecompactiorstepimplementingl'r,
is suficient. An upperboundonthesizeof T; is givenby

l
2k —1°

|Ty| < 2F —

Proof:
If T1 consistsof g testvectors,thenthereareq input setsof T'r1, which consistof a singlefault-free
testresponseOneinputsetof T'r; containsall testresponsesyhich canbe only generatedby afaulty
circuit. Eachof theremaining2® — ¢ — 1 inputsetsof T'r; containsatmost2* fault-freetestresponses.
Thisis truesinceTry andT'r; areorthogonalransmissiorfunctionswith respecto R. Thatmeans,
thattwo fault-freetestresponses the sameanput setof T'r; mustbelongto differentinput setsof T'r.
Thenumberof differentinputsetsof T'rq is 2¥. In consequencehenumberof fault-freetestresponses
includedin ary inputsetof 7'r; is atmost2*.

Therefore,the numberof fault-freetestresponsesncludedin the input setsof Tr; is at most
g+ (2% — ¢ — 1) - 2%. Thenumberof fault-freetestresponsess /, yielding:

I < g+(2F—qg—1)-2F
I < g—2F.-qg+ (28 -1)-2*
2k.g—q < (2F—1).2F -1
!
L ——
¢S T og
!
T < 2F— :
Il < 2k —1

O

For example,for the testsetof circuit c6288T; is empty sinceit is! = 12 andk = 2 yielding
71| <4 — % = 0. In generalno reductionin testingtime is possiblejf it is 2% — 2,6[1 <1.

Lemmad4.10suggestsor a giventestset,thatthe greaterthe compactiorratio is, the smalleris the
numberof testvectorswhich requireonly the seconccompactiorstep.Hencethetestapplicationtime
canbetradedoff with the compactiorratio by choosingthe numberof compactedutputsk, sothatk
is slightly higherthanthelower boundgivenin Theorem4.8. Thefollowing theoremcharacterizethe
rateat which & mustgrow, sothatthevaluea = (|T'| — |T1])/|T|, which describeghe reductionof

testingtime, remainsconstantwith increasing.

Theorem4.11 LetT beatestsetfor a circuit C' andlet/ bethe numberof distinctfault-freeresponses
of CtoT. LetSC beazeo-aliasingtwo-steppacecompactoigeneatedasdescribedn Sectiord.3.4.
LetTy C T bethesetof testvectos for which one compactionstepimplementingl'r, is suficient.
If « = (|T'| — |T1|)/|T| is to remainconstantwith increasingsizeof 7', thenthe growing rate of the
numberof compactedutputsk is k = O(logy |T'|).
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4 OutputSpaceCompactiorfor Circuitswith Unknown Structures

Circuit Numberof

gates inputs outputs flipflops
c499 | 202 41 32 0
c880 | 357 60 26 0
c1355 | 514 41 32 0
c3540 | 1667 50 22 0
c6288 | 2416 32 32 0
s$35932| 17793 323 320 1728
s38417| 23815 28 106 1636

Table4.2:ISCASbenchmarlcircuits

Proof:
In Theoremd.10is alower boundon |71 | given. It follows:

l
Ty < 2F— ——

2k —1
T o221
T = Tl T (2F-1)
It is ‘IT' < 1 sincethe numberof distinctfault-freetestresponsess equalor lessthanthe numberof
testvectors.Furthermorepbviouslyitis1 — a = % Thenit is obtained:
1 < 2" 1
— a —_—
= T 2k -1
K 1
11—« ——for K = 2*.

