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1 Preface

Testingdigital circuits is an importantpart of the efforts, which arenecessaryfor their design,their
production,and,finally, their usage.As the electronicsindustryevolved from discretecomponents,
throughthefirst integratedcircuitscontainingonly a singlegateor flipflop, to moreandmoreincreas-
ingly high levelsof integration,thedemandsonsafety, availability, reliability, andaccuracy requirethe
continualdevelopmentof moresophisticatedtestingandcheckingtechniques.Due to the increasing
numberof circuit outputsandthe increasingsizeof testsetsfor thousandsor millions of transistors,
large quantitiesof testresponsedatamustbe comparedwith the fault-freeresponses.Therefore,for
highly integratedcircuits bit-by-bit comparisonis not feasible. To handlethis problem,the output
valuesof the circuit areusuallycompactedandcomparedwith the compactedtest responsesof the
fault-freecircuit. Sinceany compactionmeansa lossof information,outputcompactionoftenresults
in fault masking,i. e.,erroneousvaluesat thefunctionaloutputsarecompactedto thefault-freecom-
pactedtestresponses,sothatno errorcanbeobservedat theoutputsof thecompactor.

The approachof output compactioncan be divided into two basicconcepts:Time compaction
andspacecompaction.Time compactionmeansto capturethe outputresponsesover several time or
test stepsand to computefrom the test responsesa signature. It usessequentiallogic to combine
the test responsesduring oneclock cycle with the test responsesfrom previous clock cycles. After
theendof the testtheobtainedsignatureis comparedto the fault-freesignature.In contrast,a space
compactorreducesthenumberof streamsof responsebits which mustbeobserved. Normally, it uses
combinationallogic to merge a large numberof responsestreamsinto a smallernumberof streams.
So it reducesthenumberof bits of testresponsesthat aregeneratedevery clock cycle. On theother
hand,if no timecompactionis added,thentheamountof compactedresponsedataincreasesaccording
to the lengthof the test. Furthermore,spacecompactioncanalsobe usedfor concurrentchecking.
Concurrentcheckingprovidesfault detectionduringtheregularoperationof acircuit.

Thereare also techniquesfor output compactionwhich can be conceived as a mixture of both
concepts.Oftentestresponsesobservedat thefunctionaloutputsarecompactedby aspacecompactor
andthecompactedresponsestreamsfeeda time compactor. Sincein mostcasestheobjectivesfor the
designof spacecompactorsareindependentof theexistenceof anadditionaltimecompactionstep,this
work only focusesonspacecompactionandits usagefor testingor concurrentchecking.

Testsof digital circuitsareperformedby applyingasetof precomputedinputvectorsto thecircuit.
Sucha testcanbecarriedout for design,diagnosisor aftertheproductionof a circuit. Furthermore,if
thecircuit is alreadyin use,it canbetestedby utilizing its initializationphaseor any othertimeinterval
while the circuit is idle or which is explicitly reserved for testing. In many cases,the precomputed
testvectorsaregeneratedtargetinga certainclassof faultsin thecircuit andmay additionallydetect
non-modeledfaults.

As mentionedabove, while theprecomputedtestsetis appliedto theinputsof thecircuit, a space
compactorcanbe usedto compactthe testresponses.The testresultsarecomparedwith the results
of a fault-freecircuit. If any differencecanbe observed, thenthe testedcircuit is faulty. Figure1.1
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Figure1.1:Circuit undertestwith outputcompactor

schematicallyshows acircuit undertestwith anoutputcompactor.
Usually, a circuit is testedin anautomatictestequipment(ATE) beforeit is deliveredto thecus-

tomers.In thiscase,theinputvectorsof a testaregeneratedby theATE andappliedto thecircuit. The
ATE accessesthe responsesof the circuit, andtheseresponsesarecomparedwith the fault-freetest
responses.In orderto reducetheamountof testresponsedata,thesizeof memoryrequiredfor storing
the fault-freetestresponses,andthe numberof comparisons,the outputvaluesof the circuit canbe
compactedasdescribedin thiswork.

For severalyearsthecostsof automatictestequipmentshave beenincreasingandissuesrelatedto
timing accuracy andsupportof diagnosishavebecomemoreimportant[43], sothatothersolutionsare
usedin combinationwith ATEsor even insteadof ATEs. Sucha well known solutionis built-in self
test(BIST).

BIST requiresa specialtestmode. Additional logic is usedto switch betweenthis modeandthe
normaloperationmodeof the circuit. The test input vectorsaregeneratedon the chip andalso the
testresponsesarecompactedthere. In severalapproachesthe fault-freeresultsarealsostoredon the
chip. In this case,after all testvectorshave beenappliedandthe responseshave beencompared,a
testresponseat thechipoutputpinsindicateswhethera fault hasbeendetectedor not. If thefault-free
resultsarenotstoredonthechip, thenthetestresponsesarecompacted,sothatonly asmallnumberof
bits mustbeprocessedby theenvironment.Again, spacecompactorscanbeusedfor thecompaction
of thetestresponses.

Althoughin thefollowing only thecompactionof functionaloutputsis described,spacecompactors
canalsobeusedto compactthetestresponsesderivedfrom observationpoints.Observationpointsare
ofteninsertedto improve thetestabilityof thecircuit undertest[40, 28, 22, 66]. If a spacecompactor
is added,thequantityof testdataobtainedfrom theobservation pointscanbereduced[30]. It is also
possibleto compactthevaluesof thefunctionaloutputsandtheobservationpointsjointly usingasingle
spacecompactor.

A differenttechniquefor detectingfaultsof circuitsis concurrentchecking.It is alsocalledon-line
testing. The basicideaof concurrentcheckingis to monitor the function of a circuit during regular
operation.Thus,thecircuit doesnot switchto aspecialtestmode.

For concurrentcheckingtwo additionalcircuitsarerequired:coderandcodechecker. During the
regularoperationthecodercomputesredundantinformationfrom thecircuit inputs,sothatthevector,
which consistsof theoutputof thecoderandof thecircuit undercheck,is encodedinto somespecific
errorcode.In orderto checkif thecircuit andthecoderproducecodewords,anadditionalcircuit called
codechecker is used.If thepresenceof a fault modifiesthecircuit undercheckor thecodersothata
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Figure1.2:Concurrentcheckingcombinedwith outputcompaction

word is generated,whichdoesnotbelongto thecode,thentheerroris detectedby thecodechecker.
In mostcases,thenumberof bitsof thecodewordsis atleastashighasthenumberof thefunctional

outputsof thecircuit undercheck. Thenthesizeof thecodechecker maybevery large accordingto
thenumberof its inputs.To reducethesizeof thecodechecker, a spacecompactorcanbeinsertedat
thefunctionaloutputsto obtainanerrorcodeconsistingof shorterwords.This is shown in Figure1.2.

In many casesthe usageof shortcodewordsconsiderablyreducesthe sizeof the codechecker,
whichmustbemodifiedaccordingto thenew code.Thenthereductionof thearearequiredfor modified
coderandcodecheckerpredominatestheadditionalareaoverheadcausedby thespacecompactor. The
disadvantageof this methodis, that faultsof thecircuit maybedetectedwith somedelayor mayeven
betotally masked.

About this Work

The objective of this thesisis to provide new spacecompactiontechniquesfor testingor concurrent
checkingof digital circuits. In particular, the work focuseson the designof spacecompactorsthat
achieve highcompactionratioandcauseminimal lossof testabilityof thecircuits.Theintroductionof
eachchapterbriefly explainshow thespacecompactorscanbeincludedin environmentsfor testingor
concurrentchecking.

Basically, thethesisis dividedinto two parts:Chapter2 and3 consideracircuit,which is described
by a netlist of gates,so that an appropriatelinear spacecompactorcanbe derived from an analysis
of the circuit structure. In Chapter4, it is assumed,that the structureof a circuit is unknown, but a
precomputedtest setand the fault-freetest responsesof the circuit aregiven. Under this condition
spacecompactorsaredesignedwithout knowledgeof theunderlyingfault modelof the testset. Each
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1 Preface

chapterstartswith an introductioninto the basicsof the correspondingsubjectfollowed by a brief
summaryof thestateof theart.

In thefirst partof thiswork theproposedcompactordesignis basedontheknowledgeof thecircuit
structure.In particular, thecircuit is describedat the logical level by a netlist of gates.Thenetlist is
processedby analgorithm,which analyzesthepropagationof singlestuck-atfaultsfrom anarbitrary
fault site to differentfunctionaloutputsof thecircuit. Severalanalysisalgorithmsareintroducedand
discussedin this work. The resultsof the analysisareusedto designa linear spacecompactorwith
minimizedfault masking.Thegenerationof the linearspacecompactorallows anarbitrarychoiceof
thenumberof compactedoutputsandthereforealsoanarbitrarycompactionratio. In Chapter2,design
methodsarediscussed,whicharebasedonvariousnew analysisalgorithmsfor combinationalcircuits.
Analogically, suchmethodsaredescribedfor sequentialcircuitsin Chapter3.

Both chaptersincludethepresentationof experimentalresults.The experimentswereperformed
to determinethe accuracy of thevariousheuristicalgorithms. The analysisalgorithmsachieving the
highestaccuracy werechosento designlinearspacecompactorsaccordingto theanalysisresults.Then
furtherexperimentsareusedto investigatethefrequency of fault maskingcausedby thesespacecom-
pactors.For testingandconcurrentcheckingexperimentalresultswerederivedby simulationsof sev-
eralbenchmarkcircuitsin thepresenceof singlestuck-atfaultsor transitionfaults.

Theexperimentalresultsshow, thatfor theinvestigatedbenchmarkcircuitstheproposedapproaches
leadto compactorswith high compactionratio, which causeminimal or no lossof testability. Since
thecomplexity of eachdesignprocedureis linearwith respectto thenumberof gatesof thecircuit, the
determinationof compactorsfor the investigatedbenchmarkcircuits requiredonly a few secondsand
thepresenteddesignmethodsareapplicableto largecircuits.

Chapter2 includescomparisonswith otherapproacheswhich wereproposedfor theoutputcom-
pactionof combinationalcircuits. The comparisonsshow, that in mostcasesthe bestresultsareob-
tainedby the methodspresentedin this work. In Chapter3 no comparisonswith other approaches
aregiven,sinceit introducesthefirst structuralapproachfor outputcompactionfor sequentialcircuits,
which takesinto accountfault propagationfrom faulty statesto theoutputsof thecircuit.

In Chapter4, theunderlyingconditionsfor thedesignof spacecompactorsaredifferentin many
ways comparedto thoseof the previous chapters. It is assumedthat the structureof the circuit is
unknown. For example,in practiceoftenintellectualproperty(IP) coresaretakenfrom acorevendorto
implementspecialfunctionalitiesof a largechip without time consumingandexpensive development.
Suchan IP corecannot be easily tested,sincenormally the structuralinformationof this circuit is
not revealedto protectthe intellectualproperty. To solve this issue,often the corevendorgivesan
appropriatesetof testpatterns.Thespacecompactionapproachdescribedin Chapter4 is applicable
to suchcircuitsandrequiresonly theknowledgeof thefault-freetestresponsesfor a precomputedtest
set.Furthermore,no additionalinformationabouttheunderlyingfault modelis necessary.

Theproposedcompactordesignguaranteeszero-aliasingwith respectto theprecomputedtestset.
Thespacecompactorsarenon-linearor only partly linear. Sincethecompactorsarezero-aliasing,the
testresponsescannotbecompactedto anarbitrarynumberof compactedoutputs.Lowerboundsonthe
numberof compactedoutputsareprovenin Chapter4. Thesmallerthenumberof distincttestresponses
is, thesmalleris thelowerbound.Therefore,thisapproachis especiallyapplicableto circuitsfor which
small testsetsareavailable,becausein this casetheproposeddesignresultsin spacecompactorswith
high compactionratio.

Thebasicdesignmethodproducesspacecompactorswith theminimal numberof compactedout-
puts accordingto the proven bound. Thus, it achieves the optimum compactionratio. In order to
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furtherreducethenumberof compactedoutputs,amethodis discussedwhich is basedontwo different
compactionfunctions.For eachtestresponsethetwo compactionfunctionsareusedin two time steps
which may increasethe testingtime. Thedeterminationof thecompactionfunctionsof the two time
stepsis basedon orthogonaltransmissionfunctions.

For a circuit with a large numberof functionaloutputsthe synthesisof the proposedspacecom-
pactordesignis not feasiblebecausethe higher the numberof inputsof the compactoris, the more
complex is the function. A methodto synthesizesucha spacecompactoris introducedin Chapter4.
Thenthepresentationof experimentalresultsobtainedfor severalbenchmarkcircuitsfollows. Thearea
overheadof eachspacecompactorof thesecircuits is given andthedependency betweenthenumber
of distinct fault-freetestresponsesandsizeof thecompactoris discussed.The resultsshow, that the
compactorsfor theinvestigatedcircuitsproduceonly low areaoverhead.

Thelastchapterreviews themajorcontributionsof thethesisandbriefly discussespossibleexten-
sionsof this work. Theappendixbriefly introducesthesimulatorMinos which wasimplementedfor
theexperimentalinvestigationsof this thesis.
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2 Structural Output Space Compaction for
Combinational Circuits

In this chapter, the designof outputspacecompactorsbasedon a circuit analysisis described.The
following sectionbriefly introducesits usagefor testingandconcurrentcheckingand the two fault
models,which are considered.Then approachesthat are alreadyknown for spacecompactionfor
combinationalcircuits are discussed.The type of compactorsconsideredin this chapterare linear
spacecompactors.Therefore,thebasicconceptof thesecompactorsis described.Thenthetwo main
stepsfor the proposeddesignof a structuralspacecompactorareexplained: Onesectionintroduces
algorithmswhichanalyzethestructureof thecircuit andanothersectiondescribesthesecondstep,i. e.
aheuristicalgorithmwhichderivesthecompactionfunctionfrom theresultsof theanalysisalgorithm.
Finally, thelasttwo sectionsgive experimentalresultsandasummary.

Partsof thework describedin thischapterhave beenpublishedin [77, 79].

2.1 Intr oduction

The following shortdescriptionexplainshow outputspacecompactioncanbe appliedto testingand
concurrentchecking.Afterwardsfaultmodels,known designapproaches,andin particularlinearspace
compactorsarediscussed.

2.1.1 Testing and Output Space Compaction

Figure1.1schematicallyshows a circuit undertestwith anoutputcompactor. While a setof precom-
putedtestpatternsis appliedto the circuit inputs, the outputof the circuit is compactedby a space
compactor.

For built-in self testthecompactedoutputsinsteadof the functionaloutputscanbe connectedto
a time compactor. For example,the time compactioncanbedoneby a multi-input signatureanalyzer
which computesa signaturewhile the testpatternsareapplied. After the test is completed,the final
signatureis comparedto the correspondingsignatureof the fault-freecircuit. The insertionof the
compactordrasticallyreducesthesizeof thetimecompactorbut mayincreasefaultmaskingdueto the
additionalstageof testresponsecompaction.

If thetestresponsesarepropagatedto a testaccessmechanism,theinsertionof a spacecompactor
reducestheamountof testresponsedata.Thus,for thecomparisonbetweentheobtainedsignatureand
thefault-freesignaturea smallercomparatorcanbeusedandthesizeof memoryrequiredto storethe
fault-freetestresponsesis smaller. Furthermore,if thetestresponsesshouldbeobservablein parallel
at thechipoutputpins,thenthenumberof requiredpinsis less,otherwisethetime requiredto serially
shift out the test responsesis reduced.On the otherhand,the disadvantageis that the outputspace
compactormay mapan erroneousoutput to a fault-freecompactedoutputso that the corresponding
fault is masked.

7



2 StructuralOutputSpaceCompactionfor CombinationalCircuits

Although below the designof spacecompactorsis only describedfor functional outputs,these
spacecompactorscanalsobe appliedto compressthe testdataof observation points. Furthermore,
a singlespacecompactorcanbe usedfor both, functionaloutputsandoutputsof observation points.
If theoutputsof theobservationpointsareconceived asfunctionaloutputs,thenthedesigndescribed
below canbe easilyusedto obtainanextendedcompactorfor the testresponsesderived from obser-
vation pointsandfunctionaloutputs. In orderto simplify thedescriptionof thedesignapproach,the
descriptionof thespacecompactordesignis restrictedto theapplicationto functionaloutputs.

Basically, theinput patternsfor testinga digital circuit canbeobtainedin two differentways:The
testpatternscanbecomputedby anautomatictestpatterngenerator(ATPG)or apseudorandompattern
generatorcanbeused.

An automatictestpatterngeneratorprocessesthe netlist of thecircuit, which hasto be tested.It
computesfor a given fault classa setof input patterns,which testsasmany faultsaspossible.After
that,theautomatictestpatterngeneratortriesto reducethesizeof thetestset,sothatthefaultcoverage
achievedby thetestsetis notdecreased.

If outputspacecompactionis used,the generationof a deterministictestsetcanbe modifiedas
follows: The automatictest patterngeneratorprocessesthe netlist including the output compactor.
Therefore,it takesinto accounttheadditionalcompactionstageduring thegenerationof testpatterns
andgeneratesalsotestpatternsfor faultswhicharelocatedin thespacecompactor.

In somecasesthe fault coverage,which canbeachieved by this method,is smallerthanthe fault
coverageobtainedwithout outputcompaction.Due to theadditionalspacecompactor, faultsthatare
previously testablecanbecomehardto detector even untestableat the observed outputs,so that the
problemof testgenerationis morecomplex thanwithoutoutputcompaction.In practice,in many cases
theruntimerequiredfor testgenerationincreasesconsiderably[10].

Pseudorandomtestmeans,thata largenumberof pseudorandomvectorsareappliedto thecircuit,
so that asmuchfaultsaspossibleare testedby at leastoneinput pattern. But it may happenthat a
testablefault remainsundetectedafter the pseudorandomtest: Thenonly oneor a few vectorsor a
certainsequenceof vectorsoutof thesetof all possibleinputvectorsmake thefaultobservableandthe
requiredvectorsarenotgeneratedby thepseudorandompatterngenerator. On theotherhand,pseudo
randomtest inputscantesta large setof unmodeledfaults. Therefore,it is important,to choosean
appropriatepseudorandompatterngenerator, so thata moderatenumberof input patternsachievesa
high fault coverageandtestsmany unmodeledfaults.

If theoutputof thecircuit underpseudorandomtestis compacted,thenanerroneousvectorat the
functionaloutputscanbe masked, that meansthat dueto the lossof informationit is mappedto the
fault-freecompactedtestresponse.If theinputpatternsof apseudorandomtestmakeafaultobservable
at the functionaloutputs,but fault maskingof thecompactoroccursfor all theseinput patterns,then
thefault is undetectableat thecompactedoutputs.

Deterministictestingandpseudorandomtestingcanbecombined.In thiscase,adeterministictest
setis generatedanda sequenceof pseudorandomtestpatternsis chosen,so thata largesubsetof the
deterministictestsetis part of thesequence.Thenadditionallogic is usedto modify several pseudo
randomtestpatternsin sucha way that all patternsof the deterministictest set are includedin the
modifiedsequence.If a spacecompactoris usedto reducetheamountof testresponsedata,thenthe
compactorshouldbeincludedin thegenerationof thedeterministictestsetasexplainedabove.

8
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Figure2.1:Duplicationandcomparisoncombinedwith outputcompaction

2.1.2 Concurrent Checking and Output Space Compaction

As describedin theprefaceof this thesis,outputcompactioncanalsobeusedfor concurrentchecking.
During the regular operationof the circuit, a coderis usedto encodethe outputvaluesof the circuit
into somespecificerrorcode.In many cases,aspacecompactorcanbeadded,sothattheoutputof the
compactorinsteadof thefunctionaloutputvaluescanbeencoded,andthesizeof theadditionallogic
requiredfor concurrentcheckingis smaller.

Figure2.1 shows an exampleof theuseof spacecompactorson concurrentchecking.Without a
compactortheapproachof duplicationandcomparisonconsistsof thecircuit undercheck,thecoder,
which equalsthe duplicatedcircuit, and the codechecker comparingthe output vectorsof the two
circuits. Figure2.1 shows themodification: The outputsof theoriginal circuit andof theduplicated
circuit arecompactedby two compactorsimplementingthesamecompactionfunction. Thus,thesize
of thecodechecker is smaller. Thecodechecker canbe implementedby a self-checkingcomparator,
whichcomparestheoutputvectorsof thetwo compactors.In many casesthesmallcomparatorandthe
two additionalcompactorsrequirelesschip areathanthelargecomparator, which is necessaryfor the
methodof duplicationandcomparisonwithout spacecompaction.In orderto further reducethearea
overhead,thetwo partsof thecoder, i. e.theduplicatedcircuit andthesecondcompactor, canbejointly
implemented.This is indicatedby thedashedbox aroundtheseparts.

Again, faultscanbe masked by the compactor. In sucha case,a fault in the circuit undercheck
resultsin erroneousvaluesatthefunctionaloutputsbut thesevaluesaremappedto fault-freecompacted
values.Therefore,thefault is notdetected,althoughthefunctionaloutputis erroneous.If anotherinput
vectorexists,which propagatesthefault to thefunctionaloutputsandthespacecompactorcausesno

9



2 StructuralOutputSpaceCompactionfor CombinationalCircuits

fault maskingfor this vector, thenthefault is detectedwith somedelay. Otherwisethefault will never
be detected.Sinceconcurrentcheckingis often usedfor digital circuits in critical environments,the
usageof anoutputspacecompactorfor concurrentcheckingshoulddependon thequestion,whether
therisk canbeaccepted,thatcertainfaultsareonly observedwith delayor notdetectedatall.

2.1.3 Fault Models

An importantissueis, how physicaldefectslocatedin thecircuit canbemodelledaslogic functions,
thatcharacterizetheeffectsof thedefecton thebehaviour of thecircuit. Therepresentative characteri-
zationof acertaineffectof aphysicaldefectis a fault model.

Theunderlyingfaultmodelis very importantfor testingandconcurrentchecking:Usuallytestsets
aregeneratedtargetingoneor morefault models,thequality of a testsetis judgedby theachievable
fault coverage,andin generalbut alsoin thischaptercompactorsaredesigned,sothatfaultmaskingis
minimizedfor certainfaultmodels.

Oneof the oldestandmost frequentlyusedfault modelsis the stuck-atfault model [29]. In the
stuck-atfault modelit is assumed,thata faulty line of thecircuit is permanentlysetto eitherthevalue
of 0 or 1 insteadof the correctvalue. The correspondingfaultsarecalledstuck-at-0andstuck-at-1,
respectively. A singlestuck-atfault (SSF)is locatedatexactlyoneinputor outputof acircuit gateand
the remaininggatesarefault-free. Testsets,which aregeneratedtargetingat stuck-atfaults,arealso
effective in detectingfaultsof otherfaultmodels(for examplebridgingfaults[54]) or many realmanu-
facturingdefects[11]. In this chapter, thespacecompactorsaredesignedsothatwith high probability
a singlestuck-atfault, which produceserroneousfunctionaloutputvalues,is alsopropagatedby the
compactorsothatfault maskingis lesslikely.

Althoughtheapproachdescribedin thischapteris optimizedfor thepropagationof singlestuck-at
faults,below experimentalresultsarealsopresentedfor thetransitionfault model.Thetransitionfault
modelis basedon theassumptionthata faulty circuit line switcheseitherfrom 0 to 1 or from 1 to 0
with a delaylarger thanthenominaldelay. Thecorrespondingfaultsarecalledslow-to-riseandslow-
to-fall, respectively. Underthetransitionfault model,theextradelaycausedby thefault is assumedto
besolarge,thatthetransitionis preventedfrom reachingany circuit outputat thetime of observation.
Therefore,thedelayfault canbeobserved independentlyof whetherthetransitionpropagatesthrough
ashortor long pathto anoutput.

An advantageof the transitionfault model is, that the numberof faults in the circuit is linear in
the numberof gates. On the other hand,the assumption,that the delay fault only affects one gate
in thecircuit, might not be realistic,sinceseveral smallerfaultstogethercanresult in a performance
degradation.Also, theexpectationthat thedelayfault is largeenoughto propagatefrom thefault site
throughany pathmight notalwaysbetrue,becauseshortpathsmayhave a largeslack.

If aspacecompactoris addedto thecircuit, thenthedifferencesbetweentheslacksof variouspaths
might becomeeven larger. To avoid this, thespacecompactorshouldbedesignedin sucha way, that
thelengthsof all pathsthroughthespacecompactorarealmostequal.

In order to detectdelay faults the circuit must be clocked at the samespeedas during regular
operation.This is alwaystrue for concurrentchecking,sincethecircuit function is monitoredduring
regularoperation.

Sincethe approachfor output spacecompactiondescribedbelow shouldbe applicableto large
circuits, it is demanded,that for anarbitrarycircuit thedesignof a spacecompactorrequiresat most
polynomialruntimein termsof thenumberof inputs,outputsandgatesof thecircuit undertest.

10
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2.1.4 State of the Ar t

Linear spacecompactorswere suggestedfor the first time in [3]. Thesecompactorsareusedvery
often; for example,in [32, 17] it is shown, that high percentagesof singlestuck-atfaultsof typical
circuitsarepropagatedthroughsingleparity treecompactors.Additionally, a large numberof papers
arepublisheddiscussing,how theusageof a linearspacecompactorconsistingof morethanoneparity
treecanfurtherimprove theobtainedfault coverage.Someof thesepapersarementionedbelow.

An approachof outputdatacompactionfor on-line detectionwasproposedfor the first time by
Sogomonyan [81]. In [81] a zero-aliasinglinear spacecompactoris designedbasedon groupsof
independentoutputs. Two outputsof the circuit are independent,if they dependupon disjoint sets
of circuit inputs. This approachcanalsobe appliedfor off-line testing. In general,additionallogic
requiredfor concurrentcheckingcanalsobeusedin testmodeasproposedin [75].

Thisstructuralapproachis furtherdevelopedby GösselandSogomonyan[36]. Insteadof consider-
ing independentoutputs,it is shown, how groupsof weaklyindependentoutputscanbedeterminedfor
a giventestset. Two outputsareweakly independentwith respectto a fault, if an input patternexists
sothatin thepresenceof thefault exactlyone(andnotboth)of theoutputsis erroneous.

Furtherapproachesfor designinga zero-aliasinglinearspacecompactoraccordingto a given test
setarebasedoncoveringproceduresappliedto atable,thatlist detectionprobabilitiesof parity treesas
proposedby Tarnick[83] or that list thesensitizationof pairsof outputsasintroducedby Chakrabarty
[19]. Furthermore,Chakrabartydescribesin [16], how to model the spacecompactionprocessasa
graph. Thedesignof sucha compactoris relatedto thegraphcolouringproblem. All thesemethods
resultin zero-aliasingcompactors,but suffer from thedrawback,thatthedesignof thespacecompactor
dependson thechosentestset.

ChakrabartyandHayes[18] proposeanotherstructuralmethod,which achieves
�������

fault cover-
agefor stuck-atfaultsandwhich is applicableto large circuits: First a testset is computedusingan
automatictestpatterngenerator. Thenall thefunctionaloutputsarecompactedby a singleparity tree.
Applying the testset, the faults,which arenot observableat the outputof the parity tree,aredeter-
mined. To achieve that thesefaultsarealsodetectableunderthetestset,singlefunctionaloutputsare
successively chosenandaddedto theoutputof theparity treeuntil a

�������
fault coverageis obtained.

Theadditionaloutputsarenotcompacted.A secondapproachproposedin [18] is basedon insertionof
observationpointsin thecircuit undertestinsteadof addingsinglefunctionaloutputs.

Savir introducesin [71] for thefirst timeastructuralmethodfor spacecompactionfor BIST which
is not basedon a given testset: In an initial step,groupsof outputs,which dependupondisjoint sets
of circuit inputsaredetermined.Theparitiesof thesegroupsarethecompactedoutputs.If thenumber
of thesegroups,i. e. thenumberof compactedoutputs,is too large, thena simulation-basedheuristic
procedureis usedto re-groupcircuit outputsuntil a given fault coverageis achievedor a certaintime
limit is reached.Thus,asuccessfulgenerationof aspacecompactoris notguaranteed.

A methodfor thedesignof linearoutputspacecompactorsusingaheuristicalgorithmis introduced
by Böhlau [9]. The algorithmusespath lengthsto determinethe compactionfunction. Again, this
methodis independentof any precomputedtestset. In Section2.4.3the experimentalresultsof the
approachbasedon pathlengthsarecomparedto theresultsobtainedfor themethodsproposedin this
chapter.

Reddy, Saluja,andKarpovsky suggestseveralapproachesfor spacecompactors,which arebased
on codesusedin codetheory[64, 67]. For example,in [64] a Hammingcodebasedon theparitiesof
groupsof outputsis successfullyusedfor spacecompaction.In contrastto structuralmethods,these
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits

designtechniquesdonot take into accountthestructureof thecircuit.
Therearealsoseveralmethodsto designoutputspacecompactorswhich arein generalnon-linear.

Ivanov, Tsuji, and Zorian [44] proposean approach,which usesgeneticalgorithmsto obtain such
outputspacecompactors.Sincethedesignof thespacecompactorsis basedon estimatedprobabilities
of errordetectionat thefunctionaloutputs,thismethodavoidsextensive fault simulation.

For aprecomputedtestsetthedesignof zero-aliasingspacecompactorsachieving anoptimalcom-
pactionratio is formulatedasa graphcolouringproblemby Chakrabarty, Murray andHayes[20]. A
non-linearspacecompactoris obtainedby colouring the graphand interpretingthe coloursas logic
values.

PouyaandToubaproposeazero-aliasingspacecompactordesignconsistingof treesof AND-, OR-,
NAND-, or NOR-gatesin [61]. Thetreesof acompactor, which is designedfor testingaresynthesized
by addingonegateat a timewithout introducingredundancy. Therefore,thesynthesisrequireschecks
for theintroductionof redundancy, which is basedon calculationsusing5-valuedlogic andautomatic
testpatterngeneration.Thus,the runtimeof the designalgorithmincreasesmorethanpolynomially
with respectto thesizeof thecircuit structure.

Othermethodswhicharebasedonnonlinearoutputspacecompactorsarehybridspacecompaction
[53], dynamicspacecompaction[47], modified dynamicspacecompaction[25], and the quadratic
functionmethod[48].

2.1.5 Basic Notations

In the following, a circuit � with � circuit inputs �
	���
�
�
������ and � circuit outputs ��	���
�
�
������ is
considered.Thespacecompactor��� mapsthefunctionaloutputs� 	 ��
�
�
���� � to thecompactedoutputs� 	���
�
�
�� ��� yielding ����� . ��� implementsthebooleanfunctions �� "!$#% '& �)(*� with + ! � ��
�
�
��,� and� ! ��	���
�
�
������ .
Definition 2.1(Compaction Ratio) Let ��� bea spacecompactorwith � inputsand � outputs.Then� � is calledthecompactionratio of ��� .

In the following, linear spacecompactorsareconsidered.The functionsimplementedby sucha
spacecompactorarelinear:

Definition 2.2(Linear BooleanFunction) A booleanfunction #-& ��	���
�
�
������.( is linear, if and only if
coefficients /  1032 � � �%4 , + ! � ��
�
�
���� , exist sothat # canbedescribedby#-& ��	���
�
�
������5( ! /�6879/�	:��	;7<
�
�
%79/=�����>

Definition 2.3(Linear SpaceCompactor) Let ��� be a spacecompactor. If the booleanfunctions,
which areusedto compactthedatainputof ��� , are linear, then ��� is calleda linear spacecompactor.

Sincethebooleanfunctions �� �!?#% @& �)(*��+ ! � ��
�
�
��,� , implementedby thelinearspacecompactor��� arelinear, thecompactorcanbe implementedusingonly XOR gatesandno othergatetype. Be-
causetheXOR operation“ 7 ” is commutative, it is sufficient to describeeachbooleanfunction #% '& �5( ,+ ! � ��
�
�
��,� , by a group A  B! 2 �  DC 	���
�
�
����  DC �%E 4 of circuit outputs. Then the parity of the outputs
included in the group A  equalsthe function of output �� of the linear spacecompactor �8� , i. e.#% '& �)( ! �  DC 	
7<
�
�
F79�  GC �FE .
12
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Figure2.2:Linearoutputspacecompactor

A circuit � anda linear spacecompactor��� areshown by Figure2.2. The groupsof outputsA  -! 2 �  DC 	���
�
�
����  DC �%E 4 , + ! � ��
�
�
��,� , arecalledparity groupsandthesegroupsaredisjoint. Theparity
of a groupequalsan outputof ��� . It is computedby a treeconsistingof XOR gates,which is not
shown in detail.

In general,parity groupsdo not have to bedisjoint. A specialcaseof a linearoutputcompactoris���N	 , which computestheparity of all circuit outputs. ���N	 mapsall outputsof thecircuit to a single
output.

2.1.6 Characteristics of Linear Output Space Compactor s

Theusageof spacecompactorsfor testingor concurrentcheckingcausesadditionalareaoverhead.The
numberof 2-inputXOR gatesrequiredto form aparity treeof a linearspacecompactordependsonthe
numberof circuit outputs.If �  outputsareincludedin theparitygroup A  , then �  PO � XOR gateswith
two gateinputsarenecessaryto computetheparity of theoutputsincludedin A  . Thus,thenumberof
additionalgatesof the linearspacecompactorcanexactly bedetermined.For example,if eachof the� outputsof � is includedin exactly oneof theparity groupsA  , + ! � ��
�
�
��,� , thenthe linearspace
compactorcanbebuilt using � O � 2-inputXOR gates.

The additionalgatesusedfor outputcompactioncausedelays,which could reduceboth, the test
performanceandalsotheperformanceduringnormaloperation.If a treeof XOR gates,which corre-
spondsto A  Q! 2 �  DC 	���
�
�
����  DC �%E 4 is fully balanced,thenthedepthof this treeis RDSDT�U�V & �  (XW .

A spacecompactordesignedfor testingandconcurrentcheckingshouldnot only achieve a high
compactionratio, but it shouldalsopropagateinput errorsandinternalerrorsof thespacecompactor.
If the linear spacecompactorconsistsof parity treesimplementedby XOR gates,thenany internal
fault of thecompactorwhich modifiestheoutputof a singleXOR gatealsomodifiestheoutputof the
compactor. Thus,single internal faultsareeasilyobservable,which is an importantbenefitof linear
spacecompactors.

Thenext theoremdescribeswhicherrorsat thecircuit outputs,i. e.at theinputsof thelinearspace
compactor, arenotdetectableat thecompactedoutputs:

Theorem 2.4 Let � bea circuit andlet ��� bea spacecompactorof thefunctionaloutputs��	���
�
�
������
derivedfromtheparity groups A  Y! 2 �  DC 	���
�
�
����  DC �FE 4 , + ! � ��
�
�
��,� . An error at thefunctionaloutputs
of � is not propagatedto theoutputof thecompactor, if andonly if for each group A  thenumberof
erroneousoutputsin thegroupis evenor zero.
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits

Proof:

1. If for eachgroup A  thenumberof erroneousoutputsin thegroupis eventhentheparity of each
groupdoesnotchange.Therefore,theoutputsof thecompactorarenotmodifiedandtheerroris
notpropagated.

2. If theerroris not propagated,thentheparity of eachgroupis equalto theparity in thefault-free
case.Therefore,for eachparitygroup A  thenumberof erroneousoutputsin thegroupis evenor
zero. Z

It follows:

Corollary 2.5 Let � be a circuit and ��� be a spacecompactorof the functionaloutputs��	���
�
�
������
derivedfromthedisjoint parity groups A  [! 2 �  DC 	���
�
�
����  DC �%E 4 with + ! � ��
�
�
��,� and A
	-\]
�
�
�\^A �B!2 � 	 ��
�
�
���� � 4 . Thenanyerror at thefunctionaloutputs,which is propagatedby theparity of all outputs��	���
�
�
������ (i. e. compactor���N	 ), is alsopropagatedby ��� .

Proof:
If theerror is propagatedby ��� 	 thenanoddnumberof circuit outputsmustbeerroneous.Because
eachcircuit outputis exactly includedoncein oneof theparity groupsA  , theremustexist at leastone
groupwith anoddnumberof erroneousoutputs.It follows that theparity of this groupis modifiedby
theerrorandthereforetheerroris propagatedby ��� . Z

Thereversionof thecorollary is not true: For example,if thereareexactly two parity groupswith
anoddnumberof erroneousoutputsthentheerroris propagatedthroughthecompactor��� . If noother
functionaloutputsareerroneousthenthesumof all erroneousoutputsis even. Thus,theparity of all
circuit outputsis not changedby theerror.

It follows from Theorem2.4,thatfaultmaskingcanbeminimized,if theprobabilityis low, thatan
evennumberof outputsof thesamegroupareaffectedby a randomerror. This issuecanbesimplified
by targetingto a low probability, that two outputs,which areincludedin the samegroup,aresimul-
taneouslyerroneous.Thesimplificationmight causebadresultsfor somecircuits: If thereexist three
outputswhich aresimultaneouslyerroneousfor almostall observableSSF, thenthethreeoutputscan
beassignedto thesamegroupresultingin asmalllossof propagationprobability. In contrast,sincefor
theseoutputstheprobability that theoutputsarepairwiselyerroneousis very high, theoutputsmight
not beincludedin thesamegroup.Thequestionis discussedbelow, whetherit is likely that faultsare
simultaneouslypropagatedto threeor moreoutputs.

The following experimentswereperformed:Thecombinationalcircuitsof the ISCAS’85 bench-
markssuite [13] were simulatedusing the fault simulatorMinos which is briefly describedin the
appendixof this work. Table2.1 lists the tencombinationalcircuits includingcolumnsthatshow the
numberof gates,inputs,andoutputsof eachcircuit.

The applicationof 100000pseudorandominput patternsand the propagationof eachpossible
singlestuck-atfault (SSF)weresimulated. The numberof erroneousoutputswascountedfor each
inputpatternandfor eachfault,whichcouldbedetectedafterapplyingapseudorandominputpattern.
Theresultsarepresentedin Table2.2.

The very left column of Table 2.2 lists the investigatedcircuits. The next columnspresentthe
percentagesof the combinationsof applied input patternsand detectableSSF, which result in

� �,_
or ` simultaneouslyerroneousoutputs. The very right columngivesthe percentagefor morethan `
simultaneouslyerroneousoutputs.

14
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Combinational Numberof
Circuit gates inputs outputs
c432 160 36 7
c499 202 41 32
c880 357 60 26
c1355 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 benchmarkcircuits

Theexperimentalresultsshow, thatthereis only onecircuit (c3540)outof tencircuitswith a high
probability, thata SSFis simultaneouslypropagatedto threeoutputs.Thecorrespondingpercentageis
33.84%. But in general,thereis a low probability that threeor evenmoreoutputsaresimultaneously
erroneous.Theaverageprobabilitiesfor thetenbenchmarkcircuitsare8.48%and7.39%, respectively.

In [57] theaverageprobabilityof threeor moresimultaneouslyerroneousoutputsis considerably
lower( � 3 %). Thereasonis, thatmainlysmallcircuitswith a low numberof circuit outputshavebeen
investigated.

Becauseerrors,which modify many outputsarelesslikely, this chapteris focusedon minimizing
theprobability, thattwo outputsincludedin thesameparity grouparesimultaneouslyerroneous.This
leadsto thequestion,how to derive from thenetlist for eachoutputpair & �  ����a�( , �cb +ed!gf b � , of
thecircuit � a value,which estimatesthe reductionof fault propagation,if theoutputs�  and ��a are
includedin the sameparity group. The next sectiondescribesseveral approaches,which determine
suchvaluesbasedon ananalysisof thecircuit structure.

2.2 Anal ysis of the Circuit Structure

In thefollowing theanalysisof thecircuit structurerequirestheknowledgeof thecircuit netlist. This
knowledgeis utilizedto estimatefor two givencircuit outputsthelossof faultpropagation,if thesetwo
outputsareincludedin thesameparity groupof thelinearspacecompactionfunction.

Thelossof fault coveragecanexactlybedeterminedby fault simulationsor by algebraicmethods.
A simulationof the circuit mustapply all possiblesinput patternsto the circuit inputsand thus the
runtime increasesexponentialwith respectto the numberof circuit inputs. Therefore,an analysis
basedon simulationsis not applicableto largecircuits. Theproblemof exponentialruntimeis similar
for algebraicmethods.Thesemethodsmight be practicallysuccessfulfor small andseveral medium
sizedcircuits- for example,if themethodsarebasedonBinaryDecisionDiagrams(BDD) [50, 51] - but
fail for many largecircuits,becausethey requirea largeamountof memoryandexponentialruntime.

In general,theproblemto decidewhetherasinglestuck-atfaultbecomesredundant,if two outputs
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Combinational # erroneousoutputs
Circuit 1 2 3 h 4
c432 48.89 17.56 14.58 18.97
c499 90.97 7.30 1.38 0.35
c880 91.58 6.09 1.39 0.94
c1355 94.96 4.21 0.66 0.17
c1908 77.50 11.19 3.46 7.85
c2670 69.62 18.60 5.88 5.90
c3540 41.60 10.07 33.84 14.49
c5315 70.37 15.30 7.13 7.20
c6288 53.43 23.15 11.53 11.89
c7552 77.10 11.85 4.91 6.14

average 71.60 12.53 8.48 7.39

Table2.2:Percentagesof � simultaneouslyerroneousoutputs

areincludedin thesamegroup,is equivalentto theproblemof thedetectionof singlestuck-atfaultsin
logic circuits,which is NP-complete[41].

Therefore,the methodsintroducedin the following sectionsonly estimatethe reductionof fault
propagation,if two functionaloutputsareassignedto the sameparity group. The estimationsof the
reductionweredevelopedin sucha way, that for an arbitrarycircuit the analysisalgorithmsalways
requirepolynomialruntimewith respectto thenumberof inputs,outputsandgatesof thecircuit. The
resultsof the analysisarevaluesassignedto eachpair & ��	����PV�( of functionaloutputs. The larger the
value is, the higher is the estimatedreductionof fault propagation,if the two outputs � 	 and � V are
includedin thesameparity group. Evenif eachof thefollowing methodsdoesnot computetheexact
reductionof fault coverage,the resultsof thesemethodscanbe usedto form convenientgroupsof
outputs.

The next sectionpresentsthe analysisbasedon commongatesratio, then the following section
describestheanalysisbasedon propagationdistances,andthenanalysisalgorithmsbasedon approx-
imatedprobabilitiesarediscussed.Theanalysisalgorithmswhich areintroducedin thefollowing are
restrictedto circuitswhosenetlistsonly consistof inverters,AND-, OR-, NAND-, NOR-, XOR-, and
XNOR-gates.However, the algorithmscanbe extended,so that gatesimplementingotherfunctions
canalsobeprocessed.

2.2.1 Anal ysis Based on Common Gates Ratio

Let �  and��a betwo outputsof thegivencircuit � . Let thesetwo outputsareassignedto thesameparity
groupof the linearspacecompactordesignedfor � . If this assignmentreducesthefault propagation,
thentheparity of thetwo outputsremainsunmodifiedunderthepresenceof anerrorat thefunctional
outputs.An erroris maskedby theparity of �  and ��a , if andonly if bothoutputsareerroneous,which
meansthat a fault is propagatedsimultaneouslyto both outputs. Hencetheremustexist at leastone
fault whichcanbepropagatedto bothoutputs.

Therefore,the numberof singlestuck-atfaultswhich canbe propagatedto �  and ��a influences
thereductionof fault propagation,if theseoutputsareincludedin thesameparity group.This number
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Figure2.3:Examplecircuitsfor thecommongatesratioapproach

dependson thenumberof gatesincludedin theintersectionof thetransitive faninsof thetwo outputs�  and � a . Thetransitive fanin l  � C m of agateU denotesthesetof all inputs,gates,andoutputs,thatare
partof any pathfrom acircuit input to thegateU .

In [81] Sogomonyanintroducespairsof independentoutputs,whicharetwo outputswith anempty
intersectionof thecorrespondingtransitive fanins.Approachesbasedongroupsof independentoutputs
areintroducedfor self-checkingandself-testingcircuits in this paper. For many circuits thenumber
of pairsof independentoutputsis very small andthusthesepairscannot be usedto achieve a high
compactionratio. However, a goodmeasurementof the lossof fault propagationshouldassign

�
to a

pairof independentoutputs,sincenoSSFcanmodify bothoutputs.
Thecommongatesratio approachmeetsthis constraint:Theratio n  DC a is theestimationof lossof

faultpropagationassignedto thepairof outputs & �  ����a�( . It is thenumberof gatesof theintersectionof
thetransitive faninsof �  and � a dividedby thenumberof gateswhichareincludedin theunionof the
transitive faninsof �  and ��a . Thus,the larger thenumberof SSFthataredetectableat bothoutputs,
thelargeris thenumeratorof n  DC a . On theotherhand,if & �  ��� a ( is apairof independentoutputs,which
meansthatthetransitive faninsof �  and ��a arecompletelydisjoint, thenit holds n  DC a ! � .

Thecommongatesratio measurementn  GC a dependson thesizeof theunionof thetransitive fanins
asmentionedabove,becauseit isn  DC a !po l  � C q E>r l  � C qts oo l  � C q E \ul  � C qts o 

If the faulty gateis includedin the intersectionl  � C q E;r l  � C qts andthe union of the transitive fanins
containsmany gates,thentheremight bemany gatesincludedin thepathsfrom thefaulty gateto the
outputs�  and ��a . Furthermore,it is morelikely, thatoneor moregatesdo not propagatetheSSFand
thereforetheSSFis only propagatedto oneoutput:either �  or ��a . In this casethefault is not masked
by theparity.

Figure2.3 shows two small samplecircuitswith two outputs.In particular, for thecircuit of Fig-
ure2.3(a) thecommongatesratiomeasurementcanbecomputedasfollows:l  � C q J ! 2 �
	����vVF�:w 4l  � C q,xy! 2 �
	����vVF�:wz�:{ 4l  � C q J r l  � C q,xy! 2 �
	����vVF�:w 4l  � C q J \cl  � C q,x ! 2 � 	 ��� V �:wz�:{ 4
andthus n�	 C V ! ij ! � 
}|F~ . Obviously, anSSFat any gateof theintersectionl  � C q J r l  � C q,x is always
maskedif ��	 and �PV areincludedin thesamegroup.
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Figure2.3(b) shows anothersamplecircuit. l  � C q J r l  � C q,x is thesamesetasabove,but theunionl  � C q J \zl  � C q x ! 2 �
	����>VF��� i ��� j �:wz�:{c�*���:� 4 is now largeryieldingasmallervalue nP	 C V ! i� ! � 
�`P|F~ .
In contrastto thepreviousexample,anSSFat any gateof theintersectionl  � C q J r l  � C q,x canresultin
anerroneousvalueof theparity ��	�73�PV : Thefault is detected,if thefault is observableat theoutputof
theAND-gate w andit is either � i ! � or � j ! � .

Thesetwo examplesshow, thatthelargertheunionof thetransitive faninsof thetwo corresponding
outputsis, themorelikely is asmallprobabilityof faultspropagatedsimultaneouslyto bothoutputs.

2.2.2 Anal ysis Based on Propagation Distances

The lossof fault propagationcausedby the assignmentof two circuit outputs �  and � a to the same
paritygroupis roughlyestimated,if only thenumberof gatesin theintersectionl  � C q E r l  � C qts is taken
into account.In thepresenceof a fault at oneof thegatesin the intersection,the fault is not masked
by thecompactor, if thefault is propagatedto exactly oneof theoutputs�  or ��a andnot to both. This
meansthatfor oneoutputno sensitizedpathexistsfrom thefaulty siteto theoutput.

For example,thepropagationof errorsalongacertainpathcanbepreventedby acontrollingvalue
at the input of an AND-, OR-, NAND-, or NOR-gate. The value assignedto an input of a gateis
a controlling value, if it uniquely determinesthe output value of the gateregardlessof the values
assignedto theotherinputs. If theoutputvalueof anAND-, OR-, NAND-, or NOR-gateof thepath
is determinedby a controllingvalueof aninput line which is not includedin thepath,thenthepathis
not sensitized.Therefore,theprobabilityof a sensitizedpathdependson thenumberof AND-, OR-,
NAND-, or NOR-gatesalongthepath.Thesmallestnumberof thesegatesalongpathsfrom a gateto
anoutputis calledthepropagationdistancebetweenthegateandtheoutput.

Definition 2.6(PropagationDistance) Let � bea circuit consistingof thefollowinggates:inverters,
AND-, OR-, NAND-, NOR-,XOR-,and XNOR-gates.Thesmallestnumberof AND-, OR-, NAND-,
or NOR-gatesalong a path from a gate U to an output � is called the propagation distance��� & U����)(
betweengate U andoutput � .

Thedefinitionof thepropagationdistance� � is basedonthesmallestnumber, sincefor propagating
a fault it is sufficient thatat leastonesensitizedpathexistsandthatpathmight be the“shortest”one.
This measurementutilizesthesimplification,that it is sufficient to considerseparatelyeachpathexist-
ing from the faulty site to theoutput. But if thereareseveralpaths,thenthesepathsmustreconverge
sincethey all endat the sameoutput line. Furthermore,the propagationof the fault throughtwo or
morepathscanbemutuallyeliminatedsothatthepropagationendsat thepointof reconvergence.This
is not takeninto accountby thepropagationdistance.

Figure2.4 (a) shows an examplefor two sensitizedpathseliminatingeachother. Therearetwo
pathsfrom thecircuit input �vV to thecircuit output �PV : Path �>� includestheAND-gate w andpath �>�
passesthroughtheinverter { . For �Q	 ! � bothpaths�>� and�>� propagatethevalueat �vV to theOR-gate� . In this case,the valueat theoutputof the inverter { is the invertedvalueof that assignedto the
outputof theAND-gate w andthusalwaysoneof theinput linesof OR-gate� is

�
resultingin �PV ! � .

Therefore,for � 	 ! � no fault at � V is propagatedto thecircuit output � V .
For �Q	 ! � only thepath�>� is sensitizedandthefault canbepropagatedthroughthegates{ and� to thecircuit output �PV .
For eachgateof the circuit the propagationdistancesto the different functionaloutputscan be

obtainedby thealgorithmDistances shown in Figure2.5. Theinput of thealgorithmis thenetlist
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Figure2.4:Examplecircuitsfor thepropagationdistanceapproach

of thecircuit. After theinitialization, thealgorithmcomputesfor eachgateandfor eachcircuit output
thepropagationdistancestartingat thecircuit outputsandproceedingto thecircuit inputs. EachgateU of the circuit is visited onceby the algorithm,which assignsto the gatean � -tuple of propagation
distances� m�!�& ��� & U>����	�(*��
�
�
��:��� & U������5(�( .

In aninitial stepthealgorithmDistances assignsan � -tupleto eachgate.If thegateis directly
connectedto the + -th circuit output,thenthe � -tupleassignedto thegateis& �
����
�
�
�� � ��
�
�
%���
��(*

The + -th componentof the � -tupleis

�
andall othercomponentsare � � , which is asymbolicvaluefor

aninfinite largenumber. In thefollowing it is assumed,thatany valueaddedto �
� yields �
� again.
While the algorithmDistances proceedsto the circuit inputs,the circuit is processedin a re-

versedtopologicalorder. The � -tupleof distances� m�!�& ��� & U�����	=(*��
�
�
��:��� & U������)(�( , which is assigned
to a gate U , is usedto derive the � -tuplesof thegates,which areconnectedto the inputsof gate U in
the following way: First an auxiliary � -tuple ���,��� is computed.If U is an AND-, OR-, NAND-, or
NOR-gate,then ���:��� is & ��� & U�����	=(�� � ��
�
�
��:��� & U������)(v� � ( , sinceU increasesthedistance.Otherwiseit
is � �:��� ! � m . Thenthealgorithmcomputesfrom � �:��� !?& � �,��� C 	 ��
�
�
���� �:��� C � ( thedifferent � -tuplesas-
signedto everygateU�� which is connectedto theinputof gateU . If thetuple & �
����
�
�
����
��( is assigned
to U � , thenthenew tuple is � m:� ! ���:��� . Otherwisethedistancesof the � -tuple � m,� aresetto themini-
mumof thedistancesof the � -tuple ���:��� andthepreviouslycomputed� -tuple � m � . ���:��� correspondsto
all pathspassingthroughgateU , and � m,� correspondsto pathsthatarenotpassingthroughgateU . It is:� m:� !�& � +¡� & � �:��� C 	 �:� � & U � ��� 	 (�(*��
�
�
���� +¡� & � �,��� C � �:� � & U � ��� � (�(�(*

ThealgorithmDistances ends,afterit hasreachedthecircuit inputs.

Figure2.4(b) showsanextensionof thecircuit of Figure2.4(a). Invertershavebeenaddedatboth
circuit inputsto obtainamoreinstructive examplefor computingthe � -tuplesof propagationdistances.
First the � -tuples & � ���
�B( and & �
��� � ( areassignedto thegatesw and � which areconnectedto the
circuit outputs��	 and �PV , respectively. & �
�����
�e( is assignedto all othergates.

Thefirst gateof thereversedtopologicalorderof circuit gatesis theOR-gate� . Theauxiliarytuple� �:��� ! �P¢£� & � ��
�
�
�� � ( !¤& � � � � ( is computedfrom �P¢ !¥& � � � � ( . Sinceit is �P¦ !¤& � � ��� � ( , the
tuple ���,��� is assignedto theinverter { which is connectedto � . TheAND-gate w is alsoconnectedto
theinputsof � andthefinal � -tupleassignedto w is ��§ !$& � +¡� & �
��� � (*��� +¡� & � ���
�c(�( !¨& � � � ( . The
propagationdistancesof theremaininggatesareanalogicallycomputedandtheobtained� -tuplesare
shown in Figure2.4(b).
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits

1. for eachgateU do
2. assignto gateU the � -tuple � m�!©& � m�C 	���
�
�
���� m�C ��( with� m�C  Yª !¥« �

if U is directly connectedto output �  ;�
� otherwise;
3. endfor;
4. for eachgateU of thecircuit do

// Loopstartsat thegateswhich are connectedto a circuit outputandproceedsto
// thecircuit inputsin a reversedtopological order, sothat the � -tuple � m assigned
// to U is alreadycorrectlydeterminedby thealgorithm

5. if gateU is anAND-, NAND-, OR-,or NOR-gatethen
6. ���:��� ª !�& � m�C 	Y� � ��
�
�
���� m�C �¬� � (
7. else���:��� ª !�& � m�C 	���
�
�
���� m�C ��( ;
8. for eachgateUK� connectedto theinput of U do
9. � m:� ª !�& � +¡� & ���:��� C 	���� m:�GC 	 (*��
�
�
���� +¡� & ���,��� C ����� m:�GC � (�( ;
10. endfor;
11. endfor;
12. end.

Figure2.5:ThealgorithmDistances

Obviously, the complexity of the algorithmDistances is linear with respectto the numberof
gatesof thecircuit. If thenumberof gatesis o®­eo andthenumberof outputsis � thenthecomplexity is
boundedby ¯ & o®­eoF° �;( .

Thepropagationdistances��� computedby thealgorithmDistances areusedto estimatetheloss
of fault propagationif two circuit outputs�  and ��a areassignedto thesameparity group. Thus,this
estimationcorrespondsto thecommongatesratio n  DC a describedin theprevioussection.

Giventhepair of outputs & �  ��� a ( , theestimation�  GC a basedon propagationdistancesis definedas
follows:�  GC a ! ±m�²F³ E�´�µ ¶ E¡· ³ E}´�µ ¶ s _K¸k¹»º@¼%¹ m�C q EG½�¾ º@¼%¹ m�C qts ½�½

Thedefinitionof �  DC a canbeexplainedasfollows: Let U bea faulty gatein the intersectionof the
transitive faninsof �  and ��a andlet �  and ��a beincludedin thesameparity groupof thelinearoutput
compactor. A fault at the gate U doesnot changethe valueof �  7���a , if the fault is simultaneously
propagatedto bothoutputs.Therefore,thedistances��� & U����  ( and ��� & U�����a�( areaddedto describethis
case.If it is assumedfor simplification,thatmostgatesare2-inputgatesandtheprobabilityis 0.5,that
a fault is propagatedfrom the inputsof anAND-, OR-, NAND-, or NOR-gateto theoutputof sucha
gate,thenthefollowing termis derived: _ ¸k¹»º ¼ ¹ m�C q E�½G¾ º ¼ ¹ m�C qts ½�½ . This term,which is basedonpropagation
distances,estimatesthe lossof fault propagationcausedby maskinga fault of gate U . Finally, �  DC a is
thesumof thesetermscomputedfor all gates,which areincludedin the intersectionof the transitive
faninsof �  and ��a .

If & �  ����a�( is a pair of independentoutputs,which meansthat thetransitive faninsof �  and ��a are
completelydisjoint, then l  � C q E r l  � C qts is emptyandit follows �  DC a ! � .
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2.2 Analysisof theCircuit Structure

For example,theoutputs��	 and �PV of thecircuit shown in Figure2.4 (b) areconsidered.Thetwo
invertersat theinputsandgatew form theintersectionof thetransitive faninsof theoutputs.Therefore,
it is �)	 C V ! _ ¸k¹ 	X¾�V:½ �¿_ ¸k¹ 	X¾;	X½ �¿_ ¸k¹ 6:¾;	X½ !¤À� . Theanalysisof thecircuitsshown in Figures2.3(a)and
(b) on page17 yields �5	 C V ! _ ¸k¹ 6:¾�6:½ ! � and �5	 C V ! _ ¸k¹ 	X¾;	X½ ! 	j , respectively.

Sincethis methodrequiresa morecomplex stepcomputingthepropagationdistances,theruntime
of theanalysismaybe longercomparedto theapproachbasedon commongatesratio. Nevertheless,
the complexity is still linear in the numberof gatesof the circuit. The benefitof the usageof the
propagationdistancemeasurementis, that theanalysisis moreaccurateandthusbetterresultscanbe
expectedcomparedto theapproach,which is basedon thecommongatesratio.

2.2.3 Anal ysis Based on Appr oximated Obser vation Probabilities

Theanalysisintroducedin thefollowing is basedontheapproximationof probabilities,thatstimulated
singlestuck-atfaultsarepropagatedto differentfunctionaloutputssothat they canbeobserved. This
analysiscanbe usedto derive outputcompactionfunctionsachieving a high compactionratio anda
smalllossof fault propagation.

A preconditionfor the analysisis that the circuit � is given asa netlist. It is supposed,that the
gatesareAND-, OR-,NAND-, NOR-,XOR-, XNOR-gates,andinverters.An errorat a line Á of � is
denotedby Â & ÁF( andthesetof all linesof theconsideredcircuit is � .

In orderto reducethecomplexity of theanalysisseveralassumptionswill bemadeto computethe
value� & ÁKÃ¤�)( , which is anapproximationof theobservationprobability TF¢ & Á����5( :
Definition 2.7(Observation Probability) Let � bea circuit which containsthecircuit line Á andthe
circuit output � . Thenthe observationprobability T ¢ & Á����5( is the probability that, after applyinga
randominput outof theuniformlydistributedsetof input patterns,a sensitizedpathfrom Á to � exists,
sothatan erroneousvalueof Á is observableat theoutput � .

This definition is basedon theassumptionthat thevaluesof the inputs �  , �^b + b � , of � are
equallydistributedwith theprobabilities� & �  ! � ( ! � & �  ! � ( ! 	V . Underthesameassumptionthe
analysisalgorithmcomputesthevalue� & Á  ÃÄ��a�( , which estimatestheprobabilitythatanerrorat lineÁ  resultsin anerroneousoutput � a .
Appr oximated Propagation Probabilities of a Single Gate To illustratehow thecorrespond-
ing probabilitiesfor the existenceof sensitizedpathscanbe approximated,first a singlegate U with
two inputsis considered.Let �.	 and ��V betheinputvaluesof U . Let ��V beerroneouswhichmeansthat
a fault is at thesecondinput line. In theterminologyof theD-algorithm[65, 31], this fault couldbea
stimulatedsinglestuck-at-0fault � or astimulatedsinglestuck-at-1fault Å� .

If / & U�( and Å/ & U�( denotethe controlling and the non-controllingvaluesof U , then the erroneous
input value ��V is propagated(is not propagated)to the outputof gate U if �.	 ! Å/ & U�( ( �.	 ! / & U�( ),
respectively. For thepurposeof simplificationit is assumed,thatthevalue � 	 is randomlychosenwith
the probabilities� & �.	 ! � ( ! � & �.	 ! � ( ! 	V . Under this assumptionthe probability � & U�( , that the
erroris observableat theoutputof U , equalstheprobability � & �.	 ! Å/ & U�(�( . This probabilitydependson
thebooleanfunction implementedby thegate U . It is � & U�( ! 	V for two-input AND-, OR-, NAND-,
andNOR-gates.Sincebothvalues

�
and

�
arenon-controllingvaluesof XOR- andXNOR-gates,it is
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. . .
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Figure2.6:Chainof 2-inputgates

� & U�( ! � for thesegatetypes.Obviously, for invertersit is � & U�( ! � , becauseaninverterhasonly one
input line.