<
- 7T K-1
Severalstepsesultin thefollowing quadratidnequation:

0 < K*4+(T|-a—|T|—-1)-K —|T|-« (4.3)
whichyields
ca—|T| - Ca— T —=1)2 T -
K < IT|-a—|T| 1+\/(\T|2a 7] -1)?+4-]T] -« 4.4)
If « is constantthenit is K = O(|T'|) andk = O(log, |T|). O

4.4 Experimental Results

In this section,experimentalresultson the synthesisof one-stepand two-stepspacecompactorgor
severalISCASbenchmarlcircuits[12, 13] arepresentedTheoutputsof thecombinationabenchmark
circuitsc499,¢880,c1355,c3540,c6288andthefunctionaloutputsof the full-scanversionsof the se-
guentialbenchmarlcircuits s35932ands384 1 Averecompactedisingthedesignprocedureslescribed
above. Table4.2liststhenumberof gatesjnputs,outputs andflipflops of eachcircuit. Thecompaction
functionsweredeterminedor testsetsfrom theM nt est ATPG program[38] aswell asfor compact
testsetsderived from high-level functionalmodels[39]. All testsetsachieve 100%fault coveragefor
non-redundarginglestuck-atfaults.
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4.4 ExperimentaResults

Circuit  Test| #Vectors| #Outputs| Literal count | Overhead
set |T‘ l n k Lo Lso (%)
c499 [39] |52 3| 32 616 64 104
c880 [38] | 16 16| 26 703 277 39.4
c880 [39] | 17 17| 26 703 214 30.4
c1355 [39] | 84 14| 32 1032 197 19.1
c3540 [38] | 84 84| 22 2934 864 29.5
c6288 [38] | 12 12| 32 4800 266 5.5
c6288 [39] | 12 12| 32 4800 201 4.2
s35932 [38] | 12 12| 320 40| 35181 2414 6.9
s35932 [38] | 12 12| 320 32| 35181 2309 6.6
s35932 [38] | 12 12320 4 | 35181 2542 7.2
s35932 [38] | 12 12320 4 | 35181 2603 7.4
s38417 [38] | 68 68 | 106 28| 38790 3897 10.0
s38417 [38] | 68 68| 106 7 | 38790 4652 12.0
ITwo-stagedesignaccordingo Figure4.9(a)
2Two-stagedesignaccordingto Figure4.9(b)

A DN OTON

Table4.3: Resultsfor the synthesiof one-stegompactors

4.4.1 One-Step Compaction

One-stepcompactorsvere derived asexplainedin the sectionabove: [ + 1 distinct symbolicvalues
wereassignedo the!l fault-freetestresponseandto R~. Thelogic synthesigool NOVA, whichis part
of the SI S packagd72], wasusedfor mappingthe symbolicvaluesto binaryvalues.The compactors
were synthesizedwvith Sl S yielding compactorswith the minimal numberof outputsaccordingto
Theoremd.1. Sl S providesliteral countsin orderto estimatehearearequiredby a circuit. Below, the
estimationof theareaoverheadcausedy a compactoiis basedn thesditeral counts.

Table 4.3 lists the resultsobtainedfor the investigatedcircuits. The first columnlists the circuit
namesand the secondcolumn shavs which testsetwas used. For eachcircuit the third and forth
columnsgive the sizeof the testset|T’| andthe numberof distinctfault-freetestresponses, respec-
tively. The next two columnslist the numberof functional outputsn andthe numberof compacted
outputsk. The serenthandeighthcolumnsgive L, which is theliteral countof the investigatectir-
cuit, and Lg¢, whichis theliteral countof the compactoidesignedaccordingto the giventestset. For
sequentiatircuitstheliteral countL¢ includestheareaestimationof the scanflipflops. Theveryright
columnshaws the estimatedareaoverheadn percentwhichis %%Q - 100.

For the smallercircuits c499andc880the areaoverheadof the proposednethodis high, sincethe
compactomreais comparabldo the areaof the circuits.