In general,to simplify theanalysis,it is assumedthat for any value �  assignedto a line Á  of the
circuit it is � & �  P! � ( ! � & �  P! � ( ! 	V . Therefore,theexistenceof lineswhosevaluesaremuchmore
frequent“0” than“1” or vice versa,is left outof consideration.Fromthis simplificationit is obtained,
that the approximatedpropagationprobability througha gateis � & U�( ! 	V L,Í J for any � -input AND-,
OR-,NAND- or NOR-gate.

Appr oximated Propagation Probabilities of a Chain of Gates As shown in Figure2.6 a
chainof 2-inputgatesUK	���
�
�
��'UFÎ is consideredin thefollowing. An error Â & ÁP	=( , i. e.a stimulatedfault� or Å� attheinputline Á�	 of gateUK	 , is propagatedto theoutput� , if eachvalueof theinputs Á�� 	 ��
�
�
��,Á��Î
is anon-controllingvalueof thecorrespondinggatesU.	���
�
�
��'UFÎ . If thevaluesof thelines Á � 	 ��
�
�
��,Á �Î are
randomlyandequallydistributed,thentheapproximatedprobability � & Á 	 ÃÏ�5( that theerror Â & Á 	 ( is
observableat theoutput � is� & ÁP	�Ã¤�)( ! � & U.	=( ° 
�
�
 ° � & U%Î�(*


Let Â & �)( beanerrorat theoutput � and Â & Á  ( , �zb + b n , anerrorat theline Á  of Figure2.6. Then
theapproximatedprobability � & Á  Ã��5( , thatthepathfrom Á  to � is sensitized,sothatanerrorof Á  is
observableat theoutput,canbecomputedasfollows:� & ��Ã¤�5( ! �� & Á�Î%Ã¤�5( ! � & U%Î�(� & Á�Î ¸ 	�Ã¤�5( ! � & U%Î ¸ 	=( ° � & Á�ÎFÃ¤�)(

...� & Á  Ã¤�5( ! � & U  ( ° � & Á  ¾;	 Ã¤�)( (2.1)

...� & Á V Ã¤�5( ! � & U V ( ° � & Á i ÃÐ�5(� & ÁP	�Ã¤�5( ! � & UK	=( ° � & Á�V�ÃÐ�5(
Obviously, thecomputationof theapproximatedprobabilitiesfollows a reversedtopologicalorder

of thegates.
Now theexamplecircuit given in Figure2.7 is considered.For thechainof gatesU.	���
�
�
��'U j it is� & U.	=( ! � & U�V�( ! � & U j ( ! 	V and� & U i ( ! �

. For
�Bb + b ~ theapproximatedprobabilities� & Á  ÃÑ�)(
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Figure2.7:Examplechainof gates

are: � & Á�ÕFÃ¤�)( ! � �� & Á j Ã¤�)( ! � & U j ( ° � & Á Õ ÃÐ�5( ! �_ ° � ! �_ �� & Á i Ã¤�)( ! � & U i ( ° � & Á j ÃÐ�5( ! � ° �_ ! �_ �� & Á�VFÃ¤�)( ! � & U�V�( ° � & Á i ÃÐ�5( ! �_ ° �_ ! �Ö��� & ÁP	�Ã¤�)( ! � & U.	=( ° � & Á�V%ÃÐ�5( ! �_ ° �Ö ! �× 

The approximatedprobabilitiesaredeterminedusing Equation(2.1) by proceedinggraduallyback-
wardsfrom Á�Õ to ÁP	 .
Appr oximated Probabilities of Obser vation at Circuit Outputs Now thebasicalgorithmis
describedconsideringa combinationalcircuit � with � outputs��	���
�
�
������ andwithout reconvergent
fanout. The analysisassignsto eachinternal line Á  of � the � -tuple of approximatedprobabilities& � & Á  Ã¤��	*(*��
�
�
��Ø� & Á  Ã¤���5(�( , for whicheachcomponentcorrespondstooneoutput.Theseprobabilities
arerecursively computedby useof Equation(2.1) undertheassumption,that theprobabilityof error
propagationthroughagateU is � & U�( .

Figure2.8 illustratesthe proposedmethodfor the computationof the approximatedprobabilities� & Á  ÃÙ��	,(*��
�
�
��Ø� & Á  ÃÚ���.( for a simplecombinationalcircuit without reconvergent fanout. The ap-
proximatedprobabilitiesalongthe bold pathstartingat the output �PV aredeterminedasfollows: An
errorat theoutputof gatew is propagatedwith probability1 to thefunctionaloutput �PV andwith prob-
ability 0 to thefunctionaloutputs��	 and � i . Therefore,the ` -tuple(0,1,0)is assignedto this line. The
probabilitythatanerrorat oneof theinput linesof gatew is propagatedto theoutputis approximated
by � & U�( ! 	V . Suchanerroris observableat theoutputs��	 and � i with probability0. This is expressed
by assigning& � � 	V � � ( to bothinput linesof w . Thetuple & � � 	V � � ( caneasilybeobtainedby multiplying& � � � � � ( by � & U�( ! 	V .

Theinput line �vV combinesinput linesof gate w and { . In this case,thecorrespondingtuplesare
simply addedsothat thetupleassignedto �vV is & � � 	V � � (1� & � � � � 	V ( !�& � � 	V � 	V ( . In a similar way the
othertuples & � & Á  Ã¤��	*(*�Ø� & Á  Ã¤�PV�(*�Ø� & Á  Ã¤� i (�( in Figure2.8aredetermined.

Appr oximated Probabilities of Recon vergent Paths Theexamplesgivenabovedid notshow
thecase,thatoftenmorethanonepathexist whichcanbesensitizedfrom thefaulty siteto onecertain
output. Therefore,now a reconvergentfanoutasshown in Figure2.9 is considered.An error Â & Á  ( at
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Figure2.8:Examplecircuit with approximatedobservationprobabilities

the fanoutpoint Á  canbe propagatedto the point of reconvergenceÁ a throughthe two paths� 	 and�>V . �Q	 and�vV denotethepathsfrom Á  DC 	 to ÁP	 andfrom Á  DC V to Á�V , respectively. If thevalueof input Á�V
of U is thenon-controllingvalueandif thepath�Q	 is sensitized,thentheerror Â & Á  ( canbepropagated
throughthepath �
	 from Á  to Á=a . On theotherhand,theerror Â & Á  ( canalsobe propagatedthrough
thepath �>V , if �>V is sensitizedandif thenon-controllingvalueof U is appliedto ÁP	 . Finally, theerror
canalsosimultaneouslybepropagatedthroughboththepaths�Q	 and�>V . In this casetheerrorwill not
bepropagatedfrom Á  to Á*a , if U is anXOR- or anXNOR-gate,or if thenumberof invertersalongthe
two pathsis differentmodulo2.

In many casestheprobability, thatthepath�Q	 from Á  GC 	 to ÁP	 is sensitized,andtheprobability, that
thepath�>V from Á  DC V to Á�V is sensitized,arecorrelative. For example,thefollowing two oppositecases
arepossible:1.Thepathsarealwayssimultaneouslypropagatingafault;2. for all inputseither� 	 or � V
or noneof thetwo pathsis sensitized.However, anexactanalysisof thecorrelationfor all reconvergent
pathswouldextendthegivenboundon theruntimecomplexity.

If theprobabilitiesof sensitizedpaths� 	 and � V areindependent,thentheprobabilityof a simul-
taneouspropagationequalstheproductof theprobabilitiesof singlesensitizationsof paths�Q	 and�vV .
Furthermore,if thenumberof gatesof thereconvergentfanoutis not too small,thenthis productterm
is muchlower thantheprobability, thatonly oneof thesepathsis sensitized.

Becausethe exact computationof the correlative probabilitiesis as complex as the exact com-
putationof all probabilitiesand in order to simplify the caseof independentprobabilities,the anal-
ysis approximatesthe observation probability for reconvergent fanoutsas follows: Given the values� & Á  GC 	�Ã�ÁP	*( and� & Á  DC VFÃ�Á�V�( , theprobabilitythattheerror Â & Á  ( is propagatedfrom thefanoutpoint Á  
to thereconvergencepoint Á a , is approximatedby � & Á  Ã�Á a ( as� & Á  Ã�Á*a%( ! � & U5( ° & � & Á  GC 	�ÃÜÁ�	*(k�Ý� & Á  DC VFÃ�Á�V�(�(*

If a pathexistsfrom Á a to thecircuit output � , it follows:� & Á  Ã¤�5( ! � & Á  ÃÜÁ*a�( ° � & Á*aPÃ¤�5(! & � & Á  DC 	�ÃÜÁ�	*(k�Ý� & Á  DC VFÃ�Á�V�(�( ° � & U�( ° � & Á=aPÃÐ�5(! � & Á  DC 	�ÃÜÁ�	*( ° � & U5( ° � & Á=aPÃ¤�)(k�Ý� & Á  DC V%ÃÜÁ�V�( ° � & U5( ° � & Á=a�Ã¤�)(! � & Á  DC 	�ÃÐ�5(k�Ý� & Á  DC VFÃ¤�)(*
 (2.2)
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Figure2.9:Exampleof reconvergentfanout

Therefore,theprobabilitiesof propagationthroughreconvergentpathscanbeapproximatedasfollows:
During theanalysisfollowing a reversedtopologicalorderof thegates,theapproximatedprobabilities� & Á  GC 	 Ãâ�5( and� & Á  DC V Ãâ�)( obtainedby thecomputationaresimply addedat thefanoutpoint Á  . This
implies,thattheprobabilityof thecase,thatpropagationcouldbepreventedbecausebothpaths�Q	 and�>V aresimultaneouslysensitized,is neglected.

The Algorithm Now thecorrespondingalgorithmcalledObservabilities is presented.The
algorithmis usedto computeapproximationsof theprobabilitiesthatanerrorof a line is propagated
to differentfunctionaloutputs.It assignsto eachline Á  [0 � an � -tuple & � & Á  Ãâ� 	 (*��
�
�
��Ø� & Á  Ãâ� � (�( .
Thecomponentsof thesetuplesareapproximatedvaluesof theprobabilitiesT ¢ & Á  ����	*(*��
�
�
��:T ¢ & Á  �����5(
thatanerror Â & Á  ( at line Á  is observableat thefunctionaloutputs��	���
�
�
������ , respectively.

In an initial stepthe � -tuples & � � � � � ��
�
�
�� � (*� & � � � � � ��
�
�
�� � (*��
�
�
�� & � ��
�
�
%� � � � ( of probabilitiesare
assignedto the functionaloutputs.ThenthealgorithmObservabilities computesfor eachlineÁ  thecorresponding� -tupleof probabilitiesproceedingin a reversetopologicalorderfrom thecircuit
outputsto thecircuit inputs.

Thestepsof Observabilities aredescribedin Figure2.10. Thealgorithmproceedsthrough
thecircuit only oncewithout any backtracking.For eachline it computesthecorresponding� -tuple.
Therefore,the complexity of the algorithmObservabilities computingthe approximatedob-
servation probabilities� & Á8Ãã�5( is linear with respectto the productof the numberof lines o � o and� , which is the numberof circuit outputsof � . Sincethe maximalfanoutof the gatesis very often
boundedby aconstantdependingon thetechnologyof theimplementation,it follows, thattheruntime
of thealgorithmis linear in theproductof thenumberof gatesand � . Thepolynomialcomplexity of
theanalysisalgorithmallows to applythepresentedalgorithmto largecircuits.

Loss of Fault Propagation for Pairs of Outputs Theapproximatedobservation probabilities� & ÁkÃä�)( computedby thealgorithmObservabilities areusedto derive a measurement�  DC a of
the lossof fault propagationcausedby the assignmentof two circuit outputs �  and ��a to the same
paritygroupof thelinearoutputcompactor. Thus,thismeasurementcorrespondsto thecommongates
ratio n  DC a andthepropagationdistance�  DC a introducedin theprevioussections.

Given a pair of outputs & �  ����a�( , the measurement�  GC a is the approximatedprobability that, after
applyingarandominputvector, thetwo outputs�  and ��a aresimultaneouslyerroneousin thepresence
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits

1. for eachfunctionaloutputline �  , �åb + b � do
2. assignto line �  the � -tuple & � & �  Ã¤��	*(*��
�
�
��Ø� & �  Ã¤����(�( with� & �  Ã¤� a ( ª !$« �

for + !æf ;�
otherwise;

3. endfor;
4. for eachoutputline Á m of agateU of thecircuit do

// Loopstartsat thecircuit outputsandproceedsto thecircuit inputsin a reversed
// topological order, sothateitherthe � -tupleassignedto Á m is alreadydeterminedor
// it is a fanoutstemandthe � -tuplesassignedto thebranchesarealreadydetermined

5. if Á m is a fanoutstembranchingto thelines Á m�C 	���
�
�
��,Á m�C m ´ then
6. assignto Á m the � -tuple &¡ç m ´ áè 	 � & Á m�C  Ã¤��	*(*��
�
�
�� ç m ´ éè 	 � & Á m�C  Ã¤���.(�( ;
7. endif;
8. if gateU is a � -inputAND-, NAND-, OR-or NOR-gatethen
9. � & U5( ª ! 	V L,Í J
10. else� & U5( ª ! � ;
11. endif;
12. assignto eachinput of gateU the � -tuple & � & U�( ° � & Á m ÃÐ��	,(*��
�
�
��Ø� & U�( ° � & Á m ÃÐ����(�( ;
13. endfor;
14. end.

Figure2.10:ThealgorithmObservabilities

of a fault. For simplificationit is assumed,that for all Á 0 � theapproximatedprobabilities� & Á)ÃÜ�  (
and� & ÁKÃ¤��a�( areindependent.� & ÁKÃ¤�  ( and� & Á�ÃÐ��a�( aretheapproximatedprobabilitiesthatanerrorÂ & ÁF( is propagatedto thecircuit outputs�  and ��a , respectively. Thentheproductof thesetwo valuesis
theapproximatedprobability, thatanerror Â & Á%( is simultaneouslyobservableat thetwo outputs�  and��a . Thesumof all productsrelatedto thelinesis dividedby thenumberof linesincludedin thecircuit,
whichyieldsthenew approximation�  DC a :�  DC a ! �o � o ±ê ²Fë � & Á�Ã¤�  ( ° � & ÁKÃ¤��a�(*


If & �  ����a�( is a pair of independentoutputs,which meansthat thetransitive faninsof �  and ��a are
completelydisjoint, then� & Á.ÃÐ�  ( ! � or � & Á.Ã���a�( ! � or bothvaluesarezero.For all threecasesit
follows �  GC a ! � .

For example, the values �  DC a of the circuit shown in Figure 2.8 are computedas follows: The
intersectionof thelinesof thetransitive faninsof ��	 and �PV only containsthesingleline �
	 . Therefore,
it is � & ÁKÃ¤��	*( ° � & ÁKÃ¤�PV�( ! � for all Á 0 � O92 �
	 4 yielding�Q	 C V ! �� _ ° � & �Q	�ÃÐ��	,( ° � & �Q	�Ã¤�PV�( ! �� _ ° � ° �_ ! �_ Ö�

Similar considerationsconcerning�>V C i yield� V C i ! �� _ ° � & � V ÃÐ� V ( ° � & � V Ã¤� i ( ! �� _ ° �_ ° �_ ! �Ö × 
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2.2 Analysisof theCircuit Structure

Sincethe fanin conesof ��	 and � i aredisjoint, it is � & Á�Ãã��	*( ° � & Á�Ãã� i ( ! �
for all Á 0 � , and

furthermore�Q	 C i ! � 

For the purposeof comparisonthe circuit shown in Figure2.8 wassimulated.The resultsof the

simulationof all possiblesinglestuck-atfaultsare: Eight input patternsresultin simultaneouslysen-
sitizedpathsfrom � 	 to the circuit outputs � 	 and � V . Thereare six input patternssimultaneously
enablingfault propagationfrom �>V to the circuit outputs �PV and � i . And thereis no fault, which is
simultaneouslydetectableat ��	 and � i . Theratio of theresultsobtainedfrom thefault simulationsfor
theoutputpairs & ��	����PV�( and & �PVF��� i ( is

ij . It differs slightly from 	V which is thecorrespondingratio
obtainedby theanalysisbasedon approximatedobservationprobabilities.

The complexity of the computationof the values �  DC a exceedsthe complexity of the algorithm
Observabilities. Thus,thecomplexity of thecompleteanalysisalgorithmis dependingon the
complexity of thesecondstepestimatingthelossof fault propagationfor eachoutputpair.¯ & � V ( differentpairsexist for thesetof � circuit outputs.In theworstcase,for eachpair & �  ��� a (
andfor eachline Á theproduct� & Á�Ã¤�  ( ° � & ÁKÃ¤��a%( mustbecomputedin orderto obtain�  GC a . It follows
thatthecomplexity of theanalysisis ¯ & o � o,° � V ( . Becausethecomplexity is linearin theproductof the
circuit sizeandin thesquareof thenumberof outputs,theanalysisbasedonapproximatedobservation
probabilitiescanbeusedto processefficiently largecircuits.

2.2.4 Modifications of the Appr oximated Probabilities Anal ysis

The basicanalysisintroducedin the previous sectionapproximatesthe probabilities,that a fault is
propagatedto differentfunctionaloutputs,sothatit canbeobserved.Becausetheexactcomputationof
theseprobabilitieswouldcauseexponentialruntimefor many circuits,theanalysisis simplified.These
simplificationsarebasedon reasonableassumptionsimplying, thatonly approximationsandno exact
probabilitiesarecomputed. This leadsto the question,whetherunderthe condition of polynomial
runtimeother methodscanbe developedfor approximatingthe probabilities,so that moreaccurate
resultsareachieved.

A largesetof varyingalgorithmscanbecreatedin orderto approximatetheprobabilitiesin poly-
nomial runtime. Insteadof investigatinga confusinglylarge numberof methods,in this work only
two out of thesemethodsareselectedanddescribedbelow, sinceno methodwith polynomialruntime
canguaranteethebestapproximationof valuesfor all circuits. Thefirst of thetwo methodsis a small
modificationof theunderlyingsimplifications,while thesecondonecanbeconceivedasanextension
of thebasicanalysisintroducedin theprevioussection.

2.2.4.1 Independent Propagation Probabilities of Recon vergent Paths

Thedifferencebetweenthe analysisintroducedhereandthebasicanalysisdescribedin theprevious
sectionis themodifiedapproximationof propagationprobabilitiesthroughreconvergentpaths.

Again,thereconvergentfanoutshown in Figure2.9is considered.As explainedabove,afaultat the
fanoutpoint Á  canbepropagatedto thepoint of reconvergenceÁ=a eitherthroughthepath�Q	 from Á  DC 	
to ÁP	 or through�>V from Á  DC V to Á�V or throughbothpathsor thefault is notpropagated.If U is anXOR-
or anXNOR-gateor if thenumberof invertersalongthepathsis differentmodulo2, thensimultaneous
propagationthroughbothpathspreventsthefault propagationto Á*a . As mentionedabove, this caseis
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits

5. if Á m is a fanoutstemof thebranchesÁ m�C 	���
�
�
��,Á m�C m ´ then
6a. assignthe � -tuple & � ��
�
�
�� � ( to Á m ;
6b. for eachbranchÁ m�C  do
6c. for eachoutputline � a� & Á m Ã¤��a�( ª ! � & Á m ÃÐ��a�(Q�Ý� & Á m�C  Ã¤��a�( O � & Á m Ã¤��a�( ° � & Á m�C  ÃÐ��a�( ;
6d. endfor;
7. endif;

Figure2.11:Modifiedstepsof thealgorithmIndependentProbabilities

neglectedif theapproximatedprobabilitiesof propagationthroughthepaths�
	 and �>V areaddedand
thesumof theseapproximationsis simplyassignedto theline Á  accordingto Equation(2.2).

The caseof preventedfault propagationbecauseboth pathsaresensitizedis not neglected,if the
probabilitiesof propagationthroughthepaths�Q	 and �>V to anoutput � areconceived asindependent
probabilities. If theapproximatedprobabilities� & Á  DC 	5Ãì�5( and � & Á  DC VvÃí�)( aregiven, thentheprob-
ability that theerror Â & Á  ( at thefanoutpoint Á  is observableat theoutput � is computedby thenew
methodbasedon independentpropagationprobabilitiesasfollows:� & Á  Ã¤�5( ! � & Á  GC 	�Ã¤�)(Q�Ý� & Á  DC V%Ã¤�5( O & � & Á  GC 	�Ã¤�)( ° � & Á  DC VFÃ¤�5(�(*
 (2.3)

If two pathsata fanoutpoint Á  do not reconverge,thentheresultsof Equations(2.2)and(2.3)are
equalsincefor eachcircuit output � at leastoneof thevalues� & Á  DC 	�Ã¤�5( or � & Á  DC VFÃ¤�)( is

�
. Thus,it is� & Á  GC 	�Ã¤�)( ° � & Á  DC VFÃ¤�5( ! � for eachoutput � .

Only the sixth stepof the basicalgorithmObservabilities mustbe modified to obtainan
algorithmthat computestheobservation probabilitiesassumingthe independentpropagationthrough
reconvergentpaths.Thenew stepswhich replacethesixth stepof thebasicalgorithmandwhich lead
to thenew algorithmIndependentProbabilities areshown in Figure2.11.

Obviously, theruntimeof thealgorithmIndependentProbabilities is equalto theruntime
of thebasicalgorithm.It is linearin theproductof thenumberof gatesandthenumberof circuit outputs
of � .

The approximatedprobabilities�  DC a , that a randominput vector is appliedin the presenceof a
fault so that the two outputs �  and ��a aresimultaneouslyerroneous,arecomputedas describedin
the previous section. Therefore,the complexity of the completeanalysisconsistingof the algorithm
IndependentProbabilities andthe computationof thevalues�  DC a is linear in the productof
thecircuit sizeandin thesquareof thenumberof circuit outputs.

2.2.4.2 Anal ysis Including Appr oximated Signal Probabilities

In theprevioussections,theobservationprobabilitieshavebeenapproximatedbasedontheassumption,
that for any value � assignedto a line Á of thecircuit it is � & � ! � ( ! � & � ! � ( ! 	V . This meansthat
for any line the probability, that the applicationof randomvaluesto the circuit inputsresultsin the
assignmentof “1” to theline, is 	V .

Insteadof thisassumptionin thefollowing theapproximatedprobability �
	 & ÁF( is computedin order
to improvetheapproximationof observationprobabilities.�Q	 & Á%( is theapproximatedvalueof thesignal
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Figure2.12:Examplecircuit for approximatingpropagationprobabilities(a)withoutand(b) with con-
sideringsignalprobabilities

probability Á:� ¢ & Á%( which is definedasfollows:

Definition 2.8(Signal Probability) Let � bea circuit, which containsthecircuit line Á . Let theinput
assignmentsof thecircuit bearbitrary, but fixed,andindependentlydistributedfor each of thecircuit
inputs.Thenthesignalprobability Á:� ¢ & Á%( denotestheprobability, thatapplyinga randominputpattern
resultsthevalue“1” assignedto line Á .

Thetheoreticalcomplexity of theproblemwhetherthesignalprobabilityof a given line is 0 or 1
is equivalent to the problemof BooleanSatisfiability, which implies, that it falls in the classof NP-
completeproblems[33]. Therefore,thereis no algorithmwith polynomialruntime,which computes
theexactsignalprobabilitiesfor all circuits.

Figure2.12shows asmallexamplecircuit with varyingsignalprobabilities.Thevalueassignedto
theline Á which is theoutputof gate { is “1” if andonly if thevaluesappliedto thecircuit inputs �>V ,� i , and � j are“1”. Therefore,thesignalprobability Á:�v¢ & Á%( is very low, it is Á��v¢ & ÁF( ! 	� . In contrast,
thesignalprobabilitiesof thecircuit outputsarehigh: It is Á�� ¢ & ��	=( ! Á:� ¢ & �PV�( ! 	tÕ	tð .

For circuitswith a large numberof lineswith signalprobabilities,which differ significantlyfrom
the averagevalue 	V , the basicanalysisassumingthe signalprobability 	V for eachcircuit line may
generatepoor values. For example,Figure 2.12 (a) shows the tuplesassignedto the circuit inputs
afterrunningthealgorithmObservabilities andpart(b) of Figure2.12givestheexactobserva-
tion probabilitiesof the samecircuit. The tuplesassignedto the inputs �Q	 and �>Õ given in (b) differ
considerablyfrom thosegivenin (a).

Brglez,Pownall, andHum give in [14] analgorithmfor approximatingsignalprobabilities�Q	 & ÁF(
for eachline Á of acircuit � . Thisalgorithm,whichwasintroducedfor testabilityanalysisis described
in thefollowing. Thecomputationof thesevaluesstartsat thecircuit inputsandproceedsto thecircuit
outputsin a topologicalorderof the netlist. First 	V is assignedto eachcircuit input which means,
thatwith probability 	V thevalue“1” is appliedto thecircuit inputs. If thesetof input patternsis not
uniformly distributed,but for eachcircuit input theprobability that the input line is setto “1” canbe
determinedindependentlyof theothercircuit inputs,thenthecorrespondingprobability is assignedto
eachcircuit input. In orderto simplify the following descriptionsit is assumed,that the setof input
patternsis uniformly distributedand 	V is assignedto eachcircuit input.
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Figure2.13:Examplecircuit with approximatedsignalprobabilities

To illustratehow thealgorithmdeterminestheothervalues�Q	 & ÁF( aftertheinitial valuesareassigned
to thecircuit inputs,a singlegateU with � inputs ÁP	���
�
�
��,Á � andtheoutput Á m is considered.Sincethe
algorithmproceedsfrom thecircuit inputsto thecircuit outputs,theapproximatedsignalprobabilities�Q	 & Á�	=(*��
�
�
��Ø�Q	 & Á � ( of the input lines arealreadydeterminedif the value �
	 & Á m ( assignedto the gate
outputis computed.ó Obviously, if thegateU is aninverter, thenthereis only oneinput line ÁP	 . Thevalueof thegate

outputis setto �
	 & Á m ( ! � O �Q	 & Á�	*( .ó If U is anAND-gate,thentheoutputvalueof thegateis “1”, if andonly if “1” is assignedto all
inputsof thegate.Thus,it is: �
	 & Á m ( ! �Q	 & ÁP	*( ° 
�
�
 ° �Q	 & Á � ( . Analogically, if U is anOR-gate,the
outputvalueof thegateis “0”, if andonly if “0” is assignedto all inputsof thegate.This results
in: �Q	 & Á m ( ! � O & � O �Q	 & Á�	=(�( ° 
�
�
 ° & � O �
	 & Á � (�( .ó If U is a two-input XOR-gate,then the output value of the gateis “1”, if and only if values
assignedto the input lines arenot equal. Thus, the approximatedsignalprobability �Q	 & Á m ( is
determinedby thesum &�& � O � 	 & Á 	 (�( ° � 	 & Á V (�(;� & � 	 & Á 	 ( ° & � O � 	 & Á V (�(�( . Thevalue� 	 & Á m ( can
beanalogicallyderivedfor XOR-gateswith morethantwo inputs.ó A NAND-gate(NOR-gate,XNOR-gate)is handledlike anAND-gate(OR-gate,XOR-gate)fol-
lowedby aninverter.ó Finally, thevalueassignedto a fanoutstemis alsoassignedto its branches.

After thealgorithmhasreachedthecircuit outputs,theapproximatedsignalprobabilityof eachline
is determinedandthusthe algorithmends.The complexity of thealgorithmis linear with respectto
thenumberof lines.Sincethemaximalfanoutof thegatesis very oftenboundedby aconstant,which
dependson thetechnologyof thecircuit implementation,thecomplexity of thealgorithmis alsolinear
in thenumberof gates.

Figure2.13illustratesfor theproposedalgorithmthecomputationof theapproximatedsignalprob-
abilities �Q	 & Á%( for the small combinationalcircuit alreadyshown in Figure2.8. Now, the bold path
shown in Figure2.13is consideredstartingat circuit input � j . First of all 	V is assignedto eachcircuit
input. The outputof the AND-gate � is “1” if both inputsare “1”. Therefore,the probability that
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2.2 Analysisof theCircuit Structure

the valueof the gateoutput is “1” is 	V ° 	V ! 	j . The next gatealong the bold line is the OR-gate{ . Sincetheoutputof theOR-gateis not “1”, if andonly if both inputsof thegatearenot “1”, it is�Q	 & � i ( ! � O &�& � O 	V ( ° & � O 	j (�( ! Õ� .
Theproposedalgorithmcomputesno exact signalprobabilities. If two or morepathsreconverge

in a gate,thenthevalueassignedto theoutputof thegatemight benot exact. An exampleis a single
circuit input,which is directlyconnectedto bothinputsof a two-inputNOR-gateU with outputline Á m .
Sincefirstly thevalue 	V is assignedto thecircuit input, �Q	 & Á m ( ! 	V ° 	V ! 	j is obtainedfor Á m . However,
in facttheNOR-gateis operatingasaninverterandthereforeit is Á�� ¢ & Á m ( ! 	V . Thus,theassumption,
that it is � & � ! � ( ! � & � ! � ( ! 	V for a value � assignedto any line Á , resultsin the exact value.
This exampleshows, that in somecasesthe simpleassumptionusedto approximatethe observation
probabilitiessofar is moreaccuratethananadditionalapproximationof signalprobabilities.