Neverthelessan one-stepcompactorfor c499with only 10.6%overheadcanbe designedjf the
testsetfrom [39] is used,which producesonly threedistinctfault-freetestresponsesThis indicates,
thatthereis a significantrelationshipbetweerthe numberof distinctfault-freetestresponseandthe
areaoverheadcausedyy the compactar This conclusioncanalsobe derived from the resultsobtained
for thecircuit c1355.If thetestsetfrom [38] is usedfor c1355,then64 distinctfault-freeresponseare
obtainedandthe areaoverheadof the correspondingne-stepcompactolis over 130%. However, the
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32 4 40 4
- SO, = - SC, =
32 4 40 4
- SC, >
323 | circuit 2 323 | circuit - SC, >
> 535032 32 4 > 535932
=~ SC3y (7 :
32 4 40 A
= SCho - > SCy —
(a) (b)
Figure4.8: Outputpartitioningfor s35932:(a) ten groupsof 32 outputseach;(b) eight groupsof 40
outputseach.

overheadreducedo 19%,whenthetestsetfrom [39] with fourteendistinctfault-freetestresponsess
used.

The high areaoverheadequiredfor the compactorof the combinationakircuit c3540is a conse-
guenceof the large numberof distinct fault-freetestresponsesin contrastthe areaoverheadof the
compactoifor c6288is very low for testsetsfrom both,[38] and[39]. This benchmaricircuit, which
is a 16-bit multiplier circuit, canbetestedwith smalltestsetsconsistingof twelve vectors.

Table 4.3 also lists the resultsfor the full-scan versionsof two sequentialcircuits s35932and
s38417. For both circuits the scanoutputswere not compactedso that only the functional outputs
areconnectedo the compactorasshavn in Figure4.2.

Thecompleity of the synthesiproceduradepend®nthenumberof functionaloutputsn, whichis
equalto the numberof compactoiinputs. Thus,for thetwo sequentiatircuitswith 106 and320func-
tional outputs,the outputswere partitionedin suchway, thatSl S could synthesizespacecompactors
for themin reasonabléme. If atmosta coupleof hoursof runtimeis permitted thentheboundn < 40
onthenumberof inputsof onecompactoiis obtainedby the experimentaresults.

For example,first of all the 320 functional outputsof s35932were partitionedinto ten groupsof
32 outputseach. Thenfor eachof thesepartitionsa spacecompactomwas synthesizedvith £ = 4
compactedutputseach. As shavn in Figure4.8(a),this resultedin a total of 40 compactomoutputs,
yielding acompactiorratio of 8. Theoverheacdcausedy this compactoesignis 6.9%. Alternatively,
asshavn in Figure4.8(b),the 320 outputscanalsobe partitionedinto eightgroupsof 40 outputseach.
Thenthetotal numberof compactedutputsis 32, yielding a compactiorratio of 10. The overheadbf
thelatterdesignis almostthe same:6.6%. The scaninputsandscanoutputsof thefull-scanversionof
s35932arenotshavn in thefigures.

In orderto increasethe compactionratio further, a secondstageof compactioncan be addedto
the circuit s35932.In the secondstagethe 40 or 32 outputsfrom thefirst stagearefurther compacted
to four outputs. This is the minimal numberof outputsgiven by Theoremé4.1. Figure4.9 shavs the
two-stagecompactiondesignsfor the circuit s35932. The scaninputsand scanoutputsare omitted.
Obviously, thesedesignsare extensionsof the one-stageompactiondesignggivenin Figure4.8. The
overheador thetwo-stagedesignsof Figure4.9 (a) and(b) are7.2%and7.4%,respectiely.
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32 4 40 4
> 5C, > = SO, >
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Figure4.9: Two-stagepne-stepcompactoidesigngor s35932.

The106functionaloutputsof s3841Averepartitionedin asimilarway. Threegroupsconsistingof
27 outputseachandafourth groupcontaining25 outputswereformed. The outputsof eachgroupwere
compactedo seven outputseach,yielding a total of 28 compactedutputs. The total areaoverhead
of the four compactords 10.1%. A secondcompactionstagewas addedin orderto further reduce
the numberof compactedutputs. Thenthe numberof compactedutputsis 7 which is the minimum
accordingto Theorend.1. Theareaoverheadncreasesnly slightly to 12.0%.

4.4.2 Two-Step Compaction

Hereexperimentakesultsare presentedor two-stepcompactorsywhich weredesignedor the circuits
listedin Table4.2. As describedabove, in orderto determinethe first compactionstep,the algorithm
Get Tr 0 wasusedto selectfunctionaloutputsof thecircuit. ThenthetransmissioriunctionT'r; of the
secondcompactiorstepwasderived from the algorithmGet Tr 1. The new outputvaluesassignedo
theinput setsof T'r; wereobtainedby usingthelogic synthesigool NOVA, which is partof the SI S
packagd72]. FurthermoreSl S wasusedto synthesizéhe secondcompactiorstep.

Experimentafesultson two-stepcompactordasedn orthogonatransmissiounctionsarelisted
in Table4.4. Thefirst columngivesthe namesof theinvestigatectircuits. The secondcolumnshaws,
which testsetwasused. The following columnslist for eachcircuit the size of the testset|T’|, the
numberof distinctfault-freetestresponses, the numberof functionaloutputsn, andthe numberof
compactedutputsk, respectiely. The seventhcolumnpresentd.., which is theliteral countof the
investigatectircuit. For sequentiatircuitstheliteral count L¢ includesthe scanflipflops. The eighth
columnshaws theliteral countLg of the compactarwhich wasdesignedaccordingto the giventest
setandwhich consistof themultiplexer, thefeed-througHines,andtheimplementatiorof the second
compactionfunction. The far right column shawvs the estimatedareaoverheadin percent,which is
derivedfrom theliteral countsasfollows: % - 100.

Thelarge numberof functionaloutputsof thesequentiatircuitswaspartitionedasdescribedbore
for one-stepcompactors. The lower bound k,,,;, on the numberof outputsgiven by Theorem4.8
is achieved for eachconsideredzero-aliasingtwo-stepspacecompactar For several caseshe area
overheador two-stepcompactioris lower thanthatfor one-stegompactionput in generathevalues
of Table4.3andTable4.4 arealmostequal.
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Circuit  Test| #Vectors| #Outputs| Literal count | Overhead
set |T| l n k Lo Lsc (%)
c499 [39] |52 3|32 2| 616 77 104
c880 [38] |16 16| 26 3 | 703 259 36.8
c880 [39]| 17 17| 26 3 | 703 204 29.0
cl355 [39] | 84 14| 32 3 | 1032 200 19.4
4
2
2

c3540 [38] | 84 84| 22 2934 792 27.0
c6288 [38] | 12 12| 32 4800 254 5.3
c6288 [39] | 12 12| 32 4800 201 4.2
s35932 [38] | 12 12 | 320 20 | 35181 2385 6.8
s35932 [38] | 12 12 | 320 16 | 35181 2290 6.5
s35932 [38] | 12 12320 2 | 35181 2623 7.5
s35932 [38] | 12 12 (320 2 |35181 2478 7.0
s38417 [38] | 68 68 | 106 16 | 38790 3666 9.5
s38417 [38] | 68 68| 106 4 | 38790 4553 11.7
Two-stagedesignaccordingo Figure4.9(a)
2Two-stagedesignaccordingo Figure4.9(b)

Table4.4: Resultsfor the synthesif two-stepcompactors

In Table4.5 experimentalresultson the numberof testpatternsthatcanbe discardedn thefirst
compactiorstep,arepresentedThefirstandseconcdtcolumnsgive thenameof theinvestigatedtircuits
andthetype of theunderlyingtestset,respectiely. Thefollowing columnslist for eachcircuit thesize
of thetestset|T’| andthe numberof distinct fault-freetestresponses. The fifth columnshaws the
upperboundon the sizeof T; givenin Lemma4.10. T; is the setof testvectors,which requireonly
the secondcompactionstepimplementingthe transmissiorfunctionT'r; . The sixth columngivesthe
valuesof |T | obtainedby theexperimentsThefarright columnliststhe percentagef thetestpatterns,
thatcanbediscardedn thefirst compactiorstep.The percentagés computedoy % - 100.