In contrastto the exampleabove, the computationof the values� 	 & Á%( in an initial stepand the
approximationof the observation probabilitiesincluding thesevaluesshouldlead to more accurate
resultsfor many circuits. If theapproximatedsignalprobabilitiesshouldbe taken into account,then
the algorithmObservabilities hasto be modified. Only the lines 9 and 11 of the algorithm
Observabilities given in Figure2.10 must be replacedin the following way: For eachinputÁ 	 ��
�
�
��,Á � of a � -input AND-, NAND-, OR- or NOR-gatethe probability, that an error at an input
line Á  � �eb + b � , of the gate U is propagatedto the output Á m , must be separatelyapproximated.
Then � approximatedpropagationprobabilities � & U.	=(*��
�
�
��Ø� & U � ( insteadof a single value � & U�( are
obtained.If theoutputsof thecircuit are ��	���
�
�
������ thenthemodifiedalgorithmassignsto the input
line Á  � �kb + b � the � -tuple& � & U  ( ° � & Á m Ã¤��	*(*��
�
�
��Ø� & U  ( ° � & Á m Ã¤���.(�(*


The approximatedprobabilities� & U 	 (*��
�
�
��Ø� & U � ( canbe computedin a straightforward way and
dependonly onthebooleanfunctionimplementedby thegate.For example,givena � -inputAND-gateU with inputs Á�	���
�
�
��,Á � andgateoutput Á m , anerrorat thefirst input ÁP	 of thegatecanbepropagated
to thegateoutputif andonly if thevaluesof all theothergateinputsare“1”. Theprobabilitythat“1”
is assignedto the input line Á  � �¬b + b � , is approximatedby �Q	 & Á  ( . Therefore,the approximated
probability, that an error at thefirst input Á 	 is observableat the outputof the � -input AND-gate,is:� & U.	,( ! �
	 & Á�V�( ° 
�
�
 ° �Q	 & Á � ( . Theapproximatedpropagationprobabilitiesof a NAND-, OR- or NOR-
gatecananalogicallybedetermined.

The new algorithm SignalObservabilities consistsof the approximationof the signal
probabilitiesandthemodifiedalgorithmderivedfrom Observabilities asdescribedabove. The
complexity of thealgorithmSignalObservabilities is equalto thecomplexity of thebasical-
gorithms,i. e., it is linearwith respectto theproductof thenumberof gatesandthenumberof circuit
outputsof � .

Figures2.13and2.14presentanexamplefor theapproximationsof signalandobservation prob-
abilities of the samecircuit obtainedby the algorithmSignalObservabilities. The signal
probabilitieswhich areapproximatedin thefirst part of thealgorithmareshown in Figure2.13. The` -tuples & � & ÁQÃä��	*(*�Ø� & Á
Ãì�PV�(*�Ø� & ÁQÃì� i (�( of all circuit lines Á aregiven in Figure2.14. The results
canbecomparedto theapproximationof theobservationprobabilitiesobtainedby thebasicalgorithm
Observabilities given in Figure2.8. The ` -tuplesassignedalongthepathmarked by thebold
line in Figure2.14differ from theresultscomputedby thealgorithmObservabilities.

Anotherexamplefor theresultscomputedby thealgorithmSignalObservabilities is given
in Figure2.12(b). For this circuit theapproximatedobservation probabilitiesof thecircuit inputsare
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Figure2.14:Examplecircuit with approximatedsignalandobservationprobabilities

equalto theexactvalues.

ThealgorithmSignalObservabilities canbemodifiedsothatit includestheconceptof in-
dependentpropagationprobabilitiesof reconvergentpathsasdescribedin theprevioussection.Again,
thesixth stepmustbereplacedby thecorrespondingstepsof thealgorithmIndependentProba-
bilities. Thenew stepsareshown in Figure2.11.

Again, the final stepof the circuit analysisis the computationof the approximatedprobabilities�  DC a , thatunderthepresenceof a fault a randominput vectorproducestwo simultaneouslyerroneous
outputs�  and ��a . This is doneasdescribedin Section2.2.3.Therefore,thecomplexity of thecomplete
analysisconsistingof thealgorithmSignalObservabilities andthecomputationof thevalues�  DC a is the sameas above, even if in practicein many casesthe runtime increasescomparedto the
runtimeof thebasicanalysis.Nevertheless,thecomplexity is linear in theproductof thecircuit size
andthesquareof thenumberof circuit outputsof thecircuit.

For example,thecomputationof thevalues�  DC a of thecircuit of Figure2.14is asfollows:� 	 C V ! �� _ ° � & � 	 ÃÐ� 	 ( ° � & � 	 Ã¤� V ( ! �� _ ° � ° �_ ! �_ Ö8ô�>V C i ! �� _ ° � & �vV%ÃÐ�PV�( ° � & �>V�Ã¤� i ( ! �� _ ° �_ ° `Ö ! �`�_ ô� 	 C i ! � 

Thevalue �>V C i differs from thevalueobtainedby theanalysisof thesamecircuit usingthealgorithm
Observabilities (seeEquation2.3): It is �>V C i ! 	i V insteadof 	j � .

As mentionedabove, fault simulationsof the circuit given in Figure2.14 show that eight input
patternsresult in simultaneouslysensitizedpathsfrom �Q	 to the circuit outputs ��	 and �PV . Six input
patternssimultaneouslyenablefaultpropagationfrom �vV to thecircuit outputs�PV and � i . Thus,for the
faultsimulationstheratioof theresultof theoutputpair & � 	 ��� V ( to theresultof & � V ��� i ( is

ij . It is equal
to the correspondingratio of the resultscomputedby the analysisbasedon approximatedsignaland
observationprobabilities.Hencefor thecircuit givenin Figure2.14it is shown, thattheanalysisbased
on approximatedsignalandobservation probabilitiesis moreaccuratethanthebasicanalysis,which
doesnot take into accountvaryingsignalprobabilities.
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Figure2.15:Examplecircuit for theestimationof theanalysiserror

2.2.5 Estimation of the Error of the Anal ysis Results

Theanalysismethodsintroducedaboveestimatethereductionof faultpropagationif two outputsof the
givencircuit areassignedto thesameparity groupof the linearcompactor. Basedon comparisonsof
theresultsfor differentpairsof circuit outputs,theparity groupsof a linearcompactoraredetermined,
sothat theresultingcompactorcausesonly a smallreductionof thefault coverage.Sincethesevalues
donotestimatetheabsolutenumberfor any probabilityor theabsolutepercentageof any faultcoverage
reduction,theerrorof theestimationsof theanalysismethodsis hardto determine.

Therefore,now thedifferencebetweenexactandestimatedvaluesassignedto singlepairsof circuit
outputsis considered.Let � be a circuit with circuit inputs �Q	���
�
�
����>� , �øh¨_ , andcircuit outputs� 	 ��
�
�
���� � , �$hÑ_ , andwith the following characteristic:Thereis no input vector, which causesa
simultaneouspropagationof any singlestuck-atfault to the two outputs��	 and �PV . For sucha circuit
the reductionof fault propagationis

�
, if the two circuit outputs ��	 and �PV areassignedto the same

paritygroup.Theestimatedvalueassignedto theoutputpair & ��	����PV�( by any analysisalgorithmshould
be aslow aspossible,so that the value is considerablylower thanthe estimationsassignedto other
pairsof circuit outputs,which in factcanbesimultaneouslyerroneous.

In contrast,circuitscanbedesignedin sucha way, that theestimatedvaluesof theanalysisalgo-
rithmsintroducedin theprevioussectionsarevery high while theexactvalueis

�
. An examplecircuit

is shown in Figure 2.15. It shows in detail only this part of the circuit, which is importantfor the
furtherconsiderations.Theremainingpartof thecircuit is givenas � � . Obviously, no singlestuck-at
fault locatedin � � canbesimultaneouslypropagatedto � 	 and � V : For � 	 ! � theAND-gate w does
not propagatetheerrorto ��	 ; for �Q	 ! �

theOR-gate{ preventserrorpropagationto �PV . In a similar
way it canbeshown, thatno input vectorexists,sothata singlestuck-atfault at � 	 is simultaneously
observableatbothoutputs��	 and �PV .

If themethodbasedon thecommongatesratio is usedto analyzethestructureof this circuit and
if o �ù� o is thenumberof gatesincludedin �ù� , thenthevalue n�	 C V assignedto thepair of circuit outputs& ��	����PV�( is:n�	 C V ! o l  � C q J;r l  � C q,x oo l  � C q J;\ul  � C q,x o ! o � � oo � � o �ú_ ! � O _o � � o �ú_ 

It follows, that if thesizeof thecircuit part � � is increased,then n�	 C V convergesat theupperbound

�
,
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits

althoughthereexistsno inputvectorresultingin simultaneouslyerroneousoutputs��	 and �PV .
The values,which arecomputedby the analysisbasedon propagationdistances,cannot be de-

terminedif the circuit part �ù� is not specifiedmore exactly. Therefore,now a singlegate U�� of �ù�
is considered.U � is obviously includedin the intersectionof the transitive faninsof ��	 and �PV . The
propagationdistancesfrom gate U � to the outputs ��	 and �PV are ��� & U � ����	*( and ��� & U � ���PV�( . The term_ ¸k¹»º ¼ ¹ m � C q Jt½�¾ º ¼ ¹ m � C q,x ½�½ is part of �)	 C V which is the estimatedlossof fault propagationif ��	 and �PV are
assignedto thesamegroup,since � 	 C V is definedas�)	 C V ! ±m�²%³ E}´�µ ¶ J:· ³ E�´�µ ¶ x _ ¸k¹»º ¼ ¹ m�C q Jt½G¾ º ¼ ¹ m�C q,x ½�½ 

This impliesthatthesum �5	 C V canbeincreasedby addinggatesto thecircuit part �ù� . Furthermore,no
upperboundon �5	 C V canbedetermined.

For theanalysisalgorithmsbasedon approximatedobservationprobabilitiesit cananalogicallybe
shown, that thereis no upperboundon �Q	 C V , which is the valueassignedby thesealgorithmsto the
outputs��	 and �PV .

In summary, for eachanalysismethodthe circuit � shown in Figure2.15 canbe constructedin
sucha way, that for theassignmentof ��	 and �PV to thesamegroupof the linearcompactorany error
of theestimatedreductionof fault propagationcanbeproduced.Althoughany errorcanbegenerated,
theanalysisresultscanhelp to determinetheparity groupsin sucha way that for the resultinglinear
compactortheprobabilityof faultmaskingis reduced.This is true,becausethetypeof errordescribed
above only preventstwo outputsfrom being assignedto the samegroup, althoughthis assignment
wouldcauseno lossof fault propagation.

Errorsof theanalysisalgorithms,which underestimatethe lossof fault propagationif two circuit
outputsare assignedto the sameparity group are much more critical. The constructionof sample
circuitsfor sucherrorsis difficult andusuallytheerrorsaresmallcomparedto theothertypeof errors
givenin theexampleabove. For many circuitsit is not clear, whetherthevaluesof severaloutputpairs
areunderestimatedor whetherthevaluesof otheroutputpairsareoverestimated.

In conclusionthis sectionshows, that thequality of theanalysismethodscannot be judgedfrom
the error of the estimationsof the methods.Therefore,in the following sectionsseveral benchmark
circuitsareanalyzedby theproposedanalysismethodsandtheobtainedresultsarecompared.

2.2.6 Comparisons Between Exact Probabilities and Anal ysis Results

Theanalysisalgorithmsof circuit structuresintroducedabove weredevelopedto estimatethe lossof
fault propagation,which is causedby the assignmentof two outputsof the processedcircuit to the
sameparity groupof thelinearoutputcompactor. In thefollowing, theresultsof thesealgorithmsare
comparedwith exactvaluesobtainedby fault simulation.

For agivencircuit theexactvaluesarecomputedin thefollowing way: A fault simulatorappliesto
theinputsof thecircuit all possibleinput vectors.Therefore,if thenumberof circuit inputsis � , then_ � differentvectorsareapplied.

For eachpair of circuit outputs & �  ����a�( thenumberof singlestuck-atfaults,which aresimultane-
ously propagatedto both outputs,is determined.During the simulationwith the _ � different input
vectors,for eachoutputpair thesenumbersareaddedup, sothatat theendof thesimulationthesumÁ  DC a is obtained.
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2.2 Analysisof theCircuit Structure

The higherthesum Á  DC a is, themorelikely is it, that a singlestuck-atfault is simultaneouslyob-
servableat thecorrespondingpair of outputs & �  ����a�( . In particular, Á  DC a dividedby _ � °)o l o , which is
theproductof thenumberof appliedinput vectorsandthenumberof possiblesinglestuck-atfaultsof
thecircuit, yields theprobability, thatafterapplyinga randominput vectorthepresenceof a random
singlestuck-atfault causessimultaneouslyerroneousoutputs�  and � a . This is only true,if thesetof
inputvectorsandthesetof singlestuck-atfaultsareuniformly distributed.

In the following, Á  DC a denotesthe sum,which is obtainedfrom the fault simulationandwhich is
assignedto thepair & �  ����a�( of circuit outputs. n  DC a , �  DC a , and �  DC a denotethevaluesassignedto & �  ����a%(
by theanalysisalgorithmsbasedon thecommongatesratio,propagationdistances,andapproximated
observationprobabilities,respectively.

In orderto comparetheresultsof thedifferentalgorithmsthevaluesarenormalized.For example,
if the values Á  DC a � �]b +B� f b � , areobtainedby the fault simulation,thenthe normalizedvaluesÁ�� DC a � �åb +[� f b � , areÁ � DC a ! Á  DC aç 	�û  Dü a�û)� Á  DC a 

This implies:±	�û  Dü a�û)� Á � GC a ! � 

In thesameway thenormalizedvaluesnF� GC a , �P� DC a , and��� DC a arecomputed.

The normalizedvalues Á�� DC a obtainedby thesimulationarecomparedwith the valuesobtainedby
thedifferentanalysisalgorithmsof circuit structures.Thenormalizedvaluesn � GC a of theanalysisof the
commongatesratio, for example,arecomparedasfollows: Thestandarddeviation ��Î of thevaluesn � DC a from thevaluesÁ � DC a is:� Î !©ý ±	�û  Gü a�û)� & Á � DC a O n � GC a ( V 
þ Î C �[�,� denotesthe maximal difference o Á � GC a O n � GC a o of all pairs of circuit outputs. Therefore,it isþ Î C �[�,� ! �^ÿ�� 2 o Á�� DC a O n%� DC a o ô �zb +[� f b � 4 .

Thestandarddeviations � º of thevalues� � DC a and �¬� of thevalues� � DC a areanalogicallycomputed
basedon thevaluesÁ�� DC a . þ º C �[�:� (

þ � C � �:� ) denotesthemaximaldifferenceo Á�� GC a O ��� DC a o ( o Á�� DC a O ��� DC a o ) of
all pairsof circuit outputs,respectively.

Combinationalbenchmarkcircuits of the 1991InternationalWorkshopon Logic Synthesiswere
simulatedto obtainthestandarddeviations ��Î , � º , �¬� , andthemaximaldifferences

þ Î C �[�:� , þ º C �[�:� ,þ � C � �:� for eachcircuit. Sinceseveralbenchmarkcircuitscontaincomplex gates,thesecircuitswere
mappedusingthesoftwaretoolSIS [72]. Theunderlyinglibrary containedonly inverters,AND-, OR-,
NAND-, NOR-, XOR-, andXNOR-gates.Table2.3 lists the 22 combinationalbenchmarkcircuits,
which were investigated.The columnsof the tableshow the namesof the circuits andthe numbers
of gates,inputsandoutputsof eachcircuit. If the original circuit containedcomplex gates,thenthe
numberof gatesafterthemappingof thecircuit is given.

Thenext sectiongivestheresultsof thedifferentanalysisalgorithmsbasedon thecommongates
ratio,propagationdistances,andapproximatedobservationprobabilities.Thenasectionfollowswhich
presentsacomparisonof theresultsof thedifferentanalysisalgorithms,whichuseapproximatedprob-
abilities.
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits

Combinational Numberof
Circuit gates inputs outputs
alu2 334 10 6
alu4 686 14 8
b1 11 3 11
cc 51 21 20

cm138 19 6 8
cm162 39 14 5
cm163 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
pm1 39 16 13
sct 93 19 15

tcon 49 17 16
vda 584 17 39
x2 42 10 7

z4ml 59 7 4
average 111.9 12.6 10.8

Table2.3: Investigatedcombinationalbenchmarkcircuits

2.2.6.1 Comparison of The Basic Anal ysis Algorithms

Eachcircuit listedin Table2.3wasinvestigatedusinganexhaustive fault simulationin orderto obtain
thestandarddeviations ��Î , � º , �¬� , andthemaximaldifferences

þ Î C �[�,� , þ º C � �:� , þ � C �[�,� with respect
to theexactvalues.Theresultsareshown in Table2.4.For eachcircuit theminimalstandarddeviation
obtainedfor thethreeanalysisalgorithmsandthesmallestdifferenceof

þ Î C �[�,� , þ º C � �:� , and
þ � C � �:�

aremarkedbold.
For mostcircuits,thatmeansfor 13 out of 22 circuits,thestandarddeviation of theanalysisbased

onapproximatedobservationprobabilitiesis lowerthanthestandarddeviationof thetwo otheranalysis
algorithms.However, for mostcircuitstheworsterrorof thevaluesassignedto pairsof circuit outputs
is minimal, if theanalysisof commongatesratio is used.Thelowestaveragestandarddeviation of all
circuitsis alsoobtainedfor thisanalysismethod.

In summary, theresultsindicatethatfor mostcircuitstheanalysisbasedon approximatedobserva-
tion probabilitiescomputesthemostaccuratevaluescomparedto thevaluescomputedby theanalysis
of commongatesratio andtheanalysisbasedon propagationdistances.However, for a considerable
numberof circuitsthelatteralgorithmsmayachieve betterresults.
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Combinational Standarddeviations max.differences
Circuit ��Î � º �¬� þ Î C � �:� þ º C � �:� þ � C � �:�
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
b1 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
cm162 0.116 0.097 0.092 0.048 0.044 0.039
cm163 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

i1 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
pm1 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:Comparisonof theresultsof differentanalysismethods

2.2.6.2 Comparison of Anal ysis Algorithms Based on Probabilities

Thecomparisonof theprevioussectionincludedthebasicanalysisalgorithmbasedon approximated
observationprobabilities.This algorithmusessimplifications,whicharebasedon reasonableassump-
tions. Above two modificationsof this algorithmareproposedwhich might result in moreaccurate
results: An analysis,which is basedon the assumptionof independentpropagationprobabilitiesof
reconvergent paths,anda modification,which includesapproximatedsignalprobabilitiesto analyze
thecircuit structure.Theresultsof thesetwo methodsandof thebasicalgorithmarecomparedin the
following.

Thestandarddeviationsof thevalues,which estimatethe lossof fault propagationcausedby the
assignmentof two outputsto the sameparity groupof the linear outputcompactor, arecomputedas
describedabove andthencompared.To distinguishthesevalues,��� � ê  � , �  � º � � , and � ê  »m �%��� denote
the standarddeviationsof the resultsof the basicalgorithm,of the algorithmassumingindependent
propagationprobabilitiesof reconvergent paths,andof the algorithmincluding approximatedsignal
probabilities,respectively. Thecorrespondingmaximaldifferencesfor all pairsof circuit outputsbe-
tweentheexactvaluesobtainedfromthesimulationandtheresultscomputedby theanalysisalgorithms
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Combinational Standarddeviations max.differences
Circuit ��� � ê  � �  � º � � � ê  m �%��� þ � � ê  � C � �:� þ  � º � � C � �:� þ ê  »m �%��� C �[�,�
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
b1 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
cm162 0.092 0.092 0.014 0.039 0.039 0.008
cm163 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
pm1 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:Comparisonof theresultsof differentanalysismethods

are
þ � � ê  � C �[�,� , þ  � º � � C �[�,� , and

þ ê  m �F��� C �[�:� , respectively.
Table2.5 lists theresultsobtainedfrom 22 combinationalbenchmarkcircuitsof the1991Interna-

tional Workshopon Logic Synthesis.For eachcircuit theminimal standarddeviation andthesmallest
valueof themaximaldifferencesof thethreeanalysisalgorithmsaremarkedbold.

For almostall circuits,which meansfor 19 out of 22 circuits, thestandarddeviation of theanal-
ysis including approximatedsignalprobabilitiesis the lowestof the standarddeviationsof the three
investigatedanalysisalgorithms. And even for two of the remainingthreecircuits, i. e. cm138and
cm42, � ê  m �F��� is closeto theminimal standarddeviation. Furthermore,theaveragevalueof � ê  »m �%���
is nearlyhalf of theaveragestandarddeviationsobtainedfor theothertwo analysismethods.And for
mostcircuits,which meansfor 17 out of 22 circuits,theworsterrorof thevaluesassignedto a pair of
circuit outputsis minimal, if thevaluesarecomputedby theanalysisbasedonapproximatedsignaland
observationprobabilities.

The resultsof thebasicanalysisandtheanalysisassumingindependentpropagationprobabilities
of reconvergentpathsdiffer only slightly. If theresultingstandarddeviationsaredifferent,thenin most
casesthestandardderivationsof thebasicalgorithmbasedonapproximatedobservationprobabilitiesis
smaller. Therefore,theanalysisassumingindependentpropagationprobabilitiesof reconvergentpaths
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2.2 Analysisof theCircuit Structure

is not consideredin thefollowing sections.
A comparisonbetweenTable2.4 andTable2.5 shows that for 16 out of 22 circuits the standard

deviationof theanalysisbasedonapproximatedsignalandobservationprobabilitiesis thelowestof all
results,whichwereobtainedby thefive investigatedanalysisalgorithms.

2.2.7 Comparison with Testability Measurements

Theanalysisalgorithms,whichareintroducedabovefor theapproximationof observationprobabilities
arebasedon concepts,which aresimilar to theseknown from testabilitymeasurements.Testability
measurementsareusedto estimatewhetherfaultsof a givencircuit caneasilybetestedor not. This is
donewithoutgeneratinga testsetor runninga fault simulatorwith randominput patterns.

If a test set for a given circuit shouldbe generatedthen thereare testability measuresthat can
give a relative comparisonof the costsfor patterngenerationbasedon fault simulationand of the
costsrequiredfor deterministictestgeneration.For both, deterministicandrandompatterntesting,
suchmeasurescan help to identify circuit areaswheredesignfor testability is requiredto improve
the testability. Testabilitymeasurementsareonly useful if the requiredeffort is lessthanactualtest
setgenerationor fault simulation. This implies that in generalsuchmeasurementscanonly produce
approximateresults.

Many testabilitymeasurementsarebasedon the determinationof the controllability, which is a
measure,how difficult it is to set a value of a circuit line to a certainvalue, and the observability,
which describestheprobability, thata fault canbepropagatedfrom the faulty line to a circuit output
[14, 35, 45,60, 63, 74, 82, 84].

Themaindifferencebetweenany testabilitymeasurementandtheanalysisbasedon approximated
observationprobabilitiesis, thattheformerestimateshow difficult afaultcanbeexcitedandpropagated
to at leastonecircuit output,but the latter approximatestheprobability, thatan alreadyexcited fault
canbe propagatedto separatelyconsideredcircuit outputs.Therefore,the analysisintroducedabove
usestuplesinsteadof a singlevalue to describethe approximatedobservation probabilitiesfor each
circuit line. Eachcomponentof thetuplesis relatedto onecertaincircuit output.

Theapproximatedobservationprobabilitiescaneasilybeusedto derive a testabilitymeasurement.
A simpleway to obtaina measurementof theobservability is to addup thecomponentsof the tuple.
Othermorecomplex methods,which may resultin moreaccurateestimationscanbedeveloped.But
sofar thecapabilityof theapproximatedobservationprobabilitiesto beusefulasabaseof a testability
measurementhasnotbeeninvestigated.

Sincethereis a largenumberof testabilitymeasurementsproposingdifferentmethodsto produce
an accurateapproximationof the fault observabilities, suchmethodscanbe adaptedto the analysis
describedabove in orderto improvetheresults.In thenext sectionthreesimpleconceptsarediscussed,
which requirenoadaption,becausetheanalysisis extendedin astraightforwardway.

2.2.8 Extensions for the Anal ysis Based on Appr oximated Probabilities

This sectionpresentsthreeextensionsof theapproximatedprobabilitiesanalysis.Thegoalof thefirst
extensionis to improve theaccuracy of theapproximatedobservation probabilities,thesecondexten-
sionintroducesamorecomplex algorithmto approximatesignalprobabilities,andthethird oneshows,
thata few modificationsof theanalysisalgorithmaresufficient to obtainapproximatedprobabilitiesof
fault propagation,thattake into accountthedirectionof theresultingerrorat thecircuit outputs.
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Figure2.16:Approximatedobservationprobabilitiesof theXOR-function

2.2.8.1 Comple x Gates Replacing Small Circuit Parts Containing Recon vergent Paths

In mostcases,reconvergentpathsareoneof thereasonswhy theobservationprobabilitiesapproximated
by theanalysisdiffer from theexactvalues.As describedin thesection,which introducestheanalysis
algorithmsbasedon approximatedprobabilities,thedifferencescanoccurif thepropagationof erro-
neousvaluesis preventedat thepoint of reconvergence.Or theapproximationis notaccurate,because
oftenonly asinglepathis sensitizedsothattheobservationprobabilityis largerthantheapproximated
value.

For example,if a circuit consistsof a single two-input XOR-gate U , then the analysisbasedon
approximatedobservationprobabilitiesassignsthevalue1 to bothcircuit inputssincethepropagation
probability througha XOR-gateis � & U�( ! �

. This valueis exact,becauseany erroneousvalueat one
of theinputsis propagatedto theoutputof thegate.

In Figure2.16theXOR-gateis replacedby a smallcircuit consistingof two inverters,two AND-
gatesandoneOR-gate.Part (a) of Figure2.16shows thevalueswhich areobtainedby thealgorithm
Observabilities. Thevaluesassignedto the input linesarenot equalto theexactprobability1
in spiteof thefact,thatthefunctionimplementedby thecircuit is logically thesameasthefunctionof
theXOR-gate.

Thevaluesobtainedby thealgorithmSignalObservabilities aregivenin Figure2.16(b).
Again, thevaluesassignedto the input linesdiffer from theexactvalues.Thereasonis, that for both
inputsreconverging pathsexist from theinputsto theoutput ��	 .

Thefollowing procedurereducestheeffectof reconvergentpaths:Beforestartingtheanalysis,dis-
joint partsof the circuits containingreconvergent pathsareidentifiedin sucha way, that the sizeof
eachcircuit partis below acertainupperbound.Thesepartsarereplacedby complex gatesimplement-
ing thecorrespondinglogical function. For eachcomplex gate U andfor eachinput line Á  theexact
probability � & U  ( of propagationfrom the input line Á  to the outputof the gate U is computed.This
canbedone,for example,usingfault simulationor Binary DecisionDiagrams(BDD) [15]. Thenfor
themodifiedcircuit theapproximationof theobservationprobabilitiesfollows utilizing thecomputed
propagationprobabilitiesof thecomplex gates.

In thenext stepthecomplex gatesarereplacedby thecorrespondingoriginal partsof thecircuit.
So far thereare no approximatedprobabilitiesassignedto the internal lines of the replacedcircuit
parts. In a secondrun of the analysisalgorithmonly the missingvaluesarecomputedbasedon the
alreadyassignedapproximatedobservation probabilities.Themissingvaluesaredeterminedwithout
modifying any alreadyexistingapproximationof probabilities.
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Thecomplexity of theprocedureincreaseswith theupperboundon thesizeof thereplacedcircuit
parts.If theupperboundis raised,thenit canbeexpectedthattheapproximatedprobabilitiesaremore
accuratebut that at the sametime the runtimeincreases.The measurementof the sizeof the circuit
partscanbe definedin several ways; for example,it canbe relatedto thenumberof inputs,gatesor
linesincludedin thepartof thecircuit.

If anupperboundonthesizeof replacedcircuit partsis given,thenthedeterminationof thedisjoint
circuit parts,whicharereplacedby complex gatesis ambiguousin many cases.Therefore,aconvenient
choiceof replacedcircuit partsmayresultin amoreaccurateapproximationof observationprobabilities
or in a decreasedruntimeof theprocedure.

Theapproximatedprobabilities,that in thepresenceof a fault a randominput vectorproducestwo
simultaneouslyerroneousoutputs,arecomputedasdescribedfor the basicalgorithm in the section
above.

2.2.8.2 Impr oved Appr oximation of Signal Probabilities

KrishnamurthyandTollis introducein [52] animprovedalgorithmfor approximatingthesignalprob-
abilities of a circuit. It takes into accountfirst-ordereffectsof reconvergent pathsdependingon the
differentcircuit inputs.Thecomplexity of thealgorithmis linearin theproductof thenumberof lines
andthenumberof inputsof thecircuit.

Thebasicideaof this methodis, that for eachcircuit line in thefirst step � approximatedsignal
probabilitiesarecomputedcorrespondingto thecircuit inputs �
	���
�
�
������ of thecircuit. An algorithm
with polynomial runtime is usedto determinein parallel for eachcircuit input �  the approximated
signalprobability, sothatnoerrorarisesfrom multipledependenciesonthecorrespondinginput. How-
ever, a signal probability determinedfor a certain input can still be erroneousbecauseof multiple
dependencieson theothercircuit inputs.Finally, for eachline a weightedaveragingalgorithmis used
to derive from � valuesonesingleapproximatedsignalprobabilitywhich is assignedto the line. In
[52] thealgorithmis describedmorein detailandexperimentalresultsaregiven.

Experimentalresultsshow that this algorithmachievesbetterapproximationsof thesignalproba-
bilities comparedto the resultsobtainedfrom the straightforward algorithm,which is part of the al-
gorithmSignalObservabilities describedaboveandwhichwasproposedby Brglez,Pownall,
andHum [14]. In Figure2.16,for example,a circuit is given,which implementsthe XOR-function:
Thealgorithmof SignalObservabilities assignsto theoutputof thecircuit theapproximated
signalprobability À	tð , but thealgorithmconsideringfirst-ordereffectsof reconvergentpathscomputes
theexactsignalprobability 	V .

In general,if themorecomplex algorithmproposedin [52] is usedfor theapproximationof signal
probabilitiesof SignalObservabilities, thenalsothe approximatedobservation probabilities
maybemoreaccurate.

2.2.8.3 Direction-Dependent Fault Propagation

Thealgorithmsintroducedabove,ObservabilitiesandSignalObservabilities,werede-
velopedfor analyzingthestructureof a circuit in orderto derive a linearspacecompactorwith mini-
mizedfault masking.But theanalysisresultsmight not beusefulfor otherdesignapproaches,which
arebasedon adifferentconcept.
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For example,severalapproachesfor concurrentchecking[8, 27, 46, 56, 68, 69] arebasedonBerger
codes[4]. Berger codesdetectall unidirectionalerrors,but not all non-unidirectional errors. If the
numberof non-unidirectionalerrorsis even,thentheseerrorsaremasked. Errorsareunidirectional,if
all errorschangethegoodvaluesin thesameway, thatmeansall erroneouslineshave thesamevalue.
Therefore,for theencodingof thecircuit outputbasedon Bergercodeit mustbe taken into account,
whetherone or more bits can be erroneousas well as which valuesare assignedto the erroneous
circuit outputs. To handlethis issue,a few modificationsof the analysisalgorithmaresufficient to
obtainapproximatedobservation probabilitiesdistinguishingbetweennon-invertedandinvertedfault
propagationto thecircuit outputs.In thefollowing, this new algorithmis calledanalysisof direction-
dependentfault propagation.