For all circuitsexceptc3540thesizeof |73 | determinedy the experimentsequalsheupperbound
on this value. A significantfraction of input testscan be droppedfor the circuits c432, c499, and
s38417.f k is notaslow asthelowerboundk,,;, thatis predictedoy Theorend.8,thenfor evenmore
testvectorsonly the secondcompactiorstepbasedon the transmissiorfunctionT'r; is suficient. The
reasonis, thata highernumberof compactedutputsincreaseshe numberof input setsof Tr; and
thusmoreinput setscontaininga singlefault-freetestresponse&anbe generated.

4.5 Summary

A spacecompactionapproachor testresponsesf digital circuitsis presentedn this chapter It does
notuseary knowledgeabouttheinternalstructureof the circuit undertest. The compactorarederived
from the fault-free response®f a given, precomputedestset. For example, for intellectual prop-
erty coresoften only a testsetandthe correspondingutputvaluesare given andthen sucha space
compactorcanbe usedto accesghe testresponse# parallel. Furthermorethe approachmakesno
assumptioraboutanunderlyingerrormodel.
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Circuit Test| #Vectors| Bound Obtained| Saving
set |T‘ I on |T1| |T1| (%)
c499 [39] |52 3 4 4 7.7
c880 [38] | 16 16 5 5 31.3
c880 [39] | 17 17 5 5 29.4
cl355 [39] | 84 14 6 6 7.1
c3540 [38] | 84 84 10 9 10.7
c6288 [38] | 12 12 0 0 0
c6288 [39] | 12 12 0 0 0
s35932 [38] | 12 12 0 0 0
s35932 [38] | 12 12 0 0 0
s38417 [38] | 68 68 11 11 16.2

ITwo-stagedesignaccordingto Figure4.9(a)
2Two-stagedesignaccordingto Figure4.9(b)

Table4.5: Resultdfor the synthesiof two-stepcompactors

Theapplicationof theapproacho asequentiatircuit or to alarge testsequenceontainingasmall
essentiatestsetis described The proposednethodguaranteegeroaliasingfor all outputerrorstested
by the given setof input patterns so that ary error at the functional outputsthatis producedby the
testsetis propagated.A lower boundon the numberof compactedutputsof thesecompactords
proven. The straightforvard designapproacHor one-stepcompactioralwaysachievesthe maximum
compactiorratio.

In orderto furtherreducethe numberof compactedutputs,the designof two-stepcompactorss
introduced. Two distinct compactionfunctionsareimplementecby thesecompactorsandthesetwo
functionsareappliedin two time stepswhich maydoublethetestapplicationtime. Thedetermination
of the compactiorfunctionsbasedn orthogonalkransmissioriunctionsis explainedin detail.

In mary caseghe optimal compactiorratio is achiered for two-stepcompactiontoo. If the ratio
is not optimal, thenfor sereraltestpatternsoften only onecompactionstepis requiredsothatthe test
applicationtime canbereduced.

Experimentatesultspresentedor severallSCASbenchmarlcircuitsdemonstrat¢éhefeasibility of
the one-stepandtwo-stepcompactorsevenif the numberof functionaloutputsof the circuit is large.
Furthermorein mary caseghe optimalcompactiorratio is achieved for two-stepcompactiontoo. If
theratiois notoptimal,thenfor severaltestpatternsoftenonly onecompactiorstepis required sothat
thetestapplicationtime canbereduced.Thesynthesi®f thecompactorshaw, thatbothtechniquesre
bestsuitedto circuits,whosetestsetsproduceonly a smallnumberof distinctfault-freetestresponses,
otherwisethe areaoverheadcausedoy the compactomwill be very large. Therequiredareais almost
thesamefor one-stecompactiorandtwo-stepcompaction.
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5 Contrib utions and Future Work

In this chapter the major contritutions of this work are reviewed. The secondsectiongives brief
prospectdor futurework.