Das,Touba,Seuring,andGösselhavealreadyusedtheanalysisof direction-dependent faultpropa-
gationfor concurrentcheckingbasedonweight-basedcodes[24]. Weight-basedcodeswereintroduced
by DasandToubain [23].

For the descriptionof the requiredmodificationsa circuit � with � circuit outputs ��	���
�
�
������ is
considered.To distinguishbetweennon-invertedandinvertedfaultpropagationthemodifiedalgorithm
assignsto eachline a matrix of approximatedobservation probabilities. The matrix consistsof two
rows and � columns.Thefirst row is relatedto non-invertedpropagation,thesecondrow is relatedto
invertedpropagation.Eachcolumnof thematrix correspondsto theapproximatedprobabilities,thata
fault at thecorrespondingline is non-invertedor invertedobservableatonecertaincircuit output.

Themodifiedalgorithmis similartoObservabilities. In aninitial stepthefollowing matrices
areassignedto thecircuit outputs��	����PVF��
�
�
������ :� �[��� 
�
�
 �ù�� ��� 
�
�
 �ù��� � ���[� 
�
�
 � ���� � 
�
�
 � �	� 
�
�
 � � ��� 
�
�
 ���� ��� 
�
�
 �ù��� 


Thealgorithmcomputesfor eachline Á  thecorresponding_�
�� matrixof probabilitiesproceedingin
areversetopologicalorderfromthecircuitoutputsto thecircuit inputs.Thisisdonealmostanalogically
to thealgorithmObservabilities includingthefollowing threedifferences:

1. A matrix of two rows and � columnsinsteadof onesingle � -tuple is assignedto a singleline.
Thetwo rows of amatrix,whichareassignedto a line areseparatelycomputedin thesameway
asthesingle � -tupleassignedto a line by thealgorithmObservabilities.

2. If the currentgateis an XOR-gateor XNOR-gateand the matrix assignedto the gateoutput
consistsof thetwo rows n 	 and n V , thenthefollowing matrix is assignedto eachinput line:� 	V ° & n 	 � n V (	V ° & nP	Y� n�V�( � 


3. If thecurrentgateis aninverter, aNAND-gate,or aNOR-gate,thenbeforeassigningthematrices
computedfor theinput lines,therows of eachinputmatrix areexchanged.

Becauseof thesimilarities,theruntimeof themodifiedalgorithmcanbeestimatedastwo timesthe
runtimeof thebasicalgorithmObservabilities. Furthermore,thecomplexity of thealgorithmis
equalto thecomplexity of thebasicalgorithm.Henceit is linearin theproductof thenumberof lines
of � and � , which is thenumberof circuit outputsof � .
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Figure2.17:Examplecircuit with approximatedobservation probabilitiesincluding the direction of
fault propagation

Figure2.17 shows the resultsafter using the proposedalgorithmto analyzethe structureof the
examplecircuit whichwasalreadyusedin theprevioussections.For example,theboldpathstartingat
thecircuit output � 	 is considered:First thematrix� �[���� ��� �
is assignedto thecircuit output � 	 sinceany errorat line � 	 is certainlydetectedwithout inversionat��	 , but is neithernon-invertednor invertedobservableatany othercircuit output.

Thenext gatealongtheboldpathis aninverter. Thematrixassignedto theinput line of theinverter
is derivedfrom thematrixassignedto theoutputof theinverterby exchangingtherows. Theresulting
matrix canbeexplainedasfollows: Any fault at the input line of the inverteris not detectableat any
circuit outputexceptoutput � 	 . Sincea fault at the line is only observableat theoutput � 	 , whenthe
faulty valueis inverted,the“1” is now in thesecondrow. Thematrix assignedto �Q	 is thesumof the
matricesof thebranchesof theline.

SinceBergercodesdetectall unidirectionalerrors,it is not convenientto groupoutputsbasedon
the approximatedprobabilities,that the valuesof two circuit outputsaresimultaneouslyerroneous.
Only non-unidirectional errorsareinteresting,becauseunidirectionalerrorsarealwaysdetectedif the
encodingis basedon Berger codes. Now the descriptionof the computationof �>� GC a follows, which
approximatestheprobability, that thevaluesof two givencircuit outputs�  and ��a aresimultaneously
erroneousandthesevaluesarenotequal.

For simplificationit is assumed,thatfor all Á 0 � theprobabilities,thatanerror Â & ÁF( is propagated
non-invertedor invertedto thefunctionaloutputs�  and � a , areindependent.Theapproximatedproba-
bilities aregivenby thematrix � ê assignedto theline Á . Let thecomponentsof � ê begivenby � ê C � C �
with

�kb � b _ and
�kb S b � . Thentheproductof thetwo values� ê C 	 C  and � ê C V C a is theapproximated

probability, thatanerror Â & ÁF( is observableasanon-invertedoneat theoutput �  andis simultaneously
observableasaninvertedoneattheoutput��a . Analogically, � ê C V C  ° � ê C 	 C a approximatestheprobability,
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits

thatanerror Â & Á%( is observableasaninvertedoneat theoutput �  andis simultaneouslyobservableas
a non-invertedoneat theoutput ��a . Thus,thesumof thesetwo productsis theapproximatedproba-
bility, thatin thepresenceof a fault thecircuit outputs�  and ��a aresimultaneouslynon-unidirectional
erroneous.

Therefore,thevalues� � DC a caneasilybecomputedusing:� � DC a ! �o � o ±ê ²Fë & � ê C 	 C  ° � ê C V C a�� � ê C 	 C a ° � ê C V C  (*

For example,the values� � DC a of the circuit shown in Figure2.17arecomputedasfollows: There

is only onematrix with both rows unequal0. This matrix is assignedto the circuit input � 	 . This
correspondsto the fact, that �Q	 is theonly line, which is connectedto morethanoneoutputandthe
numbersof inverting gates(like inverters,NAND-, NOR-, XOR-, or XNOR-gates)includedin the
pathsto thecircuit outputsaredifferentmodulo2. For all otherlinesandfor any pair & �  ����a�( of circuit
outputsthesum & � ê C 	 C  ° � ê C V C a8�æ� ê C 	 C a ° � ê C V C  ( is zero. �Q	 is connectedto thecircuit outputs��	 and�PV sothatthefollowing resultsareobtained:� � 	 C V ! �� _ ° & � �FJ C 	 C 	 ° � �FJ C V C V-�9� �FJ C 	 C V ° � �FJ C V C 	*( ! �� _ ° & � � �_ ° � ( ! �_ Ö ô� � V C i ! � ô� � 	 C i ! � 


For any circuit with � circuit outputs̄ & � V ( differentpairsof outputsexist. In theworstcase,for
eachpair & �  ����a�( andfor eachline Á thesum & � ê C 	 C  ° � ê C V C a ��� ê C 	 C a ° � ê C V C  ( mustbe computedto
obtain��� DC a . It follows, thatthecomplexity of theanalysisis linearin theproductof thecircuit sizeand
thesquareof thenumberof outputs.

2.3 Generation of Groups of Outputs

Theprevioussectionsdescribedtechniquesfor analyzingthestructureof a givencircuit � . In particu-
lar, theanalysisalgorithmsestimatethereductionof fault propagationfor eachpair of circuit outputs
of � , if the outputpair is includedin the samegroupof the linear spacecompactor. In this section,
methodsaredescribed,which usetheresultsof theanalysisto form disjoint groupsof circuit outputs.
Theseparity groupsdeterminethefunctionof thelinearspacecompactorsinceeachparity of a group
equalsacompactedoutput.

2.3.1 Basic Algorithm Determining a Fixed Number of Output Groups

Below an algorithmis described,which determinesthe parity groupsof the linear spacecompactor.
Theinput parametersof thealgorithmaretheresultsof thecircuit analysisandthenumberof groups,
which shouldbe generated.In orderto obtainan algorithmwith polynomially boundedruntime,the
setof circuit outputsis heuristicallygroupedinto disjoint groups.

In thefollowing, theinputparametersare� , whichis thenumberof groups,and�  GC a , �åb + � f b � .�  GC a denotestheresultof theanalysisalgorithmassignedto thepair & �  ����a�( of thesetof circuit outputsA ! 2 ��	���
�
�
������ 4 . �  DC a is theestimatedreductionof faultpropagationcausedby theassignmentof two
outputs�  and ��a to thesameparity groupof thelinearspacecompactor. Basedon theapproximations
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2.3 Generationof Groupsof Outputs�  GC a , � b +c� f b � , the heuristicalgorithmdeterminesa partition � � of the set A into � disjoint
groups.Thegroupsare ­ 	���
�
�
�� ­ � with ­ 	Y\ 
�
�
%\ ­ �ù! A and ­  r ­ a !�� for +Nd!æf .

If only two circuit outputs�  and ��a aresimultaneouslyerroneousandthevaluesof all othercircuit
outputsarefault-free,thentheseerrorscanonly bedetectedat thecompactedoutputs,if theerroneous
outputsarein differentgroups.Therefore,if theapproximatedvalue �  DC a is high, thenalsotheproba-
bility is high thatthetwo outputs�  and ��a aresimultaneouslyerroneousin thepresenceof a fault. For
this reasontheseoutputsshouldbeassignedto differentparity groups.

Thus,thebasicideaof thegroupingalgorithmis, thatfor thegiveninput parameter� thepartition� � is determinedin suchaway thatthesum� & � � ( ! ±��� ²�� L��� ±q E C qts�² �����  Dü a �  DC a��� (2.4)

is minimized. If theprobability �  DC a is small for eachpair of circuit outputs�  and � a includedin the
sameparity group ­ � , thenthevalue

� & � � ( of thepartition � � is alsosmall.
Theheuristicalgorithm,which groupsthecircuit outputsworksasfollows: To minimize

� & � � ( ,
first the circuit outputsare arrangedaccordingto a connectionweight determinedfor eachcircuit
output. Theweightestimateshow difficult it is to assignthecorrespondingoutputto a groupwithout
imposinga considerableincreaseof

� & � � ( . Thentheoutputsareassignedto thegroupsstartingwith
theoutputswhoseconnectionweightsarethehighest.

Theconnectionweight  & �  ( assignedto eachoutput ��a 0 A is: & �  ( ! ±qts�²�!#"%$Xq E'& �  DC aF

As describedabove, thefunctionaloutputsareorderedwith respectto their connectionweightssothat
the first output �  J hasthe maximumweight. The first � outputs �  J ��
�
�
����  L areassignedto the �
differentgroups­ 	���
�
�
�� ­ � resultingin ­ a ! 2 �  s 4 , �zb f b � .

Theremaining� O � outputsareassignedto thedifferentgroupsin suchaway, thattheincreaseof
thesum

� & � � ( is minimized. This is doneaccordingto thefollowing rule: Let S , � b S"� � , outputs
bealreadyassignedto thegroups ­ 	���
�
�
�� ­ � . Thenthegroup ­ 0æ2 ­ 	���
�
�
�� ­ � 4 of thenext output�  is chosensothatthesum ( � C  ( � C  Q! ±qts�² � �  GC a
is minimal. If ( � C  is minimal for more than onegroup, then �  is assignedto the groupwith the
smallestindex. After eachcircuit output is assignedto one of the � disjoint groups,the heuristic
algorithmstops.

Thecomplexity of theheuristicalgorithmcanbe computedasfollows: Thecomplexity of deter-
mining theconnectionweightsof eachcircuit outputis ¯ & � V ( sincefor eachoutput �  032 ��	���
�
�
������ 4� O � values�  DC a areaddedup. Theruntimeof sortingthecircuit outputsis ¯ & � ° SØT�Ue�;( . Finally, the
laststepof theheuristicalgorithmdeterminesthegroupsof thecircuit outputs�  out of theremaining� O � outputs.Eachvalue �  DC a , f d! + and

��b f b � , is at mostonceaddedto oneof thesums( � C  ,­ 032 ­ 	���
�
�
�� ­ � 4 , whicharecomputedaccordingto theprocedure.Thus,theruntimeof thelastpart
of the heuristicalgorithmis boundedby ¯ & � V ( . In summary, the complexity of the heuristicwhich
partitionsthesetof circuit outputsis quadraticin thenumberof circuit outputsof � .
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits

2.3.2 Modifications

In the following, two modificationsof the heuristicalgorithmintroducedin the previous sectionare
described.Thefirst modificationmayproducegroupsof circuit outputswhosesizesaremoreequally
distributed. After thefirst � arrangedoutputsform ­ a ! 2 �  s 4 , ��b f b � , themodificationchanges
thewayhow theremaining� O � arrangedoutputsareassignedto thedifferentgroups:Let S , � b S1�æ� ,
outputsbealreadyassignedto thegroups­ 	���
�
�
�� ­ � . Again,thegroup ­ 032 ­ 	���
�
�
�� ­ � 4 of thenext
output �  is chosenin sucha way, that the sum ( � C  is minimal. If ( � C  is minimal for more than
onegroupthena modifiedprocedureis used: �  is assignedto thegroupwith thesmallestnumberof
outputs. If this groupis not uniquelydetermined,thenout of thesegroupsthe onewith the smallest
index is chosen.

It mayhappen,for example,that the two outputsof any pair, which consistsof anoutputalready
assignedto a groupand �  , which is next assignedto a group,areindependent.Thenit is ( � C  N! �
for all ­ 0�2 ­ 	���
�
�
�� ­ � 4 . In this casetheoutput �  is assignedto thegroupcontainingthesmallest
numberof outputs.

If thesizesof thegroupsarenearlyequal,thenthedepthsof theXOR-trees,which implementthe
linearcompactorarealsonearlyequal.Sincethedelaycausedby thelinearcompactordependson the
depthof thelargesttreeof XOR gates,themodifiedheuristicmayreducethedelaycausedby thelinear
compactor. Furthermore,in mostcasestheslackof pathsthroughcircuit andspacecompactoris only
slightly changed.

The secondmodification is basedon an algorithm for the refinementof the assignments.The
algorithmis anadditionalstepafterthegroupsarealreadydetermined.It worksstraightforwardly and
triesto improve theresultsof theheuristicalgorithm,sothatthevalueof

� & � � ( is furtherminimized.

For eachcircuit output �  thealgorithmcomputes
� & � � ( for thecasethatthis outputis reassigned

to anothergroup. If thereis a group,sothat thenew
� & � � ( is smallercomparedto thepartitiongiven

at thestartof thealgorithm,thentheoutput �  , thecorrespondinggroup,andtheachievedreductionof� & � � ( arestored.

If all circuit outputshavebeenprocessed,only thatcircuit outputis removedfrom thecurrentgroup
andincludedin thecorrespondingnew group,whosereassignmentresultsin themaximaldecreaseof� & � � ( . Then the algorithm goesback to its startingpoint and runs throughthe next loop. If no
reassignmentof a circuit outputthat resultsin a decreaseof

� & � � ( canbe found, thenthealgorithm
ends.

An upperboundon the runtimeof this additionalalgorithmcannot be easilyderived sinceit is
difficult to estimate,how oftenthealgorithmwill run throughtheloop. However, experimentalresults
show, thattheresultsof theheuristicalgorithm,whichpartitionsthesetof circuit outputsasdescribed
in theprevioussectionaresogood,thatreassignmentsof outputs,which decrease

� & � � ( , canseldom
be found. The maximalnumberof executedloopswassix for all experiments.Therefore,underthe
assumption,that the maximalnumberof requiredloopsis constant,the complexity of the additional
algorithmis boundedby ¯ & � V ( .

Below themodification,which formsgroupswhosesizesarealmostequal,andtheadditionalal-
gorithm, which minimizesthe valueof

� & � � ( , arealways included. Henceall experimentalresults
presentedbelow have beenobtainedby the heuristicalgorithm including the two modificationsde-
scribedin thissection.
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2.4 ExperimentalResults

Runtimeof analysisalgorithmsbasedon
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

Theexperimentalresultsarederived for thetencombinationalcircuitsof the ISCAS’85 benchmarks
suite[13]. Table2.1on page15 lists thecircuitsconsistingof 36 to 233inputsand7 to 140outputs.

Thestructureof thebenchmarkcircuitswasanalyzedusingthealgorithmsbasedoncommongates
ratio,propagationdistances,approximatedobservationprobabilities,andapproximatedsignalandob-
servationprobabilities.Theanalysisalgorithmswereimplementedin C�å� . For analyzingthecircuit
structuresthe CPU-timesof a computerwith an AMD Athlon processorrunningat 700 MHz under
Linux arelisted in Table2.6. Eachruntimewasmeasuredwithout the time requiredfor readingthe
netlistof thecircuit whosestructureis analyzed.Thealgorithmsrequirelessthan0.2secondsfor each
circuit.

Furtherexperimentsinvestigatedthe runtimerequiredfor groupingthe outputsaccordingto the
resultsof the structureanalysis. The algorithm,which wasintroducedabove for generatingdisjoint
groupwasimplementedin C�å� . Theprogramwasusedto determine_.�,`.��
�
�
�� ��� parity groups.The
groupswerederivedfrom theresultsof theanalysisbasedon approximatedobservationprobabilities.
TheCPU-timesof theAthlon computerwereatmost

� 
 �5� secondsfor eachcircuit outof thetenISCAS
’85 benchmarkscircuitslistedin Table2.1.

The heuristicalgorithm introducedabove determinesgroupsof circuit outputsso that the sum� & � � ( of the resultingpartition � � is minimized. Table2.7 lists thesesums
� & � � ( for � ! � ��
�
�
�� ×

parity groups.The resultsshows for eachof the tencombinationalcircuitsof the ISCAS ’85 bench-
markssuitethefollowing: If theinputparameter� whichdeterminesthenumberof compactedoutputs
is increased,thentheheuristicalgorithmefficiently utilizesthefact,thatthesetof outputscanbespread
over a largernumberof groups.Thus,thecomputedpartitions � � leadto a smallersum

� & � � ( if � is
increased.

This canbeenseenmoreclearly in Figure2.18,which shows graphicallytheresultsin a different
way: For thecircuitsc432,c499,c2670,andc7552thesum

� & �
	*( of theparityof all circuit outputsis
setto

�������
andfor � ! _.��
�
�
�� × thecorrespondingpercentagesof

� & � � ( areshown by thegraph.The
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits� & � � ( for partitions � �
Combinational consistingof � groupscomputedby theheuristicalgorithm

Circuit � ! � � ! _ � ! ` � ! Ö � ! ~ � !*) � ! | � ! ×
c432 0.65 0.23 0.11 0.05 0.03 0.01 0.00 –
c499 2424 1093 673 428 325 254 201 152
c880 6.28 1.82 0.98 0.52 0.34 0.16 0.11 0.06
c1355 33.93 13.75 8.04 3.66 2.78 2.05 1.64 1.43
c1908 12.90 5.45 3.09 2.06 1.34 0.80 0.56 0.37
c2670 81.51 24.18 10.22 5.30 3.20 2.29 1.46 0.89
c3540 21.27 8.98 5.33 3.56 2.32 1.67 1.28 0.99
c5315 274.17 112.60 61.32 37.81 22.38 15.56 11.92 9.41
c6288 75.40 25.96 12.01 7.16 4.80 3.47 2.74 2.11
c7552 165.08 63.35 35.30 22.40 15.30 11.87 9.52 7.88

Table2.7:Resultsof theheuristicalgorithmfor groupingoutputs

graphsof theothersix circuitsareomittedin orderto obtainaclearlyarrangeddiagram.Thegraphsof
themissingcircuitsarevery similar anddo not exceedtheminimal andmaximalboundsgivenby the
shown graphs.

Thereasonfor thehigh values
� & � � ( obtainedfor thecircuit c499is, thatalmosthalf of thegates

of this circuit areXOR-gates.For XOR-gatestheestimatedprobability � & U�( , thatanerrorat theinputs
of thegate U is propagatedto the outputsof thegate,is � & U�( ! �

. Many gateswith � & U�( ! �
anda

largenumberof reconvergentpathsresultin drasticallyincreasedvalues
� & � � ( . In contrast,all other

circuitsexceptc499containno or only a smallnumberof XOR-gates.
Basically,

� & � � ( dependson propagationprobabilitiesand on certaincharacteristicsof the cir-
cuit: Thenumberof lines, thenumberof circuit outputs,thenumberof gateswith � & U�( ! �

andthe
numberof reconvergent paths. Becausethesecharacteristicsusuallydiffer considerablyfor varying
circuits,

� & � � ( cannot beusedto comparethetestabilitybetweentwo circuitsor to obtaina general
measurementof testabilityfor circuitswith compactedoutputs.

Table2.8 shows thesizesof theparity groups,which theheuristicalgorithmcomputedusingthe
resultsof the analysison approximatedobservation probabilities. For eachof the ten combinational
circuitsandfor eachcompactorwith � ! _.��
�
�
�� × outputsthesizeof thesmallestandlargestoutput
groupis listed. For all compactorsthe ratio of thesizeof the largestgroupto thesizeof thesmallest
group is at most2. Hencethe differencebetweenthe depthsof two parity treesis at most1 for all
investigatedcompactors.

2.4.1 Simulation of Stuck-At Faults

Several analysisalgorithmsfor circuits werediscussedin the previous sections.The analysisresults
areusedto partition the setof circuit outputsinto � disjoint groupsof outputs. Theseparity groups
determinethelinearspacecompactorwith � compactedoutputs.Thereductionof thetestabilityof the
circuit causedby theoutputcompactionis estimatedby thesum

� & � � ( .
In this section,it is investigated,how exactly the reductionof testabilityof thecircuit with com-

pactedoutputsis estimatedby
� & � � ( . The underlyinganalysisalgorithmsarethe analysisbasedon
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2.4 ExperimentalResults
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Figure2.18:Resultsof theheuristicalgorithmfor groupingoutputs

approximatedobservationprobabilitiesandtheanalysiswhich includesadditionallyapproximatedsig-
nalprobabilities.Experimentalresultsgivenaboveshow, thatamongtheproposedanalysisalgorithms
thesearethemostaccurateanalysistechniqueswith respectto thesinglestuck-atfaultmodel.Thesum� & � � ( obtainedusingtheseanalysisalgorithmsarecomparedto resultsobtainedfrom faultsimulations
of singlestuck-atfaults.Thefault simulationswerecarriedout for circuitswith no outputcompaction
andwith compactedoutputsgeneratedaccordingto thepartition � � .

Furthermore,the resultsof thesefault simulationsareusedto answerthe question,how the pro-
posedlinearspacecompactorsdealwith theissueof errormaskingfor singlestuck-atfaults.

Thetestabilityof circuitswith theproposedlinearspacecompactorsis investigatedfor concurrent
on-linechecking,for testingwith adeterministictestset,andfor testingbasedonpseudorandominput
vectors. In the following, anoriginal circuit checked or testedwithout outputcompactionis denoted
by � andacircuit with � compactedoutputsobtainedby anoutputpartition � � is denotedby � � .
2.4.1.1 On-Line Checking

Thecomparisonof theon-line testabilityof circuitswithout andwith theproposedlinearspacecom-
pactorswascarriedoutasfollows: Let Â & Á%( beasinglestuck-atfaultat thecircuit line Á andlet � & Â & ÁF(�(
bethecircuit � in thepresenceof thefault Â & Á%( . A sequenceof 100000pseudorandominput vectors
wereappliedfirst to thecircuit inputsof thefaultycircuit � & Â & Á%(�( withoutoutputcompactionandthen
to thecircuit inputsof the faulty circuit � ��& Â & ÁF(�( with theoutputcompactorderived from theoutput
partition � � . Let � & Â & ÁF(�( ( � �.& Â & Á%(�( ) bethenumberof pseudorandominput vectorsfor which at least
oneof thecheckedoutputsof � & Â & ÁF(�( ( � ��& Â & ÁF(�( ) is erroneoussothat thefault canbedetected.If the
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits

Minimal/maximalgroupsizefor partitions � �
Combinational consistingof � groupscomputedby theheuristicalgorithm

Circuit � ! _ � ! ` � ! Ö � ! ~ � !2) � ! | � ! ×
c432 3 4 2 3 1 2 1 2 1 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 42 29 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 54 34 40 26 28 16 31 15 22 13 19 11 19

Table2.8:Sizesof theoutputgroupswhicharecomputedby theheuristicalgorithm

outputsof � arecompactedaccordingto thepartition � � then3 � C � ¹ ê ½ ! � & Â & ÁF(�( O � �.& Â & ÁF(�(� & Â & Á%(�(
estimatestheprobability thatanerrorat theoriginal functionaloutputscausedby thefault Â & Á%( is not
observableat oneof the � compactedoutputs.

For 4 ¢ , which is thesetof all singlestuck-atfaultsof thecircuit � ,3Q� ! �o 4 ¢ o ° ±� ¹ ê ½ ²�576 3 � C � ¹ ê ½ (2.5)

is the expectedvalueof the probability, that after applyinga pseudorandominput vectoran arbitrar-
ily chosensinglestuck-atfault is propagatedto the outputsof the original circuit � but not to the
compactedoutputsof � � .

The resultswereobtainedusingthe fault simulatorMinos which is briefly describedin the ap-
pendixof this thesis.

Anal ysis Based on Obser vation Probabilities Table2.9givestheexperimentallydetermined
values3Q� �,� ! � ��
�
�
�� × , for circuitswith � compactedoutputsderivedfrom theresultsof theanalysis
basedonapproximatedobservationprobabilities.Thecase� ! � describesthesimplespacecompactor
whichconsistsof asingleparity treeof all functionaloutputs.

For eachbenchmarkcircuit a linear spacecompactorwith � ! ~ outputsis sufficient to obtain3Q� ��_ � . On average� ! `.
 ) compactedoutputsarenecessaryto meetthis requirement.
A comparisonof 3 	 and 3 V yieldsthefollowing: If two parity groupsareselectedinsteadof using

asingleparity tree,thentheprobability, thata fault is observableat thefunctionaloutputsbut notat the
compactedoutputs,is considerablyreduced.Thereductionof themaskingprobability is at least

Ö ×P�
andreachesanaverage) ~.
 Ö � .

Figure2.19presentsgraphicallytheexperimentalresults:For thecircuitsc432,c499,c2670,and
c7552thevalue3 	 obtainedfor asingleparitytreeof all circuit outputsissetto

�������
. For � ! _.��
�
�
�� ×
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2.4 ExperimentalResults

Combinational Reductionof on-linetestabilityfor SSFs(%)
Circuit 3 	 3 V 3 i 3 j 3 Õ 3 ð 3 À 3 �
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 1.42 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
c1908 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 7.45 2.92 2.06 1.25 0.55 0.29 0.12
c5315 27.75 11.48 1.54 4.42 1.64 2.28 0.97 0.13
c6288 31.43 6.63 1.27 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 18.73 6.48 2.29 1.43 0.62 0.55 0.36 0.21

Table2.9:On-linetestabilityof circuitswith outputcompactorsderivedfrom approximatedobservation
probabilities

the correspondingpercentagesof 3Q��893 	 are shown by the graph. A comparisonwith Figure 2.18
obtainedfor thevalues

� & � � ( in thesameway yieldsthefollowing: Thegraphof 3Q� is lessevenand
includespartswith positive gradients.For � ! _.��
�
�
�� × theratio 3Q��893 	 obtainedfor thecircuit c2670
is lessthanthesameratio computedfor c7552.But thecorrespondingapproximations

� & � � ( 8 � & � 	 (
of c2670aregreaterthanthoseof c7552.This indicates,thattheimprovementof testabilitycannotbe
exactlydeterminedfrom thereductionof

� & � � ( .
Figure2.20shows thedependencebetween3Q� and

� & � � ( for thebenchmarkcircuitsc880,c2670,
andc3540. 3Q� and

� & � � ( arenearly linearly dependent.Similar graphsareobtainedfor all other
circuitswhichhavebeeninvestigated.Theseresultsshow, thattheminimizationof

� & � � ( is in general
agoodcriterionfor theoptimizationof 3Q� .

Thereis a small numberof exceptionsconcerningthe linear dependency: The resultsfor com-
pactorsof thecircuitsc499,c1355,c1908,c2670,andc5315show, thattheon-linetestabilityof circuits
with outputcompaction,which is generatedbasedon approximatedobservation probabilitiescanget
worsealthoughthenumberof compactedoutputsis increased.For example,for c5315it is 3 i ! � 
�~ Ö
for ` compactedoutputsbut 3 j ! Ö 
 Ö _ for onemorecompactedoutput.In contrast,thecorresponding
valuesof thesumcomputedby thegroupingalgorithmare

� & � i ( !:) � 
�`�_ and
� & � j ( ! `P|K
 ×�� . The

results,i. e. 3 i � 3 j and
� & � i (<; � & � j ( , indicate,thattheunderlyinganalysisof thecircuit structure

computesonly approximatedvalues.
Sincein generalthe approximatedvaluesof the analysisaresufficiently accurate,thereareonly

a few casesasdescribedabove. Thesecasesarecausedby inaccurateapproximationscomputedfor
outputpair, if for a smallnumberof outputpairs & �  ����a�( theanalysisalgorithmcomputesa low value�  DC a evenif it is very likely, thattheoutputs�  and ��a aresimultaneouslyerroneous.For example,such
incorrectvaluesareproducedby reconvergent paths,which arepart of the transitive faninsof both
outputs, �  and ��a . If �  GC a is low, then the heuristicgroupingthe outputsis not forced to assignthe
correspondingoutputs�  and ��a to differentgroups.In this caseit mayhappen,that for � compacted
outputs�  and ��a areassignedto differentgroupsandfor �;� � compactedoutputsthealgorithmassigns�  and ��a to thesameparitygroupresultingin

� & � � (<; � & � � ¾;	 ( and 3Q� � 3Q� ¾;	 .
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Figure2.19:On-linetestabilityof circuitswith outputcompactorsderivedfrom approximatedobserva-
tion probabilities

Anal ysis Based on Appr oximated Signal and Obser vation Probabilities Thecompactors
werederived from theresultsof theanalysisbasedon approximatedsignalandobservation probabil-
ities. Again, the case� ! �

denoteslinear spacecompactionusinga singleparity treeof all func-
tional outputs.Table2.10givesthevaluesof 3Q� experimentallyobtainedby simulatingcircuitswith� ! � ��
�
�
�� × compactedoutputs.

A linear spacecompactorwith � ! ~ outputsis sufficient for eachbenchmarkcircuit to obtain3Q� ��_ � . On average� ! `.
}| compactedoutputsarenecessaryto achieve 3Q� �<_ � if thegeneration
of thecompactorsis basedon approximatedsignalandobservationprobabilities.Theaveragenumber
of compactedoutputsis only � ! `.
 ) , if theunderlyinganalysisdoesnot utilize approximatedsignal
probabilitiesasin theprevioussectiondescribed.

Similar to thetheprevioussection,theresultsfor compactorsof thecircuitsc1908,c2670,c6288,
andc7552show, that theon-line testabilityof circuitswith a compactor, which is generatedbasedon
approximatedsignalandobservation probabilities,canget worsealthoughthenumberof compacted
outputsis increased.

Graphsshowing 3Q� in dependenceon the numberof compactedoutputs � or in dependenceon� & � � ( areomitted.They look similar to thecorrespondinggraphsof Figure2.19andFigure2.20,that
aregivenin theprevioussectionfor compactorsderivedwithoutapproximationof signalprobabilities.

Comparison of the Results Obtained from Diff erent Anal ysis Algorithms The compar-
ison of theexperimentalresultsfor compactorsderived from the two differentanalysisalgorithmsis
basedon theTables2.9and2.10.Theresultsof Table2.9correspondto theanalysisbasedon approx-
imatedobservation probabilitiesandtheresultsof theTable2.10arerelatedto theanalysisincluding
approximatedsignalprobabilities.

For each�v�,� ! _.��
�
�
�� × , lower values3Q� areobtainedfor thecircuit c6288,if theanalysisalgo-
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Figure2.20:Comparisonbetweenvaluescomputedby theanalysisalgorithmandresultsof fault sim-
ulation

rithm without approximatedsignalprobabilitiesis used. The on-line testabilityof the circuits c432,
c499,c880,andc1908combinedwith a compactoris betterfor _.��
�
�
�� × outputs,if thegenerationof
the compactorsis basedon the analysisalgorithm including approximatedsignalprobabilities. For
theothercircuits it dependson thenumber� of compactedoutputs,which analysisresultsin a better
testability.

The comparisonshows, that noneof the two analysisalgorithmsis generallythe bestgenerating
alwaysthecompactorwith maximalon-linetestabilityfor all circuitsandfor any numberof compacted
outputs. But in many casesthe analysis,which includesapproximatedsignalprobabilitiesresultsin
bettercompactorscomparedto theanalysisbasedonly onapproximatedobservationprobabilities.This
resultcorrespondsto the comparisonbetweenthe standarddeviationsgiven in Section2.2.6 for the
resultsof theanalysisalgorithms.

2.4.1.2 Deterministic Test Sets

This sectiondescribestheresultsobtainedfor deterministictestsof circuitswithout andwith thepro-
posedlinearspacecompactors.Theuntestablesinglestuck-atfaultsfor thecircuits � (without com-
pactor)and � � (with compactor)weredeterminedusingthe automatictestpatterngeneratorof SIS
[72]. For eachresultingtestsetthenumberof testvectorswerecounted.

Let > be the numberof non-redundantsinglestuck-atfaults,which aretestableat the functional
outputsof theoriginalcircuit � , and > � thenumberof thefaults,whichareobservableat thecompacted
outputsof thecircuit � � , if thecomputedtestsetis applied.Thenn �¬! > O > �>
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits

Combinational Reductionof on-linetestabilityfor SSFs(%)
Circuit 3 	 3 V 3 i 3 j 3 Õ 3 ð 3 À 3 �
c432 34.28 17.39 6.96 2.48 1.15 0.08 0 –
c499 9.52 3.83 1.85 0.36 0.28 0.22 0.18 0.15
c880 8.09 2.40 1.09 0.45 0.33 0.15 0.10 0.07
c1355 5.44 2.38 1.04 0.13 0.10 0.08 0.07 0.06
c1908 14.55 5.45 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 4.37 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 outputcompactorsderivedfrom approximatedsignaland
observationprobabilities

is theratio of theoriginally testablefaultsof thecircuit � , whicharenot detectedat theoutputsof � �
becauseof theoutputcompaction.

Anal ysis Based on Obser vation Probabilities Experimentswerecarriedout to determinethe
setof faults,which aredetectedby deterministictestof thecircuits � � with � ! � ��
�
�
�� Ö compacted
outputs. The compactorswere determinedusing the resultsof the analysisbasedon approximated
observationprobabilities.

Startingfrom theleft, eachrow of Table2.11givesthenameof theinvestigatedcircuit, thenumber
of detectablesinglestuck-atfaultsof ���*�N	���
�
�
��*� j , andthevalue n � for � ! � ��
�
�
�� Ö , respectively.
All resultsaregivenwith respectto collapsedstuck-atfaults.

If �P6 is theminimal numberof compactedoutputsachieving > ��?�! > and n ��?e! �
, thenfor each

circuit thevaluefor � 6 is alwayslessthanor equalto ` exceptfor thecircuit c5315( � 6 ! Ö ). Hence
for mostcircuitsanoutputcompactionwith ` parity groupsis sufficient to avoid any reductionof the
testabilityfor deterministictests.

This goodresultfor thedeterministictestmight besurprisingsincetheanalysisalgorithmwasde-
velopedto estimateonly fault maskingduringon-linechecking.Thegoodtestabilitycanbeexplained
in thefollowing way: If duringon-linecheckingonly for a few input patternsasmallnumberof faults
is masked by the compactor, thenit is likely, that for a certainfault at leastoneinput patternexists,
which propagatesthefault to thecompactedoutputs.In this case,theerrorat thefunctionaloutputsis
notmaskedfor all input patternsandthefault remainsdetectable.

Table2.12shows the length o @�o of thecompactedtestfor all testablesinglestuck-atfaultsof the
original circuit � . It lists also o @ � o �,� ! � ��
�
�
�� Ö , which is thelengthof a compactedtestfor � � . “–”
means,thata testsetcouldnotbegenerateddueto anerrorof theautomatictestpatterngenerator. The
two rightmostcolumnsgive o @ ��? o andtheratio o @ ��? o 8 o @�o . Thisratiomeasurestheincreaseof thesizeof
thetestset,if all non-redundantfaultsof theoriginal circuit mustbedetectedandunderthis condition
theminimal numberof compactedoutputsis chosen.
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Combinational Numberof untestedSSFs Ratio n �ù!�& > O > � ( 8 > (%)
Circuit � �N	 � V � i � j � ! � � ! _ � ! ` � ! Ö
c432 4 4 4 4 4 0 0 0 0
c499 8 32 16 8 8 2.61 0.87 0 0
c880 0 6 0 0 0 0.78 0 0 0
c1355 8 32 16 8 8 1.95 0.65 0 0
c1908 7 19 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
c6288 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 circuitswith outputcompactorsderivedfrom approximatedobserva-
tion probabilities

Combinational Lengthof generatedtests
Circuit o @�o o @ 	 o o @ V o o @ i o o @ j o o @ ��? o o @ ��? o 8 o @�o
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
c1908 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 deterministictestsfor circuitswithoutandwith outputcompaction

The requiredtest lengthincreasesat mostby a factor
� 
�`�_ andon averageonly by a factor

� 
 � ) .
For somecircuitsthenumberof thetestpatternsis reduced.In this casea smallertestsetis foundby
theheuristicalgorithmof thetestpatterngenerator, whichcompactsthesetof testpatterns.

Theexperimentsalsoshow, thatalmostall faultsof theXOR-gatesof thecompactorsaretestable,
too. Theonly exceptionis asinglefault in thecompactorsof thecircuit c2670.

Anal ysis Based on Appr oximated Signal and Obser vation Probabilities Now circuits �N	 ,� V , and � i with
�
, _ , and ` compactedoutputsderivedfrom theanalysisbasedonapproximatedsignal

andobservationprobabilitiesareinvestigated.Again, theautomatictestpatterngeneratorof SIS [72]
was usedto computea compacttest set and to determinethe numberof untestablefaults of these
circuits.

Table2.13 lists the namesof the circuits, the numbersof undetectedcollapsedstuck-atfaultsof���*�N	���
�
�
��*� i , andthevaluesn�	 , n�V , and n i . Theminimal numberof compactedoutputs �P6 required
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits

Combinational Numberof untestedSSFs Ratio n �¬!�& > O > � ( 8 > (%)
Circuit � �N	 � V � i � ! � � ! _ � ! ` o @ ��? o o @ ��? o 8 o @�o
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
c7552 133 303 133 133 2.51 0 0 304 0.95

Table2.13:Deterministictestof circuitswith outputcompactorsderivedfrom approximatedsignaland
observationprobabilities

for n ��?9! �
is lessthan or equal to ` for all benchmarkcircuits. The two rightmostcolumnsof

Table2.13give for eachcircuit thesizeof thetestset o @ ��? o for � ��? andtheratio o @ ��? o 8 o @�o .
Therequiredtestlengthincreasesatmostby a factor

� 
�`�_ , andonaveragethetestlengthincreases
only by a factor

� 
 � ~ . For somecircuitsthenumberof thetestpatternsis reduced.
Theexperimentsshow, thatalsoalmostall faultsof thegatesof theXOR-treesaretestable.Again,

theonly exceptionis a singlefault locatedin thespacecompactorswhich aredesignedfor thecircuit
c2670.

Comparison of the Results Obtained from Diff erent Anal ysis Algorithms If theanalysis
includesapproximatedsignalprobabilities,then in many casesbetterresultscanbe expected. The
minimal numberof compactedoutputs ��6 , which is requiredto avoid any reductionof testability, is
smaller for the circuits c2670,c3540,c5315,and c7552; only for the circuit c1908it is larger in
comparisonto theresultsobtainedfor theanalysis,whichapproximatesonly observationprobabilities.
Furthermore,the averagesize of the computedtest setsis slightly smaller if the analysisincludes
approximatedsignalprobabilities.

Theresultsof thetwo analysisalgorithmscanbecombinedin suchaway, thatfor eachcircuit and
for eachnumberof compactedoutputstheanalysisis chosenwhich resultsin thecompactorwith the
betterresults. Thenfor seven out of ten benchmarkcircuits two compactedoutputsaresufficient to
avoid any reductionof testability. For theremainingcircuitsthreecompactedoutputsarenecessary.

2.4.1.3 Pseudo Random Testing

In this section,theeffect of theproposedcompactordesignson pseudorandomtestingis investigated.
This is doneby fault simulationasfollows:

�����������
pseudorandominput vectorsareappliedto the

original circuit � andto thecircuit � � which is relatedto theoutputpartition � � . Thefault simulator
Minos is usedto determine� and � � , which arethenumbersof thedetectedstuck-atfaultsof � and� � . For thesimulationsof � � only thestuck-atfaultsof theoriginal circuit � areconsidered.Thus,
additionalfaultswithin theXOR-treesof thecompactorsarenot takeninto account.
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2.4 ExperimentalResults

Combinational Numberof undetectedSSFs Ratio A ��!?& � O � � ( 8 � (%)
Circuit � �N	 � V � i � j � ! � � ! _ � ! ` � ! Ö
c432 10 10 10 10 10 0 0 0 0
c499 8 56 24 8 8 4.85 1.62 0 0
c880 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
c7552 602 910 624 602 608 2.12 0.15 0 0.04

Table2.14:Pseudorandomtestof circuitswith outputcompactorsderived from approximatedobser-
vationprobabilities

ThequotientA �ù! � O � ��
determinesthefractionof faults,which aredetectedat theoutputsof theoriginal circuit, but notat the
compactedoutputsof thecircuit � � .
Anal ysis Based on Obser vation Probabilities Theanalysisbasedon approximatedobserva-
tion probabilitieswereusedto designcompactorsfor the tenbenchmarkscircuits. The experimental
resultsobtainedafterapplying100000pseudorandomtestvectorsto thesecircuitswith andwithoutad-
ditionaloutputcompactorsarepresentedin Table2.14.Eachrow givesthenameof theinvestigatedcir-
cuit, thenumberof undetectedsinglestuck-atfaultsof ���*� 	 ��
�
�
��*� j , andthevalueof A � �,� ! � ��
�
�
�� Ö ,
respectively.

Theresultsshow, thatasingleparitytreecompactingall functionaloutputstoonecompactedoutput
causesfaultmaskingfor nineoutof tencircuitsduringthepseudorandomtest.If compactorswith two
outputsareused,thenfault maskingoccursonly for half of thecircuits. Finally, for eachcircuit three
compactedoutputsaresufficient to detectat thecompactedoutputsall faults,which areobservableat
thefunctionaloutputs.

Anal ysis Based on Appr oximated Signal and Obser vation Probabilities Again, thefault
simulatorMinos is usedto apply 100000pseudorandomtest vectorsand to determinehow many
singlestuck-atfaultsarenot detected.Table2.15lists thesenumbersfor theoriginal circuit � andfor
thecircuits �N	���
�
�
��*� j . For eachcircuit �N	���
�
�
��*� j with � ! � ��
�
�
�� Ö compactedoutputsthe lossof
fault coverageA � , whichwascomputedasdescribedabove, is alsogivenin thetable.

If compactorswith two outputsareadded,thenthefault coverageis reducedonly for four circuits.
No fault maskingoccursfor compactorswith 3 outputs.
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits

Combinational Numberof undetectedSSFs Ratio A �¬!�& � O � � ( 8 � (%)
Circuit � �N	 � V � i � j � ! � � ! _ � ! ` � ! Ö
c432 10 10 10 10 10 0 0 0 0
c499 8 56 24 8 8 4.85 1.62 0 0
c880 0 10 0 0 0 0.57 0 0 0
c1355 8 56 16 8 8 1.78 0.30 0 0
c1908 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
c6288 68 75 68 68 68 0.06 0 0 0
c7552 602 910 602 602 621 2.12 0 0 0.13

Table2.15:Pseudorandomtestof circuitswith outputcompactorsderived from approximatedsignal
andobservationprobabilities

Comparison of the Results Obtained from Diff erent Anal ysis Algorithms Thetwo com-
pactordesignsyield very similar resultsfor pseudorandomtest. The analysisalgorithm including
approximatedsignalprobabilitiesleadsto slightly bettervaluesfor c1355,c2670,and c7552. The
other analysisonly producesfor the circuit c1908a compactorwith two outputs,which causesno
reductionof thefault coverage.

2.4.2 Simulation of Transition Faults

Although outputspacecompactorsaredesignedto propagatefaults of a certainmodel, compactors
shouldalsopropagatefaultsof othermodelsor unmodelledfaultswhichcanoccurin practice.In most
casestheoccurrenceof unmodelledfaultsdependson thephysicalimplementationof thecircuit and
thecharacteristicsof theproductionprocess.Heretheeffect of thecompactorson thepropagationof
anotherfaultmodelis investigated.Theconsideredfaultsaretransitionfaults,while thedesignof space
compactorsintroducedabove targetsat thepropagationof singlestuck-atfaults.

Again, theunderlyinganalysismethodsconsideredin the following aretheanalysisbasedon ap-
proximatedobservationprobabilitiesandtheanalysis,whichadditionallyincludesapproximatedsignal
probabilities. The testabilityof circuits with spacecompactors,which aredesignedaccordingto the
resultsof the two analysisalgorithms,is investigatedfor concurrenton-line checkingandfor testing
basedon pseudorandominput vectors.

Theexperimentalresultswereobtainedusingthefault simulatorMinos, which supportsthesim-
ulationof transitionfaults.

2.4.2.1 On-Line Checking

The experimentsinvestigatingtheon-line testabilitywith respectto transitionfaultswerecarriedout
similarly to the experimentsfor the modelof singlestuck-atfaults. A sequenceof 100000pseudo
randominput vectorswereappliedto circuits without andwith linear spacecompactorsin order to
determine3Q� asdefinedin Equation(2.5)onpage50 for acircuit � � with � compactedoutputs:If 4 ¢
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Combinational Reductionof on-linetestabilityfor transitionfaults(%)
Circuit 3 	 3 V 3 i 3 j 3 Õ 3 ð 3 À 3 �
c432 34.33 17.50 7.39 3.66 1.28 1.11 0 –
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 27.54 3.88 1.07 0.27 0.04 0.18 0.05 0.06
c3540 17.17 7.45 2.94 2.08 1.26 0.56 0.30 0.12
c5315 27.78 11.50 1.54 4.44 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:On-linetestabilityof circuitswith outputcompactorsderivedfrom approximatedobserva-
tion probabilities

is thesetof all transitionfaultsof � and � & Â & Á%(�( ( � �K& Â & Á%(�( ) is thenumberof pseudorandominputs,
for whichat leastoneof theoutputsof � ( � � ) is erroneousunderthepresenceof thefault Â & ÁF( 0 4 ¢ ,
thenit is3Q�ù! �o 4 ¢ o ° ±� ¹ ê ½ ²�5B6 � & Â & ÁF(�( O � ��& Â & ÁF(�(� & Â & ÁF(�( 

Anal ysis Based on Obser vation Probabilities Table2.16 lists the experimentalresultsob-
tainedfor circuits with � ! � ��
�
�
�� × compactedoutputs. The values 3Q� are given with respectto
compactorsderivedfrom theresultsof theanalysisbasedon approximatedobservationprobabilities.

Only a few resultsdiffer from thevaluesobtainedfor thesimulationof singlestuck-atfaultsgiven
in Table2.9. The differencesaresmall. Again, for eachinvestigatedbenchmarkcircuit a compactor
with � ! ~ outputsis sufficient to obtain 3Q� �â_ � . On average,� ! `.
�~ compactedoutputsare
necessaryto meetthis requirement.

Anal ysis Based on Appr oximated Signal and Obser vation Probabilities For circuitswith� compactedoutputsthevalues3Q� �,� ! � ��
�
�
�� × , wereexperimentallydeterminedfor transitionfaults.
The resultsarevery similar to the resultsgiven in Table2.10 with respectto singlestuck-atfaults.
Therefore,a tableshowing theresultsfor thesimulationof transitionfaultsis omitted.

Comparison of the Results Obtained from Diff erent Anal ysis Algorithms The values3Q� for transitionfaults,which areobtainedfrom simulationsof circuits with compactedoutputs,are
almostequalto theresultsfor singlestuck-atfaults.Therefore,a comparisonof thevalues3Q� derived
for the two different analysisalgorithmsyields the sameoutcomefor transitionfaults as for single
stuck-atfaults: For each �v�,� ! _.��
�
�
�� × , lower values 3Q� areobtainedfor the circuit c6288,if the
compactorsarederived from theanalysisbasedon approximatedobservation probabilitiesonly. The
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Combinational # undetectedtransitionfaults Ratio A �¬!�& � O � � ( 8 � (%)
Circuit � �N	 � V � i � j � ! � � ! _ � ! ` � ! Ö
c432 10 10 10 10 10 0 0 0 0
c499 8 56 24 8 8 4.85 1.62 0 0
c880 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 772 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 85 85 0.06 0 0 0
c7552 742 1055 764 742 748 2.18 0.15 0 0.04

Table2.17:Pseudorandomtestof circuitswith outputcompactorsderived from approximatedobser-
vationprobabilities

on-linetestabilityof thecircuitsc432,c499,c880,andc1908combinedwith acompactorimproves,if
thegenerationof compactorsadditionallyincludestheapproximationof signalprobabilities.

2.4.2.2 Pseudo Random Testing

The effect of the proposedcompactordesignon pseudorandomtestingof transitionfaults is inves-
tigatedsimilarly to the experimentsfor the modelof singlestuck-atfaults. A sequenceof 100000
pseudorandominput vectorswereappliedto circuits without andwith linear spacecompactors.All
possibletransitionfaultsaresimulatedin orderto determine� , which is thenumberof detectedfaults
at the functionaloutputsof theoriginal circuit � . � � , which is thenumberof detectedfaultsat the �
compactedoutputsof thecircuit � � , is determinedin thesameway. For thesimulationof � � only the
transitionfaultsof theoriginal circuit � areconsidered.Additional faultswithin theXOR-treesof the
compactorsarenot takeninto account.

ThequotientA �¬! º�¸�º Lº determinesthefractionof faultswhicharedetectableat theoutputsof the
original circuit, but whicharenotdetectedat thecompactedfunctionaloutputsof thecircuit � � .
Anal ysis Based on Obser vation Probabilities Theanalysisbasedon approximatedobserva-
tion probabilitieswasusedto designspacecompactorsfor theinvestigatedcircuits. Theexperimental
resultsobtainedaftersimulatingthecircuitswith thesecompactorsarepresentedin Table2.17. Each
row givesthenameof theinvestigatedcircuit, thecorrespondingnumberof undetectedtransitionfaults
of ���*� 	 ��
�
�
��*� j , andthecorrespondingvalueof A � �,� ! � ��
�
�
�� Ö , respectively.

The resultsshow, that a singleparity tree,which compactsthe functionaloutputsto oneoutput,
resultsin fault maskingfor nineout of tencircuitsduringthepseudorandomtest. If compactorswith
two outputsareused,thenfault maskingoccursonly for half of the circuits. Finally, if the number
of compactedoutputsof the investigatedcircuits is three,thenany fault, which is observable at the
functionaloutputs,canbedetectedat thecompactedoutputs.

Thefault coveragesachievedfor transitionfaultsarealmostashighasthefault coveragesobtained
from thesimulationsof singlestuck-atfaults.
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2.4 ExperimentalResults

Anal ysis Based on Appr oximated Signal and Obser vation Probabilities For transition
faultsthevaluesA ��! º�¸�º Lº arealmostequalto theresultsgivenin Table2.15for singlestuck-atfaults.
Therefore,a tableshowing theresultsfor transitionfaultsis omitted.

Comparison of the Results Obtained from Diff erent Anal ysis Algorithms ThevaluesA � ,
which wereobtainedby simulatingtransitionfaultsof thecircuitswith � compactedoutputs,arevery
similar to the resultsfor the simulationof singlestuck-atfaults. Thereforecomparingthesevalues
yieldsthesameoutcomeasgivenabove for singlestuck-atfaults:Theuseof compactorsderivedfrom
the resultsof the analysisalgorithmincluding approximatedsignalprobabilitiesandthe compactors
generatedwithoutapproximationof signalprobabilitiesleadsto verysimilar resultsfor pseudorandom
test. The formeralgorithmresultsin slightly bettervaluesA � 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 Appr oaches

In this section,the experimentalresultsof spacecompactorsproposedabove arecomparedwith the
resultsof otherspacecompactordesignsgivenin theliterature.

As alreadymentionedin the introductionof this chapter, ChakrabartyandHayesinvestigatetwo
differentapproachesin [18]. In bothapproachesfirst asetof testinputs @ is computedby anautomatic
testpatterngeneratoror sucha testsetis alreadygiven. Thenfor all circuitsonecompactedoutputis
alwaysobtainedby asingleparity tree,whichcompactsall outputsof thecircuit undertest.For thetest
set @ thesinglestuck-atfaults,whicharenotobservableat theparity of all outputs,aredetermined.

In thefirst approachadditionalfunctionaloutputsaresuccessively selectedsothatthefaults,which
arenot observable so far becomealsodetectablefor the testset @ . The selectedsingleoutputsare
addedto the setof the outputsof the compactoruntil

�������
fault coverageis achieved. The added

outputsarenot compacted.Column2 of Table2.18lists for this methodthenumberof outputs,which
arenecessaryto obtain

�������
fault coverage.

Thesecondapproachdescribedin [18] is basedonamodificationof theoriginalcircuit � . Selected
internallinesaretransformedinto new externalcircuit outputsin additionto theparityof all functional
outputs.Theselinesaresuccessively addedto theoutputsof thecompactoruntil

�������
fault coverage

is achieved.Column3 of Table2.18lists thenumberof outputs,whicharenecessaryfor this method.
In the introductionof this chaptera zero-aliasingspacecompactordesignis described,which is

proposedfor testingby PouyaandTouba[61]. Sincethesuggestedspacecompactorsconsistof AND-,
OR-,NAND-, or NOR-gates,thecompactionis non-linear. Thegatesareaddedstepby stepasfollows:
After choosingapairof outputsconsistingof functionaloutputsor alreadycompactedoutputs,thetype
of thegate,which combinesthesetwo outputsis chosen.Thegateis addedto thespacecompactor, if
this resultsin no additionalredundancy. Thecheck,if any redundancy is introducedby theadditional
gate,involves5-valuedlogic andautomatictestpatterngeneration.If all possibilitiesof outputpairs
andgatetypesarechecked,but no gatewith thedemandedpropertycanbefound,thenthealgorithm
ends. The experimentalresultsof [61] show for the ten ISCAS ’85 benchmarkscircuits, that the
computationsof spacecompactorsfor the investigatedbenchmarkcircuits requireruntimesfrom less
thanoneminuteupto tenhoursdependingonthesizeof theprocessedcircuits.Column4 of Table2.18
presentstheminimal numberof compactedoutputs,whichcanbeachievedusingthisapproach.
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2 StructuralOutputSpaceCompactionfor 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
c1355 6 2 1 3 3
c1908 4 2 3 2 3
c2670 9 2 2 3 2
c3540 9 2 2 3 2
c5315 2 35 4 4 3
c6288 5 2 2 2 2
c7552 9 2 5 3 2

average 5.0 5.9 2.3 2.6 2.3

Table2.18:Resultsof variouscompactorsfor deterministicoff-line testing

Thecompactorsproposedin theprevioussectionscanalsoachieve
�������

fault coveragefor single
stuck-atfaults.If thenumberof compactedoutputsis not too small,thenfor thecircuit with anoutput
compactoranautomatictestpatterngeneratorcangeneratea testset,which detectsall non-redundant
faultsof the circuit. For compactorsderived from the resultsof the analysisbasedon approximated
observation probabilities,the minimal numbersof outputswhich arerequiredto achieve

�������
fault

coveragearegiven in column5. Column6 lists for eachinvestigatedcircuit the minimal numberof
outputsnecessaryto detectall testablesinglestuck-atfaults,if thecompactorsaredesignedaccording
to theanalysisresults,which includeapproximatedsignalprobabilities.

In comparisonto theproposedcompactordesignbasedon theanalysisof thecircuit structure,the
methodsdescribedin [18] onaveragerequiremorecompactedoutputsto achieve

�������
fault coverage.

The methods,which are basedon adding functional outputsor selectinginternal lines, requireon
average~.
 � or ~.
DC compactedoutputs,respectively; while on average_.
 ) or _.
�` outputsaresufficient
for compactors,which are designedbasedon approximatedobservation probabilitiesor which are
derivedfrom theresultsof theanalysisincludingapproximatedsignalprobabilities,respectively.

Althoughthealgorithmsproposedin this chaptergeneratespacecompactorswithin lessthanone
secondruntime,thecompactionratiosof thesealgorithmsarealmostasgoodasthe resultsachieved
by thezero-aliasingspacecompactordesignproposedin [61].

In [9] Böhlauintroducesa methodwhich generateslinearspacecompactorsfor functionaloutputs
basedon an analysisof thecircuit structure,which is differentfrom thealgorithmssuggestedin this
work. The basicconceptof the analysisof [9] is basedon the determinationof path lengthsin the
circuit. Table2.19 lists the resultsgiven in this paperfor pseudorandomtestingwith 100000test
vectors.In particular, column2 lists thenumbersof compactedoutputs,which aresufficient to detect
all singlestuck-atfaults,thatareobservableat thefunctionaloutputs.

In the previous sectionsthe effect of the proposedcompactorson pseudorandomtestingis in-
vestigated,too. The compactorswerederived from the analysisbasedon approximatedobservation
probabilitiesandfrom thealgorithmincludingapproximatedsignalprobabilities.For comparison,for
thesecompactorscolumns4 and5 of Table2.19give the numbersof compactedoutputs,which are
sufficient to avoid fault maskingfor the test with 100000pseudorandomvectors. Thesenumbers

62



2.5 Summary

Circuit [9] new approach
1 2 3 4

c432 3 1 1
c499 4 3 3
c880 13 2 2
c1355 16 3 3
c1908 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 variouscompactorsfor pseudorandomtesting

of compactedoutputsareconsiderablysmallerthanthe numbersgiven in column2. Therefore,the
methodsintroducedabove resultin a highercompactionratio comparedto theapproachof [9], if any
reductionof thefault coveragefor pseudorandomtestis notpermitted.

2.5 Summar y

In thischapter, anapproachfor thedesignof linearoutputspacecompactorsfor combinationalcircuits
is discussed.Theapproachis structural,sinceit is basedon ananalysisof thecircuit netlist. Several
analysisalgorithmswith polynomialruntimearepresented:theanalysisalgorithmsbasedon common
gatesratio or basedon propagationdistances,the algorithmbasedon approximationsof observation
probabilities,amodificationof theprobabilitybasedanalysisand,finally, theanalysisalgorithm,which
additionallyincludesapproximatedsignalprobabilities.

Theerrorof theapproximationsof theproposedanalysisalgorithmsis investigatedin this chapter.
For eachanalysisalgorithmanexamplecircuit canbeconstructedin suchaway, thattheestimationof
thereductionof fault propagationcausedby two functionaloutputsassignedto thesameparity group
is asbadaspossible.But it is very unlikely, thatsuchcircuitsareusedin practice.

This is corroboratedby comparisonsbetweenthe exact probabilitiesandthe analysisresultsfor
several benchmarkcircuits. Thesecomparisonsarealsousedto evaluatetheaccuracy of the various
analysisalgorithms.Theresultsshow, thattheanalysisalgorithmsbasedonapproximatedprobabilities
achieve higheraccuracies.Therefore,only for thesealgorithmsexperimentalresultsarepresented.In
mostcasesthe bestresultsareobtainedfor the algorithmbasedon the approximationof signaland
observationprobabilities.

Threeextensionsfor theanalysisalgorithmsbasedon approximatedprobabilitiesareintroduced:
The insertionof complex gates,which replacesmall circuit partscontainingreconvergent paths,the
moreaccurateestimationof signalprobabilities,anda direction-dependentfault propagation.

Theheuristicalgorithm,whichcomputestheparitygroupsof thecompactionfunctionis described
in detail.Two modificationsof theheuristicsarediscussedandit is shown, thatthetotal complexity of
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2 StructuralOutputSpaceCompactionfor CombinationalCircuits

theproposeddesignprocedurefor linearspacecompactorsis atmostlinearin theproductof thecircuit
sizeandthesquareof thenumberof outputs.

Experimentalresultsarepresentedfor thetencombinationalcircuitsof theISCAS’85 benchmarks
suite [13]. Most of the testswerecarriedout for the two analysisalgorithms,which achieve higher
accuracies,i. e.thealgorithmbasedonapproximatedobservationprobabilitiesandthealgorithm,which
additionallytakesinto accountsignalprobabilities.