5.1

Contrib utions

As thehighintegrationof circuitsresultsin increasinghumberf inputs,outputsandgatesthe sizeof
testsetsbecomedargersothatbit-by-bit comparisorof thetestresponseis not feasible.Outputspace
compactionis a simplemethod,which reduceghe quantityof testresponselata. This work presents
new spacecompactiortechniquegor testingor concurrentheckingof digital circuits.

If thecircuitsaregivenby a netlistof gatesthenananalysisof the circuit structurecanbe usedto
obtaininformationaboutfault propagatiorin the circuit. Basedon this information,the designof the
spacecompactoicanbe suitedto thecircuit.

In this thesis,compactordesigns,which usethe conceptof structuralspacecompactionare de-
scribedandinvestigated:

Several analysisalgorithmsfor the designof spacecompactorsare described.The introduced
analysisalgorithmsareinvestigatedor thefirst time. Thealgorithmsincludesimpleapproxima-
tionsof probabilitiesof fault propagatiorandobseration.

Thecompleity of eachalgorithmis polynomial.In particular for eachalgorithmthecompleity
is linear with respectio the numberof gatesandat mostquadraticwith the numberof circuit
outputs.Therefore thesealgorithmsareapplicableto large circuits.

For 22 combinationalbenchmarkcircuits the valuescomputedby the analysisalgorithmsare
comparedo eachotherandto exactvalues. The bestresultsareobtainedfor the analysisalgo-
rithmsbasedon approximategrobabilities.

In orderto furtherimprove the analysisbasedon approximatedrobabilities,several modifica-
tionsof theanalysisalgorithmsarediscussed.

An algorithmfor deriving the compactionfunction from the analysisresultsis described.The
compleity of the heuristicalgorithmis polynomial.

For the ten combinationalcircuits of the ISCAS '85 benchmarksuite experimentalresultsare
givenfor deterministictesting,concurrenttheckingand pseudarandomtesting. The reduction
of faultcoveragewasexperimentallydeterminedor thefaultmodelsof singlestuck-atfaultsand
transitionfaults.

Comparisonswith otherapproacheshaw, that for combinationalcircuits the proposedinear
spacecompactoidesignachierzeshigh compactiorratio andreducegault masking.
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e TheapproacHor combinationakircuits canbe extendedn suchaway, thatit canbeappliedto
sequentiatircuitswhich provide no accesgo the statevalues. It is thefirst structuralapproach
for sequentiatircuits,which takesinto accounfault propagatiorirom faulty statego thecircuit
outputs.

e Thedesignproceduregor spacecompactorss applicableto large sequentiatircuits. The com-
plexity of the designprocedurds polynomial: Again, it is linearwith respecto the numberof
gatesandquadratiowith the numberof circuit outputs.

¢ In orderto improve the designof spacecompactorsseveral modificationsof the analysisof the
sequentiatircuit areproposed.

e For 20 sequentiakircuits of the ISCAS '89 benchmarksuite experimentalresultsare given,
which were obtainedfor concurrentcheckingand pseudorandomtesting. The reductionof
fault coveragewasexperimentallydeterminedor the fault modelsof single stuck-atfaultsand
transitionfaults.

Furthermorejn this work a spacecompactiondesignis presentedyhich requiresno information
aboutthe internal structureof the circuit undertestor aboutthe underlyingfault model. The basic
concepis to usetheknowledgeof a precompute@ompactestsetandthecorrespondindault-freetest
responseso designa zero-aliasingspacecompactar This meansthatthe compactorcauseso fault
maskingfor all errors,which areproducedy the precomputedestset.

Themaincontrikutionsare:

e A proof for the lower boundon the numberof compactedoutputsis given for zero-aliasing
compactorsisingasinglecompactiorstep.

e A procedurdo designzero-aliasingspacecompactoravith a minimal numberof outputsis ex-
plainedin detail.

e In orderto furtherreducethe numberof compactedutputs the conceptof two-stepcompactors
is introduced.

e The designof two-stepcompactorgs basedon orthogonaltransmissiorfunctions. Orthogonal
transmissiorfunctionsand the correspondingalgorithmsfor generatingthe functionsare de-
scribedin detail.

e A lowerboundon the numberof compacteautputsof two-stepcompactordrasbeenproven.

¢ It hasbeenshavn, thattwo-stepcompactorallow to tradeoff testingtime with the compaction
ratio.

e Experimentatesultsshav, thatbothapproachesyne-ste@ndtwo-stepcompactionarefeasible.
Furthermoretheareaoverheadcausedy thesecompactorss moderatef thenumberof distinct
fault-freetestresponsess small.

Partsof this work werepublishedn the proceeding®f the Workshopon TestMethodsandRelia-
bility of CircuitsandSystemsl998[80], of the VLSI TestSymposiunl998[79], of the Workshopon
ImplementingAutomata[ 78], of the Symposiunon DefectandFault Tolerancen VLSI Systemsl999
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[77], of the VLSI TestSymposiun000[76], andof the InternationalOn-line TestingWorkshop2000
[24].
Otherpublicationsof the authorof thisthesisare:

e M. Seuring,"Built-In Self Testmit Multi-Mode ScannabléMemory Elementeri,in Proc. Work-
shopon TestMethodsandReliability of CircuitsandSystemspp. 22—-25,1999;

e A. Singh,E. Sogomowgan, M. Gdssel,and M. Seuring,“Testability Evaluationof Sequential
Designslincorporatingthe Multi-Mode Scannabléviemory Element, in Proc. Int. TestConf.,
pp. 227-235,1999;

e D. Das,N. A. Touba,M. Seuring,andM. Gossel,'Low CostConcurrenError DetectionBased
on Modulo Weight-BasedCodes, in Proc.Int. On-line TestingWorkshop,pp. 171-1762000.

5.2 Future Work

In this section extensionof theresultsof thiswork aresuggestednddiscussedin particular propos-
alswhich mayimprove the approactof structuralspacecompactioraregiven.

The structuralapproachefor linear spacecompactiorarebasedon algorithms,which analyzethe
structureof the circuit undertest. If the designprocedureshouldbe applicableto large circuits, then
the compleity of the algorithmsmustbe limited and the computationof exact valuesis prevented.
Therefore the circuit analysiscanbe donein variouswaysandit is likely, thatfurtherimprovements
for theanalysisalgorithmscanbefound.

Sincethe bestresultswere obtainedfor the analysisalgorithmsbasedon approximategrobabili-
ties, future work shouldinvestigatdmprovementdor this algorithms.In Section2.2.8,two modifica-
tionsareproposedwhich tagetmoreaccurateesultsof the circuit analysis.

Thefirst modificationconcernghe approximatiornof signalprobabilities,which canbe computed
usinga moresophisticatedlgorithmintroducedn [52]. Any otheralgorithm,which determinesnore
accuratesignalprobabilitiesthanthe standardalgorithmcanbe includedin the analysisof the circuit
structure. Futurework may investigate for example,whethersuchalgorithmscan be derived from
several testability measurementsand furthermore,whetherthe experimentalresultsimprove if the
algorithmsareusedfor the designof spacecompactors.

In this work, the resultsobtainedfor sequentiatircuits arenot asgoodasthosefor combinational
circuits. Thus,ananalysiswvhich takesinto accounthe setof reachablestatesof the sequentiatircuit
undertest as describedin Section3.2.3 may improve the analysisresults. Also, the model of the
iterative array of the combinationabartscanbe usedto approximatehe signal probabilitiesthrough
severaltime frames.For example theinitial stateof the sequentiatircuit canbetakeninto accountjf
the signalprobabilitiesof the stateof thefirst time framearesetcorrespondingo theinitial state.