The resultsfor concurrentcheckingshow, that on averagelessthanfour compactedoutputsare
requiredto achieveanerrordetectionprobabilityof C ×P� . This is obtainedfor bothfaultmodels,stuck-
at andtransitionfaults. For deterministictestgenerationat most threegroupsof compactedoutputs
arenecessaryfor a

�������
fault coveragewith respectto singlestuck-atfaults. Thesizeof thetestsets

producedby an automatictestpatterngeneratorincreasesat mostby onethird. Experimentalresults
for pseudorandomtestarealsopresented.For eachbenchmarkcircuit threecompactedoutputsare
sufficient to detectat thecompactedoutputsall stuck-ator transitionfaults,whichareobservableat the
functionaloutputs.

The experimentsindicate, that in many casesbetter resultsare obtainedby a spacecompactor
designbasedon approximatedsignalandobservation probabilitiesthanby a compactorderived from
theanalysisincludingapproximatedobservationprobabilitiesonly. However, veryoftentheresultsare
almostequal.

A comparisonbetweentheexperimentalresultsof thesetwo analysisalgorithmsandof a similar
approach,which was introducedby Böhlau [9], shows, that the methodsdescribedin this chapter
producecompactorswith ahighercompactionratio whichdo not reducethefault coveragefor pseudo
randomtest.

64



3 Structural Output Space Compaction for Sequential
Circuits

Sofar, only outputspacecompactionfor combinationalcircuitshasbeenconsidered.Now theapproach
describedin thepreviouschapteris extendedto thegenerationof linearspacecompactorsfor sequential
circuits.

The next sectioncontainsa brief introductionof the applicationof outputspacecompactorsfor
sequentialcircuits,sinceit is very similar to theusagefor combinationalcircuits. As in theprevious
chapter, the compactordesignfor sequentialcircuits is basedon parity treesof disjoint groupsof
outputs.Again, theseparity groupsarederived from theresultsof ananalysisof thecircuit structure.
Theanalysisalgorithmis modified,sothatfault propagationvia theflipflops is additionallytakeninto
consideration.This modificationis explainedin thesecondsectionof this chapter. Thentheheuristic
algorithm is described,which computesdisjoint parity groupsbasedon the resultsof the analysis.
Finally, thelasttwo sectionspresentexperimentalresultsandasummary.

3.1 Intr oduction

The main differencebetweena combinationalanda sequentialcircuit is, that the sequentialcircuit
containsflipflops, which storethe stateof the circuit. In the following, techniquesfor accessingthe
valuesstoredin theflipflops arenot considered.For example,if theflipflops arefully accessible,then
only the combinationalpart of the sequentialcircuit must be taken into consideration.In this case
outputspacecompactorsfor combinationalcircuitscanbeusedfor testingor concurrentcheckingas
describedin thepreviouschapter.

Thedesignof outputspacecompactorsfor sequentialcircuits is optimizedfor thepropagationof
singlestuck-atfaults,andthedesignprocedureis limited to polynomialruntimein termsof thenumber
of inputs,outputs,andgates.

If theoutputsof additionalobservationpointsof acircuit aretreatedasfunctionaloutputs,thenthe
approachdescribedin thefollowing canbeeasilyextended,andacompactorfor thetestresponsesfrom
observationpointsandfunctionaloutputsis derived. Theexperimentalresultsconsiderthesimulation
of singlestuck-atfaultsandtransitionfaults. Thesefault modelsaredescribedin the introductionof
thepreviouschapter.

Partsof thework describedin thischapterhave beenpublishedin [77].

State of the Ar t In theliterature,mostmethodsconsideroutputspacecompactiononly for combi-
nationalcircuits. While for combinationalcircuits theevent,thata certainpathis sensitized,depends
only on thevaluesappliedto thecircuit inputs,for sequentialcircuits it alsodependson thestateval-
ues.For example,for sequentialcircuitsthefault coverageobtainedfor a giventestsetdependson the
order, which is usedfor theapplicationof thetestpatterns,sincethisorderdeterminesthesequenceof
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3 StructuralOutputSpaceCompactionfor SequentialCircuits
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Figure3.1:Sequentialcircuit

statevaluesduring the test. Therefore,mostof thestructuralapproaches,which areproposedfor the
designof spacecompactorsfor combinationalcircuits,arenot suitablefor sequentialcircuits.

In the introductionof the previous chaptera large numberof approachesfor outputspacecom-
pactionfor combinationalcircuitsarementioned.Theapproaches,whichdonot takeinto consideration
thecircuit structurecanalsobeusedto designspacecompactorsfor sequentialcircuits.

Thiswork investigatesfor thefirst timeoutputspacecompactionfor sequentialcircuitswhichtakes
into accountfault propagationfrom faulty statesto theoutputsof thecircuit.

3.2 Anal ysis of the Circuit Structure

Theanalysisof thestructureof a givencircuit requirestheknowledgeof thenetlistof thecircuit. The
resultsof theanalysisareutilized to determinedisjoint parity groupsof thelinearspacecompactor. In
particular, the analysisresultsareusedto estimatethe lossof fault propagationcausedby including
two functionaloutputsin thesameparity group.

For sequentialcircuits it mustbe taken into consideration,that a fault, which is not immediately
detectableat theoutputs,canproduceerroneousstates,while in thefollowing clock cyclestheerrorof
thestatescanbepropagatedto thefunctionaloutputs,sothatthefault is detectedwith somedelay.

Again, polynomialruntimeof the analysisalgorithmis demanded,becausethe designprocedure
for thelinearspacecompactorsshouldalsobeapplicableto very largecircuits.

Sinceamongthe analysisalgorithmsdiscussedin the previous chapter, the bestresultswereob-
tainedfor mostcombinationalcircuitsusingthealgorithmsbasedon approximatedprobabilities,only
extensionsof thesealgorithmsaredescribedin thischapter.

Thesamebasicnotationsasin thepreviouschapterareused.Additionally, thecircuit � contains� flipflops n�	���
�
�
���n,� storing the statesof the sequentialcircuit. The functionsimplementedby the
outputs��	���
�
�
������ dependon thevaluesof thecircuit inputs �Q	���
�
�
������ andon thestatevaluesstored
in n�	���
�
�
���n,� asshown in Figure3.1.
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3.2 Analysisof theCircuit Structure
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Figure3.2: Iterative arrayof time framesof asequentialcircuit

3.2.1 Model consisting of Time Frames

A detectablefault Â & Á%( ataline Á canbepropagatedto thecircuit outputsdirectlyduringthesameclock
cycle or with a delayof > , >;h � , clock cyclespassingtheflipflop elementsof thesequentialcircuit >
times.As thedelay > increases,thelengthsof thepaths,whichpropagatetheerrorareenlarged.Thus,
theprobability, thatoneof thesepathsis sensitized,decreases.

The approximatedprobability that a path is sensitizeddecreasesexponentiallywith the number
of AND-, NAND-, OR-, or NOR-gatesincludedin this path. Hencethe approximatedpropagation
probabilities,thatthepathsof largedelays> aresensitized,areverysmallcomparedto theapproximated
probabilities,which areobtainedfor directpropagationto thecircuit outputsor for smalldelays> . In
order to simplify the analysis,the analysisof the structureof sequentialcircuits doesnot take into
accountpathswith delaylargerthanaconvenientupperbound.Thisboundis denotedby >X� �:� .

If theconsidereddelayis limited to >@�[�:� , thenit is sufficient, thattheanalysistakesinto consider-
ation thefunctionalbehaviour of thesequentialcircuit during >X� �:�ù� � clock cycles. >X� �:�ù� � clock
cyclesof asequentialcircuit canbemodelledasaniterativearray w ¢ & >@�[�,�Q� � ( of >@�[�,��� � timeframes� � 6%�*� � 	���
�
�
��*� � ORQBSUT ¾;	 . This techniqueis describedin [1].

The iterative array w ¢ & >@�[�,�¬� � ( is shown in Figure3.2. Eachtime frame � � O , � b > b >X� �:� , is
identicalto thecombinationalpartof thesequentialcircuit � . The inputsandtheoutputsof the time
frame � � O aredenotedby �
	 C O ��
�
�
������ C O and��	 C O ��
�
�
������ C O , respectively. A line Á of theoriginalsequen-
tial circuit � correspondsto >@�[�:��� � lines Á�6%�,Á�	���
�
�
��,Á O QBSIT of thetimeframes� � 6%�*� � 	���
�
�
��*� � O QBSUT ,
respectively. Sincetheflipflopsareremoved, w ¢ & >@�[�:�ù� � ( is acombinationalcircuit.

An error Â & Á%( at thecircuit line Á , which is propagatedwith a delayof > clock cyclesthroughthe
sequentialcircuit � to thecircuit output ��a , is modelledasfollows: It correspondsto anerror Â & Á�6�( at
thecorrespondingcircuit line Á�6 of � � 6 , which is propagatedto theoutput ��a C O of � � O , �;b > b >@�[�:� .
Hencetheprobability, thatanerror Â & ÁF( is propagatedto thecircuit output � a with a delayof > clock
cycles,canbeapproximatedby thevalue� & Á�6FÃ¤��a C O ( computedfor theiterative array w ¢ & >@�[�,� � � ( .
3.2.2 Computation of Appr oximated Probabilities

In thefollowing, theanalysisalgorithmbasedonapproximatedobservationprobabilitiesandtheanaly-
sis,whichalsoincludesapproximatedsignalprobabilities,areusedto compute� & Á�6FÃ¤��a C O ( . In general,
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3 StructuralOutputSpaceCompactionfor SequentialCircuits

this approximatedprobabilitycanbedeterminedby any analysisalgorithm,which is proposedin the
previouschapterfor combinationalcircuitsandwhich is basedon approximatedprobabilities.For ex-
ample,the analysisalgorithmbasedon independentpropagationprobabilitiesof reconvergent paths
canalsobeused.

Thecomputationof � & Á�6PÃ���a C O ( correspondsto sensitizedpathsfrom anerroneousline Á�6 of � � 6
throughthe iterative array w ¢ & >X� �:� � � ( to the output ��a C O of � � O . Sucha pathamonga variety of
otherpathsfrom Á�6 to ��a C O cango throughtheerroneousline Á � of � � � , �;b � b > b >X� �:� . In this case,
thecorrespondingerroneousline Á of thesequentialcircuit is includedtwice in thepath.

If theprobabilities� & Á�6�Ã���a C O ( arecomputedusingtheanalysisalgorithmintroducedin theprevi-
ouschapter, thenthefactis neglected,thatthelines Á � of � � � , �kb � b > , areerroneous.If asensitized
pathfrom Á�6 to ��a C O passesat leastoneof the lines Á � , �[b � b > , thatcorrespondto passinga second
time (or even several times) the erroneousline Á , then the propagationof the fault of Á�6 is masked.
But in this casethereis alsoa shortersensitizedpathfrom Á 6 to � a C O � of � � �O , > � �^> , which doesnot
passthe erroneouslines Á � , ��b � b >@� . Becauseof the shorterlengthof the path( >X�)�_> ) the proba-
bility � & Á 6 ÃÑ� a C O � ( is considerablylarger thantheprobability � & Á 6 ÃÑ� a C O ( . Therefore,theerrorof the
approximation� & Á�6FÃ¤��a C O ( is neglectedbelow.

Theobjective of thedesignof theoutputcompactors,which is basedon theanalysisof thecircuit
structure,is to avoid fault maskingduringon-linechecking.For simplification,thepossibleinfluence
of theinitial stateof asequentialcircuit canbeneglected,sinceafteroperatingfor severalclockcycles
thenumberof variousstates,whichcouldbestoredin theflipflops, is largefor mostcircuits.

Therefore,the analysisof the structureof a sequentialcircuit can be carriedout as follows: A
convenientvalue >X� �:� is chosenandthe sequentialcircuit is modelledasan iterative arrayyieldingw�¢ & > �[�,� � � ( . Theanalysisbasedon approximatedobservation probabilitiesor theanalysis,which
additionallyincludesapproximatedsignalprobabilitiesareusedto computefor eachoutput �  of the
sequentialcircuit �� O QBSIT & Á�ÃÐ�  ( ! O QBSIT±O è 6 � & Á�6FÃ¤�  DC O (*
Á�6 correspondsto the line Á of the sequentialcircuit � andis locatedin the first time frame � � 6 of
thearray w ¢ & >@�[�,�ù� � ( . Theexperimentalresultsshow, that for all investigatedcircuits >@�[�,� ! × is
sufficient,sincethechangesof thevalues� ORQBSIT & ÁKÃ¤�  ( arevery smallfor highervaluesof >X� �:� .

If o � o is the numberof lines of w ¢ & >@�[�:��� � ( and � is the numberof outputsof the sequential
circuit, thenthecomputationof thevalues� O QBSIT & ÁKÃ¤�  ( canbeimplementedsothatthecorresponding
complexity is ¯ & o � o�° � V ( . This boundis valid for both analysisalgorithms,i. e. the analysisbased
on approximatedobservationprobabilitiesandtheanalysis,whichadditionallyincludesapproximated
signalprobabilities.

The estimation�  GC a of the loss of fault propagationproducedby the assignmentof two circuit
outputs�  and ��a to thesameparitygroupis derivedsimilarly to themethodsdescribedin theprevious
chapter:�  DC a ! �o � o ±ê ²Fë � ORQ7SIT & Á�ÃÐ�  ( ° � ORQ7SIT & Á�ÃÐ� a (*


The complexity of the algorithmscanbe determinedasfollows: The number o � o of lines of the
array w ¢ & >@�[�,�z� � ( is at most & >@�[�,�å� � ( °>o � ¢ o , sincethe iterative arrayconsistsof >X� �:�z� � time
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3.3 Generationof Groupsof Outputs

frames � � 6%��
�
�
��*� � ORQBSIT ¾;	 of the combinationalpart of the underlyingsequentialcircuit � . o � ¢ o
denotesthenumberof linesof � . Thenumberof theoutputpairs & �  ����a�( andthusthenumberof the
correspondingvalues�  DC a , whicharecomputedby theanalysis,is & � ° & �"� � (�( 8 _ . Hencethecomplexity
of theanalysisalgorithmsfor sequentialcircuitsis ¯ & o � ¢ o%° & >@�[�:� � � ( ° � V ( .

Sincefor >X� �:�`; × theexperimentalresultsshow only smallchangesfor all investigatedcircuits,
aconstantvaluecanbechosenfor > �[�:� . Thenthecomplexity of theproposedanalysisalgorithmscan
bedescribedindependentof >X� �:� , yielding ¯ & o � ¢ o�° � V ( .
3.2.3 Modifications and Extensions

Any modificationor extensionproposedin thepreviouschapterfor theanalysisof combinationalcir-
cuitscanalsobeusedfor theanalysisof thesequentialcircuits: Smallcircuit partsof w ¢ & >X� �:�¬� � ( ,
whichcontainreconvergentpathscanbereplacedby complex gates.Furthermore,theanalysiscanalso
bebasedon independentpropagationprobabilitiesof reconvergentpaths.

Thesignalprobabilitiesof a sequentialcircuit canbe easilyapproximated:First 	V is assignedto
eachcircuit input andalso to eachflipflop. This meansthat for eachcircuit input andeachflipflop
the assignmentof the value “0” or the value “1” is equally likely. If the set of reachablestatesis
not uniformly distributed and for eachflipflop the independentprobability is given, that the flipflop
stores“1”, thentheseprobabilitiesareassignedto theflipflops. Furthermore,themethodintroduced
by KrishnamurthyandTollis [52] canbeusedto improve theapproximationof signalprobabilities.

An extendedanalysisconsideringthe directionof fault propagationasproposedin the previous
chaptercanalsobeapplied.

3.3 Generation of Groups of Outputs

Thealgorithms,whichanalyzethestructureof asequentialcircuit asdescribedabove,computefor each
pair of circuit outputsof � an estimatedreductionof fault propagationcausedby the assignmentof
two outputsto thesameparity groupof thelinearspacecompactor. Therefore,theanalysisalgorithms
of sequentialcircuitscomputethesametypeof resultsasthealgorithmsgivenin thepreviouschapter
for combinationalcircuits.Thus,thegroupingalgorithmandits modifications,whicharedescribedfor
combinationalcircuits,canalsobeusedfor thedesignof outputcompactorsfor sequentialcircuits.

Again,for agivennumberof compactedoutputs� theheuristicalgorithmscomputedisjointgroups
of outputsfrom theresultsof theanalysisalgorithms,sothat thesum

� & � � ( of theresultingpartition� � is minimized.

3.4 Experimental Results

Theexperimentalresultsarederivedfor 20sequentialcircuitsof theISCAS’89 benchmarkssuite[12].
Thecircuitsareshown in Table3.1.They contain3 to 78inputs,5 to 152outputs,and5 to 638flipflops.

Thestructureof eachsequentialbenchmarkcircuit wasmodelledasaniterative array w ¢ & CP( . This
implies, that >X� �:� wasset to

×
. As mentionedabove, experimentalresultsshow, that >@�[�,� ! ×

is
sufficient,sincehighervaluesof >@�[�,� changetheapproximatedprobabilities� ORQBSUT & ÁKÃ¤�5( onlyslightly.

Eachiterative arrayderivedfrom asequentialbenchmarkcircuit wasanalyzedusingthealgorithm
basedon approximatedobservationprobabilitiesandtheanalysisincludingapproximatedsignalprob-
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3 StructuralOutputSpaceCompactionfor SequentialCircuits

Sequential Numberof
Circuit gates inputs outputs flipflops
s298 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
s1494 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 benchmarkcircuits

abilities.Theanalysisalgorithmswereimplementedin C�å� . It tookacomputerwith anAMD Athlon
processorrunningat 700 MHz underLinux lessthan5 secondsto analyzeany iterative array. The
runtimeof theanalysiswasmeasuredwithout thetime requiredfor readingthenetlistof theprocessed
circuit. Theexperimentalresultsaregivenin Table3.2.

The heuristicalgorithm,which wasintroducedfor thedesignof outputcompactorsfor combina-
tional circuits, wasusedto determinedisjoint groupsof outputs. Again, the algorithm computesa
partition � � so that the correspondingsum

� & � � ( is minimal. The paritiesof thesegroupsare the
compactedoutputsof thesequentialcircuit.

Theexperimentalresultsinvolving fault simulationof stuck-atandtransitionfaultswereobtained
usingthesimulatorMinos.

3.4.1 Simulation of Stuck-At Faults

In orderto investigatehow goodtheproposeddesignof linearspacecompactorsfor sequentialcircuits
dealswith theissueof errormasking,sequentialcircuitswith nooutputcompactionandwith compacted
outputsweresimulated.Theoutputspacecompactorsfor thesequentialcircuitswerederivedfrom the
analysisbasedonapproximatedobservationprobabilitiesandtheanalysis,which includesadditionally
thesignalprobabilities.Theexperimentsincludedsimulationof singlestuck-atfaults.

70



3.4 ExperimentalResults

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

s9234.1 0.53 0.60
s13207.1 3.56 4.30
s15850.1 3.52 3.98

Table3.2:Runtimesrequiredfor structureanalysisusingdifferentalgorithms

Thetestabilityof sequentialcircuitswith theproposedlinearspacecompactorsis investigatedfor
concurrenton-linecheckingandfor testingbasedon pseudorandominput vectors. In the following,
an original circuit checked or testedwithout outputcompactionis denotedby � andcircuits with �
compactedoutputs,whicharederivedfrom anoutputpartition � � , aredenotedby � � .
3.4.1.1 On-Line Checking

Thecomparisonof theon-linetestabilitiesof circuitswithout andwith theproposedlinearspacecom-
pactorswascarriedout asin the previous chapter:First a sequenceof 100000pseudorandominput
vectorswereappliedto thecircuit inputsof theoriginalcircuit � & Â & ÁF(�( , whichcontainedasinglestuck-
atfault Â & ÁF( atthecircuit line Á . Thenthesamevectorswereappliedin thepresenceof Â & ÁF( to thefaulty
circuit � ��& Â & ÁF(�( with � compactedoutputs.If � & Â & Á%(�( and � �.& Â & ÁF(�( arethenumbersof pseudorandom
inputvectors,for whichat leastoneof thecheckedoutputsof � & Â & Á%(�( and � ��& Â & ÁF(�( is erroneous,then3 � C � ¹ ê ½ ! � & Â & ÁF(�( O � ��& Â & ÁF(�(� & Â & Á%(�(
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3 StructuralOutputSpaceCompactionfor SequentialCircuits

Sequential Reductionof on-linetestabilityfor SSFs(%)
Circuit 3 	 3 V 3 i 3 j 3 Õ 3 ð 3 À 3 �
s298 45.95 12.27 14.12 4.52 � 0.01 0 – –
s344 25.81 8.33 2.77 1.00 0.47 0.07 0.64 0.21
s349 25.82 8.39 2.81 1.00 0.48 0.07 0.64 0.21
s382 7.87 2.85 2.85 � 0.01 � 0.01 0 – –
s386 11.64 6.93 0.04 � 0.01 � 0.01 � 0.01 0 –
s400 7.89 7.43 3.24 1.04 � 0.01 0 – –
s444 5.65 5.22 3.13 0.68 � 0.01 0 – –
s510 34.29 17.43 5.86 3.44 5.01 1.94 0 –
s526 4.09 0.24 2.75 � 0.01 � 0.01 0 – –
s641 11.04 2.61 1.14 0.82 0.29 0.14 0.13 0.10
s713 10.53 2.59 1.07 0.62 0.18 0.15 0.31 0.10
s820 18.37 5.04 0.72 1.29 0.78 0.30 0.54 0.36
s832 18.16 4.93 0.71 1.27 0.77 0.28 0.53 0.36
s1196 15.56 6.46 2.98 1.42 1.03 0.53 0.25 0.21
s1423 3.13 0.17 0.01 � 0.01 0 – – –
s1494 14.32 7.16 2.13 0.68 0.57 0.48 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 2.13 0.09 � 0.01 1.42
s13207.1 18.19 1.63 1.15 0.51 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 5.51 2.73 1.04 0.62 0.23 0.21 0.16

Table3.3:On-linetestabilityof sequentialcircuitswith outputcompactorsderivedfrom approximated
observationprobabilities

estimatestheprobability, thatanerroratthefunctionaloutputscausedby thefault Â & Á%( isnotobservable
at the � compactedoutputs.

Again, theEquation(2.5)givenon page50 is used:If 4 ¢ is thesetof all singlestuck-atfaultsof
thecircuit � , then3Q�¬! �o 4 ¢ o ° ±� ¹ ê ½ ²�5 6 3 � C � ¹ ê ½
canbeusedto computetheexpectedvalueof theprobabilitythata pseudorandominput vectormakes
anarbitrarily chosensinglestuck-atfault detectableat thefunctionaloutputs,but notat thecompacted
outputsof � � .
Anal ysis Based on Obser vation Probabilities Table3.3givestheexperimentallydetermined
values 3Q� , � ! � ��
�
�
�� × , for circuits with � compactedoutputsderived from the analysisbasedon
approximatedobservationprobabilities.

For eachbenchmarkcircuit a compactorwith � !a) outputsis sufficient to achieve 3Q� � _ � . On
average,� ! `.
 ) compactedoutputsarenecessaryto meetthis requirement.
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3.4 ExperimentalResults

Sequential Reductionof on-linetestabilityfor SSFs(%)
Circuit 3 	 3 V 3 i 3 j 3 Õ 3 ð 3 À 3 �
s298 45.95 35.41 8.21 0.56 � 0.01 0 – –
s344 25.81 8.44 5.88 0.85 2.46 2.02 0.18 � 0.01
s349 25.82 8.50 5.86 0.86 2.43 2.00 0.17 � 0.01
s382 7.87 7.19 1.09 3.25 � 0.01 0 – –
s386 11.64 2.14 1.25 0.33 0.01 � 0.01 0 –
s400 7.89 6.39 � 0.01 � 0.01 � 0.01 0 – –
s444 5.65 4.54 � 0.01 � 0.01 � 0.01 0 – –
s510 34.29 15.10 4.60 3.06 0.02 � 0.01 0 –
s526 4.09 3.84 0.24 � 0.01 � 0.01 0 – –
s641 11.04 4.72 3.68 0.35 0.13 0.09 0.07 0.05
s713 10.53 3.43 2.47 0.29 0.17 0.23 0.10 0.07
s820 18.37 5.09 5.10 1.44 2.53 � 0.01 � 0.01 0.07
s832 18.16 4.97 1.08 1.81 2.47 � 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 0 – – –
s1494 14.32 8.33 3.62 2.68 0.67 1.32 0.18 0.03
s5378 11.42 1.42 1.19 0.69 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 2.59 1.00 0.69 0.36 0.06 0.04

Table3.4:On-linetestabilityof sequentialcircuitswith outputcompactorsderivedfrom approximated
signalandobservationprobabilities

A comparisonbetween3 	 and 3 V yields the following: If two parity groupsinsteadof a single
parity treeareselected,then the probability, that a fault is observable at the functionaloutputs,but
not at thecompactedoutputs,is considerablyreduced.Thereductionof themaskingprobability is on
average) ~ � for the twentycircuits. For sixteenout of the twentycircuits 3 V is equalor lessthan 3 	
dividedby 2.

Theresultsobtainedfor thecompactors,which aregeneratedbasedon approximatedobservation
probabilitiesshow for mostcircuits,that theon-linetestabilitycangetworse,althoughthenumberof
compactedoutputsis increased.For example,for s526it is 3 V ! � 
�_ Ö for _ compactedoutputs,but3 i ! _.
}|F~ for onemorecompactedoutput.This observationcorrespondsto similar resultsderivedfor
combinationalcircuitsandcanbeexplainedin thesamewayasin thepreviouschapter.

Anal ysis Based on Appr oximated Signal and Obser vation Probabilities Table3.4 gives
the valuesof 3Q� , which are obtainedby simulatingthe original circuit � and the circuits � � with� ! � ��
�
�
�� × compactedoutputs. The compactorswere generatedaccordingto the resultsof the
analysisbasedonapproximatedsignalandobservationprobabilities.

Compactorswith � b ~ outputsaresufficient to achieve 3Q� � _ � for all benchmarkcircuits.
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3 StructuralOutputSpaceCompactionfor SequentialCircuits
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Figure3.3:Comparisonof resultsfor on-linechecking

On average� ! `.
 Ö compactedoutputsarenecessaryto fulfill this condition,if thegenerationof the
compactorsis basedon approximatedsignalandobservation probabilities.If theunderlyinganalysis
doesnot approximatesignalprobabilities,thenthe averagenumberof compactedoutputsis slightly
higher( � ! `.
 ) ).

Similar to thevalueslistedin theTable3.3,theresultsfor compactorswhicharegeneratedbasedon
approximatedsignalandobservationprobabilitiesshow for many circuits,thattheon-linetestabilityof
circuitswith compactedoutputscandecrease,althoughthenumberof compactedoutputsis increased.

Comparison of the Results Obtained from Diff erent Anal ysis Algorithms The experi-
mentalresultsof compactorsderivedfrom thetwo differentanalysisalgorithmsaregivenin Table3.3
andTable3.4: Theresultsof Table3.3correspondto theanalysisbasedon approximatedobservation
probabilitiesandtheresultsof theTable3.4 arerelatedto theanalysisincludingapproximatedsignal
probabilities.A comparisonof the two tablesshows, that for many circuits the resultsobtainedfrom
thetwo analysisalgorithmsarevaryingconsiderably. This is shown moreclearlyin Figure3.3.

Figure3.3 shows the reductionof 3Q� �k� ! � ��
�
�
�� × , for two circuits s382ands820with com-
pactorsbasedon the two different analysisalgorithms. The graphsare computedin the following
way: 3 	 , which is thevalueobtainedfor a singleparity treeof all circuit outputs,is setto

�������
. For� ! _.��
�
�
�� × thecorrespondingpercentagesof 3Q��893 	 aredeterminedandshown in Figure3.3 for the

four combinations:Thesolid line andtheline of longdashesshow theresultsobtainedfor thesequen-
tial circuits s382ands820with compactedoutputs,respectively. Thecompactorswerederived from
the analysisbasedon approximatedobservation probabilities. The lines consistingof dotsandshort
dashesshow alsoresultsobtainedfor s382ands820with compactedoutputs,but thecompactorswere
generatedaccordingto theanalysisresults,which includeapproximatedsignalprobabilities.

The two graphsof s382,which both includepartswith positive gradients,differ considerablyfor
lessthan 5 compactedoutputs. For the sequentialcircuit s820the analysisbasedon approximated
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3.4 ExperimentalResults

observationprobabilitiesachieveslower 3Q� for � ! `.� Ö �,~ compactedoutputs.In contrast,theresults
of theotheranalysisalgorithmarebetterfor � !*) �*|K� × .

The varying resultsindicate,that for several sequentialcircuits and for various � both analysis
algorithmsarenotaccurateenough,sothattheresultingcompactorsmasktoomany faults.In contrast,
for almostall combinationalcircuitsthetwo analysisalgorithmsresultin compactors,whichminimize
faultmaskingfor any � with only smalldifferences.

The distinctionbetweencombinationalandsequentialcircuits is, that sequentialcircuits contain
flipflops, which storethe states. Often, sequentialcircuits reachonly a limited numberof statesor
somestatesarelesslikely. In this case,thepropagationprobability is 0 or very low for paths,which
becomeonly sensitizedundersuchstates.The two analysisalgorithmsproposedabove neglect this
effect.

To furtherimprove theanalysistheapproximationof signalprobabilitiescantake into accountthe
setof reachablestatesasdescribedin Section3.2.3.Also theothermodifications,which areproposed
for theanalysisalgorithmsin Section3.2.3,might beuseful.

3.4.1.2 Pseudo Random Testing

In this section,theeffect of theproposedcompactorson pseudorandomtestingis investigated.This
is doneby fault simulation:

�����������
pseudorandominput vectorsareappliedto theoriginal circuit �

andto thecircuit � � correspondingto theoutputpartition � � . Thefault simulatordetermines� and � �
which arethenumbersof detectedstuck-atfaultsof � and � � , respectively. For thesimulationof � �
only thestuck-atfaultsof theoriginalcircuit � areconsidered.Additional faultswithin theXOR-trees
of thecompactorsareomitted.