Finally, future investigationmay focus on the first suggestiordescribedn Section2.2.8: Small
circuit partsof the circuit undertestwhich containrecorvergent pathscanbe replacedby comple
gates.Thenthe analysisusesthe correspondingexact propagatiorprobabilitiesof the complex gates.
Theanalysisalgorithmcouldbeimplementedothatthe maximalnumberof inputlinesof circuit parts,
which arereplacedoy complex gatesjs aninput parameteof the algorithm. Thenthis parametercan
beusedto tradeoff theruntimeof thealgorithmwith theaccurag of theresults.However, theruntime
canexponentiallyincreasewith respecto the maximalnumberof input linesallowed for circuit parts
whicharereplaced.
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The suggestionsbove shouldleadto improved resultsfor the analysisof the structureof both,
combinationahndsequentiatircuits. A linearspacecompactarwhosedesignis basednanimproved
analysisalgorithm,shouldprovide a higherspacecompactiorratio combinedwith alower probability
of faultmasking.
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A Simulator MINOS

Thisappendidriefly describeshefaultsimulatorM nos whichwasimplementedn orderto facilitate
the experimentalnvestigationsof this thesis.lts first versionwasrestrictedto the simulationof single
stuck-atfaults and later it was extendedin sucha way, that also transitionfaults can be simulated.
M nos which is implementedn C++ cansimulateboth combinationaland sequentiakircuits. It is

basedn singlepatternandparallelfault propagation.

In orderto simulatethe propagatiorof faultsin parallel,M nos useswo-valuedparallelsimulation
whichwasintroducedoy Sesh73]. Startingwith asingleinputpatternwhichis appliedto thecircuit
inputs,the simulatorproceedsn atopologicalorderto the circuit outputsandcomputedor eachline
the goodvalueandthe propagatedaults. The datastructurewhich representfault effectsat a single
line is anarrayof bits, whereeachbit correspondso a singlefault. If abit of this datastructureis set
thenthe correspondindaultis obserableat thisline.

The faultswhich are obserable at the outputof a gatecanbe derived from the faultsobsenable
atthe inputsof the gateusingoperationf the settheory[1]. Sincethe setsof obserablefaultsare
storedin bit arrays the computatiorof obserablefaultscanbeimplementedy bitwise operationsso
thattheruntimeis reduced.

In aninitial stepM nos determinesequivalentfaults, so that only collapsedfaultsinsteadof all
faultscanbe simulated.If a suficiently large numberof faultsis alreadydetectedM nos performs
fault droppingin the following way: All faultswhich are alreadydetectedare removed from the bit
arrays. The remainingfaultsarere-assignedo the bits in sucha way, thatthe requiredsize of the bit
arrayswhich storethe obserablefaultsis reduced.

SinceM nos simulatessingleinput patternstransitionfaults caneasilybe handled. Only if the
goodvalueof aline hasbeencomputedandthis new valueis differentfrom the old one,a transition
faultcanbeexcitedat theline. The propagatiorof a excitedtransitionfaultis computedn almostthe
sameway asthe propagatiorof a singlestuck-atfault.

The bit arraysof the circuit outputsdeterminethe detectabldaults. If abit of sucha arrayis set,
thenthe correspondindault is detected.Furthermorethe bitwise booleansumof all bit arraysof the
circuit outputsdeterminghefaults,which canbe detectedy alinear spacecompactorconsistingof a
singleparity tree. The detectedaultsat the outputsof otherspacecompactordesignsananalogically
becomputed.

Thisis utilized by M nos asfollows: M nos is ableto usethe datastructureof the parity groups
obtainedby the proceduresvhich arepresentedn the secondandthird chapterfor the designof space
compactorsThereforeduringonesimulationprocessthe simulatorM nos candeterminehefaults,
which aredetectedht the functionaloutputsof the circuit, andalsothe faults,which areobserable at
the outputsof oneor morelinear spacecompactors As mentionedaborve, only additionalbitwise op-
erationswhich sumup thebit arraysof the circuit outputsaccordingo the parity groups,arerequired.
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