ThequotientA �ù! � O � ��
determinesthefractionof faults,whichareobservableatthefunctionaloutputsof thesequentialcircuit,
but whicharenotdetectedat thecompactedcircuit outputsof � � .
Anal ysis Based on Obser vation Probabilities Theanalysisbasedon approximatedobserva-
tion probabilitieswereusedto determinecompactorsfor the benchmarkscircuits. The experimental
results,whichareobtainedafterapplying100000pseudorandomtestvectorsto thecircuitswith com-
pactedoutputs,arepresentedin Table3.5. Eachrow gives the nameof the investigatedcircuit, the
numberof undetectedsinglestuck-atfaultsof �ù�*� 	 ��
�
�
��*� j , andthevalueof A � , � ! � ��
�
�
�� Ö .

For several sequentialcircuits the pseudorandomtestachievesa poor fault coverageso that the
pseudorandomtestis notsufficient for thesecircuits.Thecircuitss382,s400,s444,s526,ands9234.1
arenot listedin Table3.5,becausefor eachof thesecircuitsthefault coverageobtainedby fault simu-
lation is lessthan

Ö ���
.

Theresultsshow, thatfor pseudorandomtestasingleparity treecompactingall functionaloutputs
to onecompactedoutputcausesfault maskingfor mostcircuits. If compactorswith two outputsare
addedto thecircuits, thenfault maskingis avoidedfor nine of thefifteencircuits. Finally, thespace
compactorsof 13 circuits requireat most four outputs,so that all faultswhich areobservableat the
functionaloutputsaredetectedat thecompactedoutputs.To fulfill alsothis conditionfor thecircuits
s5378ands13207.1,fivecompactedoutputsarerequired.
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3 StructuralOutputSpaceCompactionfor SequentialCircuits

Sequential Numberof undetectedSSFs Ratio A �ù!�& � O � � ( 8 � (%)
Circuit � �N	 � V � i � j � ! � � ! _ � ! ` � ! Ö
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
s1423 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:Pseudorandomtestof sequentialcircuitswith outputcompactorsderivedfrom approximated
observationprobabilities

Anal ysis Based on Appr oximated Signal and Obser vation Probabilities In thefollowing,
outputcompactorsfor sequentialcircuits areconsidered,which areobtainedfrom the resultsof the
analysisbasedon approximatedsignalandobservation probabilities.Again, 100000pseudorandom
testvectorswereappliedto the sequentialcircuits and fault simulationwasusedto determine,how
many singlestuck-atfaultsremainundetected.Table3.6 lists thenumbersof undetectedfaultsfor the
originalcircuit � andfor thecircuits �N	���
�
�
��*� j with � ! � ��
�
�
�� Ö compactedoutputs.For eachcircuit�N	���
�
�
��*� j thelossof fault coverageA � , whichwascomputedasdescribedabove, is givenin thetable.
Again, if for any originalcircuit thefaultcoverage,whichwasobtainedby faultsimulation,is lessthanÖ ���

, thenthiscircuit is not listedin Table3.6.

If compactorswith two outputsareused,thenthefault maskingoccursonly for a fifth of thelisted
circuits.For almostall circuitsthefault coverageis not reducedfor compactorswith 4 or lessoutputs.
Theonly exceptionis s1494,which requires5 compactedoutputs.

Comparison of the Results Obtained from Diff erent Anal ysis Algorithms The usageof
thecompactors,whicharederivedfrom thetwo differentanalysisalgorithms,yieldsvaryingresultsfor
a largenumberof theinvestigatedsequentialcircuits.

For the analysis,which is only basedon approximatedobservation probabilities,on average_.
 Ö
compactedoutputsaresufficient to avoid fault masking.In comparison,thecompactorsderived from
theanalysisalgorithmincludingapproximatedsignalprobabilitiesrequireon averagea slightly lower
numberof compactedoutputs( _.
 � ). Thisresultindicatesagain,thatfor mostcircuitstheapproximation
of signalprobabilitiesincreasestheaccuracy of theapproximatedprobabilities.
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3.4 ExperimentalResults

Sequential Numberof undetectedSSFs Ratio A �ù!�& � O � � ( 8 � (%)
Circuit � �N	 � V � i � j � ! � � ! _ � ! ` � ! Ö
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
s1423 977 977 977 977 977 0 0 0 0
s1494 1049 1152 1098 1075 1056 5.31 2.53 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:Pseudorandomtestof sequentialcircuitswith outputcompactorsderivedfrom approximated
signalandobservationprobabilities

3.4.2 Simulation of Transition Faults

In this section,theeffect of theproposedcompactorson thepropagationof transitionfaultsis inves-
tigated. Although the designof the compactorswasoptimizedfor the propagationof singlestuck-at
faults,thecompactorsshouldalsopropagateoutputerrorscausedby defects,which arenot modelled
by singlestuck-atfaults.

Theunderlyinganalysisalgorithmsconsideredin thefollowing aretheanalysisbasedon approxi-
matedobservationprobabilitiesandtheanalysis,which additionallyincludessignalprobabilities.The
testabilityof circuitswith compactors,whicharegeneratedaccordingto theresultsof thetwo analysis
algorithms,is investigatedfor concurrenton-line checkingand for testingbasedon pseudorandom
inputvectors.

3.4.2.1 On-Line Checking

Theexperimentsinvestigatingthe on-line testabilitywith respectto transitionfaultswerecarriedout
similar to theexperimentsfor thesinglestuck-atfault model. A sequenceof 100000pseudorandom
input vectorswasappliedto circuitswithout andwith theproposedlinearspacecompaction,in order
to determine3Q� asgivenin Equation(2.5)onpage50for acircuit � � with � compactedoutputs:If 4 ¢
is thesetof all transitionfaultsof � , and � & Â & ÁF(�( ( � �K& Â & ÁF(�( ) is thenumberof pseudorandominputs
for whichunderthepresenceof thefault Â & ÁF( 0 4�¢ at leastoneof theoutputsof � ( � � ) is erroneous,
thenit is3Q�ù! �o 4 ¢ o ° ±� ¹ ê ½ ²�5B6 � & Â & ÁF(�( O � ��& Â & ÁF(�(� & Â & ÁF(�( 
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3 StructuralOutputSpaceCompactionfor SequentialCircuits

Sequential Reductionof on-linetestabilityfor transitionfaults(%)
Circuit 3 	 3 V 3 i 3 j 3 Õ 3 ð 3 À 3 �
s298 37.79 9.16 12.77 2.88 � 0.01 0 0 –
s344 18.72 5.76 2.13 0.70 0.43 0.05 0.52 0.18
s349 18.81 5.86 2.16 0.71 0.44 0.05 0.52 0.18
s382 0.52 � 0.01 � 0.01 � 0.01 � 0.01 0 – –
s386 9.17 5.13 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 4.89 3.25 4.25 1.90 0 –
s526 0.29 � 0.01 � 0.01 � 0.01 � 0.01 0 – –
s641 8.95 1.71 0.74 0.59 0.23 0.10 0.10 0.06
s713 8.35 1.59 0.72 0.55 0.13 0.11 0.28 0.08
s820 14.28 4.17 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 2.91 1.33 1.16 0.54 0.26 0.22
s1423 2.73 0.13 0.01 � 0.01 0 – – –
s1494 11.48 5.81 1.81 0.53 0.46 0.40 0.78 0.07
s5378 8.84 1.44 0.64 0.24 0.15 0.12 0.04 0.03

s9234.1 5.48 1.61 1.48 1.20 1.36 � 0.01 � 0.01 1.15
s13207.1 9.80 0.90 0.77 0.30 0.09 0.09 0.01 � 0.01
s15850.1 7.46 3.67 2.65 0.29 0.19 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 sequentialcircuitswith outputcompactorsderivedfrom approximated
observationprobabilities

Anal ysis Based on Obser vation Probabilities Table3.7liststheexperimentalresultsobtained
for circuitswith � ! � ��
�
�
�� × compactedoutputs.

Thefault coveragesachievedfor transitionfaultsareconsiderablysmallerthanthefault coverages
obtainedfrom the experiments,which simulatedsinglestuck-atfaults. For the circuits s382,s400,
s444,ands526thefault coveragesarebelow

�����
.

Thelow fault coveragescanbeexplaineddueto thefact,thata testof a singledelayfault consists
of two successive vectors. The first vector initializes the faulty site to a given valueandthe second
vectorlaunchesthetransitionat thefaulty site,so that thedelayfault is propagatedto theflipflops or
to thecircuit outputs.If thenumberof differentpairsof two vectors,whichareappliedsuccessively to
thecircuit is low, thenusuallya low fault coverageis obtained[70].

For sequentialcircuits the test vectorsapplied to the combinationalpart consistsof the values
assignedto theinputsandthestate.For severalsequentialcircuitsthesequenceof statesproducesonly
a smallnumberof differentpairsof two successive statesyielding a low fault coveragefor transition
faults.In orderto achievehigherfault coverages,anaccessmechanismto thestatevaluescanbeadded
sothatthestatescanbecontrolledduringthetest.

The low fault coverageimplies, that mostly faults that areeasilydetectableareobserved during
thesimulation. For thesefaultstheapproximatedprobabilitiesof propagationto theoutputsarevery
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Sequential Reductionof on-linetestabilityfor transitionfaults(%)
Circuit 3 	 3 V 3 i 3 j 3 Õ 3 ð 3 À 3 �
s298 37.79 29.37 6.82 0.47 � 0.01 0 – –
s344 18.72 5.55 3.56 0.62 1.94 1.08 0.08 � 0.01
s349 18.81 5.64 3.57 0.63 1.92 1.07 0.08 � 0.01
s382 0.52 0.52 � 0.01 0.52 � 0.01 0 – –
s386 9.17 1.48 0.99 0.26 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 13.34 4.17 2.06 � 0.01 � 0.01 0 –
s526 0.29 0.29 � 0.01 � 0.01 � 0.01 0 – –
s641 8.95 3.87 3.27 0.26 0.10 0.06 0.05 0.03
s713 8.35 2.63 2.17 0.21 0.13 0.21 0.08 0.07
s820 14.28 4.05 4.48 1.24 2.21 � 0.01 � 0.01 0.07
s832 14.16 3.96 0.98 1.59 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
s1423 2.73 0.02 0.07 � 0.01 0 – – –
s1494 11.48 6.50 2.98 2.38 0.60 1.09 0.10 0.05
s5378 8.84 1.17 0.97 0.44 0.29 0.14 0.09 0.05

s9234.1 5.48 1.61 0.18 1.35 0.35 0.06 0.07 � 0.01
s13207.1 9.80 0.78 1.28 0.41 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 sequentialcircuitswith outputcompactorsderivedfrom approximated
signalandobservationprobabilities

high. Thus,theproposedalgorithmsform parity groupsin a way, thatmakesit very unlikely, thatone
of thesefaultsis propagatedto two outputsof thesamegroup.Sofor eachcircuit andalmostevery � ,
thevalues3Q� listed in Table3.7 aresmallerin comparisonto theresultsgiven in Table3.3 for single
stuck-atfaults.

For eachinvestigatedbenchmarkcircuit a compactorwith � !b) outputsis sufficient to achieve3Q� � _ � , andonaverage� ! _.
DC compactedoutputsarenecessary, to fulfill this condition.

Anal ysis Based on Appr oximated Signal and Obser vation Probabilities For circuitswith� compactedoutputsthevalues3Q� , � ! � ��
�
�
�� × , wereexperimentallydeterminedfor transitionfaults.
Thevaluesarelistedin Table3.8. Thecompactorswerederivedfrom theresultsof theanalysisbased
onapproximatedsignalandobservationprobabilities.

The comparisonbetweenthe simulationof transitionfaults andsingle stuck-atfaults yields the
sameresultasabove: The fault coveragesachieved for transitionfaultsareconsiderablysmallerthan
thefault coveragesobtainedfrom thesimulationof singlestuck-atfaults.Again, for thecircuitss382,
s400,s444,ands526the fault coveragesarebelow

�����
. And for eachcircuit andalmostevery � ,

thevalues3Q� listed in Table3.8 aresmallerin comparisonto theresultsgiven in Table3.4 for single
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3 StructuralOutputSpaceCompactionfor SequentialCircuits

Sequential Numberof undet.transitionfaults Ratio A ��!�& � O � � ( 8 � (%)
Circuit � �N	 � V � i � j � ! � � ! _ � ! ` � ! Ö
s298 167 360 167 167 167 51.28 0 0 0
s344 64 66 64 64 64 0.33 0 0 0
s349 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 5.54 3.02 0.62 0
s5378 3920 4245 3944 3928 3920 4.93 0.36 0.12 0

Table3.9:Pseudorandomtestof sequentialcircuitswith outputcompactorsderivedfrom approximated
observationprobabilities

stuck-atfaults.
On average,� ! _.
DC compactedoutputsaresufficient to achieve 3Q� ��_ � .

Comparison of the Results Obtained from Diff erent Anal ysis Algorithms Thecompari-
sonof thetwo Tables3.7and3.8shows,thatfor mostcircuitstheresultsobtainedfrom thetwo analysis
algorithmsbasedonapproximatedprobabilitiesareconsiderablyvarying.Thereasonsfor thedifferent
resultsarethesameasthosegivenabove for thedifferencesobtainedfor stuck-atfaults.

3.4.2.2 Pseudo Random Testing

In this section,theeffect of theproposedcompactorson pseudorandomtestingof transitionfaultsis
investigated.

�����������
pseudorandomtestinput vectorsareappliedto theoriginal circuit � andto the

circuit � � , in order to determine� and � � , which are the numbersof detectedfaults of � and � � ,
respectively. Thenthequotient A ��! º�¸�º Lº is computed.

Anal ysis Based on Obser vation Probabilities Theanalysisbasedon approximatedobserva-
tion probabilitieswasusedto determinecompactorsfor the investigatedcircuits. The experimental
results,which wereobtainedfrom thesimulationof thecircuitswith thesecompactors,arepresented
in Table3.9.

For severalsequentialcircuitsthepseudorandomtestachievespoorfault coverages.Theexplana-
tion is thesameasgivenin theprevioussectiongivenfor thelow fault coveragesobtainedfor on-line
checking.Sequentialcircuitswith fault coveragelessthan

Ö ���
arenot listedin Table3.9.

While onecompactedoutputconsistingof a singleparity treereducesthefault coveragefor eight
out of eleven circuits, two compactedoutputscausefault maskingonly for threecircuits. Finally, a
compactorwith four outputsis sufficient to avoid fault maskingfor eachlistedcircuit.
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3.5 Summary

Sequential Numberof undet.transitionfaults Ratio A �¬!�& � O � � ( 8 � (%)
Circuit � �N	 � V � i � j � ! � � ! _ � ! ` � ! Ö
s298 167 387 180 167 167 51.28 3.03 0 0
s344 64 66 64 64 64 0.33 0 0 0
s349 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 5.54 2.28 1.29 0.62
s5378 3920 4245 3927 3925 3924 4.93 0.11 0.08 0.09

Table3.10:Pseudorandomtestof sequentialcircuits with outputcompactorsderived from approxi-
matedsignalandobservationprobabilities

Anal ysis Based on Appr oximated Signal and Obser vation Probabilities In thefollowing,
outputcompactorsfor sequentialcircuits areconsidered,which areobtainedfrom the resultsof the
analysisbasedon approximatedsignalandobservation probabilities.Again, 100000pseudorandom
testvectorswereappliedto thecircuitswith thesecompactors,in orderto simulatethepropagationof
transitionfaults.

Table 3.10 lists the numbersof undetectedfaults for the original circuit � and for the circuits�N	���
�
�
��*� j andalsothelossof fault coverageA � with � ! � ��
�
�
�� Ö .
Two compactedoutputsarerequiredto achieve no fault maskingfor six out of eleven circuits. A

compactorwith fiveoutputsis sufficient to avoid faultmaskingfor eachlistedcircuit.

Comparison of the Results Obtained from Diff erent Anal ysis Algorithms Compactors
derived from theanalysisbasedon approximatedobservation probabilitiesonly achieve betterresults
thancompactors,which weregeneratedincluding approximatedsignalprobabilities.On average_.
�_
compactedoutputsaresufficient to avoid fault masking,if the former analysisis used.A compactor
generatedaccordingto the resultsof the latter analysisalgorithmrequireson average_.
 × compacted
outputsto fulfill this condition.

3.5 Summar y

In this chapterthe designof linear output spacecompaction,which is proposedfor combinational
circuitsin thepreviouschapter, is extendedto theapplicationtosequentialcircuits.Again,theapproach
is basedon ananalysisof thecircuit netlist. Only theextensionsof two analysisalgorithmsbasedon
approximatedprobabilitiesaredescribedin this chapter, sincefor themostcombinationalcircuits the
compactorsderivedfrom thesetwo algorithmsachieve thebestresults.

Thebasicideaof thestructuralanalysisof a sequentialcircuit is to modelthesequentialcircuit as
aniterativearrayof timeframes,whichconsistof thecombinationalpartof thesequentialcircuit. Then
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3 StructuralOutputSpaceCompactionfor SequentialCircuits

theanalysisalgorithmsproposedfor combinationalcircuitscanbeusedto processtheiterative array.
The groupsof outputs,which determinethe functionof the linear compactor, areobtainedin the

sameway asdescribedin the previous chapterfor combinationalcircuits. The proposedapproachis
applicableto large sequentialcircuits, sincethe complexity of the designprocedureis linear in the
productof thecircuit sizeandthesquareof thenumberof outputs.

Experimentalresultsaregiven for twenty sequentialcircuits of the ISCAS ’89 benchmarkssuite
[12]. Theresultsfor concurrentcheckingshow, thaton averagefour compactedoutputsareenoughto
achieveanerrordetectionprobabilityof C ×P� for stuck-atandtransitionfaults.For pseudorandomtest,
compactorswith fiveoutputsat mostaresufficient to detectall errorsat thecompactedoutputs,which
areproducedby stuck-ator transitionfaultsandwhichareobservableat thefunctionaloutputs.

If two different compactorsaredesignedfor the samesequentialcircuit using the two different
analysisalgorithmsbasedon approximatedprobabilities,then in many casesthe reductionof fault
propagationof thesetwo compactorsdiffers considerably. This indicates,that theapproximationsof
the probabilities,which arecomputedby the analysisalgorithmsareinaccurate,so that the resulting
compactorsmaymasktoomany faults.In contrast,for combinationalcircuitstheexperimentalresults
differ only slightly for thetwo analysisalgorithms.

Obviously, the reasonfor the varying accuracy of the analysisalgorithmsfor combinationaland
sequentialcircuits is, that a sequentialcircuit containsflipflops storing the state. For example,the
analysisalgorithmsneglecttheeffect, thatfor many sequentialcircuitsseveralstatesarenot reachable
and then certainpathscan never be sensitized. To handletheseissues,somemodificationsof the
analysisalgorithmsareproposedin this chapter. Thesemodificationscanimprove thedesignof linear
outputspacecompactorsfor sequentialcircuits.
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4 Output Space Compaction for Circuits with
Unkno wn Structures

In thepreviouschapters,thedesignof outputspacecompactorsfor a givencircuit requiredtheknowl-
edgeof thecircuit netlist.Thelinearspacecompactorsaredesignedsothatthepropagationof errorsat
thefunctionaloutputsis optimizedfor stuck-atfaults.In thischapterit is assumed,thatthestructureof
thecircuit is unknown, but aprecomputedtestsetandthecorrespondingfault-freetestresponsesof the
circuit aregiven. Underthis condition,non-linearspacecompactorsaredesignedwithout knowledge
of theunderlyingfault modelof thetestset.

Thefollowing sectionintroducesthebasicconceptof spacecompactorsfor circuits,whosestructure
is not known, anddiscussestheusageof thesecompactors.In thefollowing sectionsthebasicdesign
of suchcompactorsandanextension,which improvesthecompactionratio,aredescribed.Afterwards
experimentalresultsarepresented.Finally, thelastsectiongivesasummary.

4.1 Intr oduction

Circuitsor modules,whosestructuresareunknown, areoftenusedfor largechip designs.Thedesign
of achipstartswith thedesignof thearchitecture,whichis developedaccordingto thespecificationsof
thechip. Thechipis dividedinto severalmodulesimplementingvariousfunctionalities.Thesemodules
aredesignedseparatelyor somepre-designedembeddedcoresareused.Theadvantageof including
pre-designedmodulesis, that thedemandedfunctionalitycanbeaddedto thechip without expensive
andtime consumingdevelopment. Therefore,designreuseallows greateron-chip functionality and
shorterproductdevelopmentcycles.

In many cases,suchpre-designedfunctionalblocksareintellectualproperty(IP) cores.Normally,
the corevendorgivesno structuralinformationaboutthe IP core,so that the intellectualpropertyis
protected.In this case,the methodsproposedin the previous chapterscannot be usedto designan
outputspacecompactor. However, if thevendorwantsto supportthe testof the IP coreandprovides
a set of testpatternswith the correspondingfault-freetest responsesof the IP core, then the space
compactordesignintroducedin thischaptercanbeapplied.

Testinga coreembeddedin a chip posestheproblemof propagatingthetestresponsesof thecore
to observable chip input/outputpins. If the test responsesof the core are inputs of other circuits,
thenerrorsat theoutputsof thecoremaybe masked,so that they cannot beobserved. As shown in
Figure4.1,wrappercellscanbeplacedonthefunctionaloutputs[86]. Sincewrappercellsseriallyshift
thetestresponsesto observablechip input/outputpins,thetestapplicationtimeincreasesconsiderably.
Furthermore,thisapproachcausesdelayson functionalpathsbetweencores.

In orderto reducethedelayson functionalpaths,spacecompactorscanbeusedto accessthetest
responsesof thecore.Sincetheaccessis in parallel,thetesttime increasesonly slightly andat-speed
testingis facilitated.Thisapproachis shown in Figure4.2for asequentialcircuit in full-scandesign.
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4 OutputSpaceCompactionfor Circuitswith Unknown Structures
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In the previous chapters,outputspacecompactorsweredesignedin sucha way, that minimized
or eliminatedaliasingis achieved for the stuck-atfault model. In orderto reducealiasing,mostap-
proachesfor output compactionsuggestedin the literaturearebasedon an underlyingfault model.
Sincethe methodproposedin this chaptershouldbe applicableto IP coresandusually the type of
faultstestedby the correspondingtestset is unknown, it is importantto designthe spacecompactor
so that they propagatethemaximumamountof error information,irrespective of an underlyingfault
model. Furthermore,the methodspresentedin the previous chaptersandalsomost techniquespro-
posedin the literatureare inherentlyunsuitablefor compactingthe test responsesof IP cores,since
they requirestructuralknowledgeaboutthecircuit.

Theapproachpresentedin this chapterrequiresno informationaboutthe internalstructureof the
circuit undertest. The designof the spacecompactorsis basedon the knowledgeof a precomputed
compacttestsetandthe correspondingfault-freetest responses.It guarantees,that all outputerrors
producedby thegiventestsetarepropagatedto theoutputsof thecompactor. Therefore,thecompactors
arezero-aliasingwith respectto thetestset.

For thepurposeof simplification,below thedesignof zero-aliasingspacecompactorsis described
only for functionaloutputs,but thesespacecompactorscanalsobe usedto compactthe outputsof
observation points. Suchcompactorscanbe easilydesigned,if the outputsof the observation points
aretreatedasfunctionaloutputs.Thesecompactorsrequirenoknowledgeaboutwheretheobservation
pointshave beenplacedin thecircuit andzero-aliasingfor any underlyingfault model is guaranteed
for thegiventestset.

Theproposedmethodis ageneraloneandcanbeappliedto any circuit with aprecomputedtestset.
However, it yieldsthebestresultsconcerningcompactionratioandlow areaoverhead,if thenumberof
testpatternsis small. In contrast,a largetestsetusuallyresultsin alargezero-aliasingspacecompactor
whichcauseshighareaoverhead.

Oftena long testsequenceincludesa smaller, essentialsetof testpatterns.For example,a pseudo
randomtestpatterngeneratormaygeneratethelong testsequence.Thenspeciallogic is designedand
added,so that the essentialtestpatternsarepart of the sequence.In this case,the methodproposed
in this chaptercanbe usedto designa zero-aliasingcompactorwith respectto the essentialtestset.

84
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input
test

vectors

functional
outputs

compactor

scan
outputs

mechanism

to test
access

to
following
corestest

under
core

Figure4.2:Corewith testaccessbasedona spacecompactor

This compactorcanbecombinedwith a secondcompactor, whosefunction improvesthepropagation
of errorsproducedby theothertestpatterns.Thesecondcompactionfunctionshouldideallypropagate
themaximumamountof errorinformationindependentof thetestsetandtheunderlyingfaultmodel.

In the absenceof specific test and fault information, it is reasonableto assume,that all errors
areequallylikely. Sinceit canbe shown thata parity treehasthehighestprobabilityof propagating
arbitraryerrors,which areequallylikely [58], thesecondcompactionfunctioncanbeimplementedby
aparity tree.

Thesecondcompactorrequiresanadditionaltime stepfor applyingthelong testsequence,sothat
thetestingtime mayincrease.Thebenefitof this additionalstepis, that faultsmaybedetected,which
arenot testedby thepatternsof thesmaller, essentialtestset.

The proposedoutputcompactioncanbe appliedto combinationalcircuits. Furthermore,the ap-
proachis alsoapplicableto sequentialcircuits in full-scandesign.In orderto reducethe testingtime
requiredfor thescan-inandscan-outoperationof testpatternsandresponses,mostcurrentscandesigns
utilize theconceptof multiple scanchains.Therefore,in many casesthenumberof functionaloutputs
is greaterthanthelengthof a singlescanchain. In orderto accessthetestresponsesat thefunctional
outputsof acircuit without furtherincreasingthetestapplicationtime,anoutputspacecompactorcan
be usedto compactthe test responsesat the functionaloutputsandto propagatethe errorsto a test
accessmechanismasshown in Figure4.2.

In contrastto the compactorsintroducedin the previous chapters,the numberof outputsof the
compactorsdescribedbelow cannot be arbitrarily chosen.Thereis a lower boundon thenumberof
compactedoutputs,whicharenecessaryto propagateall errorsat thefunctionaloutputsduringthetest.
Thebounddependson thenumberof distincttestresponsesof thefault-freecircuit.

If the spacecompactorswork in two time steps,then the numberof compactedoutputscanbe
furtherreduced.In thefollowing this conceptis describedmorein detail.Thecorrespondingdesignis
calledtwo-stepcompaction.Thestraightforwardmethod,whichrequiresonly onecompactionstepper
testpatternis denotedasone-stepcompaction.Thismethodis presentedfirst. Bothcompactordesigns
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4 OutputSpaceCompactionfor Circuitswith Unknown Structures

have beenpublishedin [76].

4.1.1 State of the Ar t

Variouscompactiondesignsandtestaccessarchitecturesfor coreshave beensuggested[5, 6, 7, 21,
34, 37, 42, 59, 85]. Severalapproachesproposedesignsof zero-aliasingcompactors,which requireno
knowledgeof thestructureof thegivencircuit. In thefollowing two approachesarebriefly described.

Bhattacharya,Dmitriev andGösselproposein [5] thefollowing design:Theoutputsandaddition-
ally all theinputsof thecircuit undertestareconnectedto thecompactor. Thecompactorcompresses
testresponsesfrom multiple outputsto a singleperiodicstreamobservableat a singlecompactedout-
put. This methodachieves zero-aliasingspacecompactionwithout requiringany informationabout
the circuit structure.The additionalinterconnectarearequiredto connectthe inputsof the circuit to
thecompactormaybehigh in severalcases.Sucha compactoris strictly speakingan“input andout-
put” compactor. In contrast,in the following compactionincluding the circuit inputs is left out of
consideration.

Another compactordesignwhich is structureindependentis introducedin [37] by Gössel,So-
gomonyan andMorosov. The compactorpropagatesall errorsat its inputs to the outputs. Henceit
is totally error propagating.Sincethe compactoroperatesin differentmodes,several time stepsare
requiredfor thecompaction.Becausethenumberof time stepsdependson thecompactionratio, the
testapplicationtimemayincreaseconsiderably.

4.1.2 Basic Notations

In the following, a circuit � with � inputs �Q	���
�
�
����>� and � outputs ��	���
�
�
������ is considered.The
spacecompactor��� maps� functionaloutputs��	���
�
�
������ to � , � �æ� , compactedoutputs� 	���
�
�
�� ��� .��� implementsthebooleanfunction # with #3!¤& # 	���
�
�
�� #F� ( and �� 8!�#% �& ��	���
�
�
�������(*�P+ ! � ��
�
�
��,� .
Theprecomputedtestset @ of � consistsof � differenttestinputpatterns>,	���
�
�
��I>Ø� . Thecorresponding
fault-freetestresponsesare n 	 ��
�
�
���n � , which form the setof fault-freeresponsesc . The numberof
distinctfault-freeresponsesof c is S . Obviously, it is S b � .

4.2 One-Step Compaction

For any given testset @ a lower bound � �  � exists on the numberof compactedoutputs,which are
necessaryto guaranteethepropagationof all errorsproducedby @ . ���  � dependson thesize S of the
setof fault-freeresponsesc asfollows:

Theorem 4.1 Let @ bea testfor a circuit � andlet S bethenumberof distinct fault-freeresponsesof� to @ . Let ��� be a spacecompactorwhich is connectedto the functionaloutputsof � and which
propagatesanyerror producedby @ . Thena lower boundon the numberof compactedoutputs � is
givenby� hedgfih V & S)� � (*


Proof:
The spacecompactorpropagatesany fault that causesthe test responseto changefrom a fault-free
responsen  to adifferent,erroneousresponsen � . Hence#-& n � ( mustbedistinctfrom #-& n  ( . Furthermore,
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4.2 One-StepCompaction

the compactormustmaptwo different fault-freetest responsesn  ��n*a 0 c to distinct outputvectors#-& n  (^d!�#-& n=a�( . Otherwise,theremay exist a fault which producesinsteadof the fault-freeresponsen  theerroneousresponsen%� with nF� ! n*a . In this case,thevectorat the outputsof the compactoris#-& n � ( ! #-& n*a�( ! #-& n  ( , whichmeansthatthefault is notpropagated.
Therefore,thevaryingfault-freetestresponsesmustbemappedto uniqueoutputvectorswhichare

alsodistinctfrom theoutputvectorsof all othererroneoustestresponses.Sincethenumberof different
fault-freetestresponsesis S , thecompactormustproduceat least Sk� � distinct outputvectorsandat
least R'dgfih V & S�� � (XW compactedoutputsarenecessaryto generateall outputvectors. Z

Theproof of Theorem4.1states,thata compactor, which propagatesany erroneoustestresponse,
mustmapthefault-freetestresponsesto S uniqueoutputvectors.Now thesetof all othertestresponses
is denotedby c ¸ with c ¸ ! 2 � � �%4 � O c . Theset c ¸ canbemappedto anadditionaluniqueoutput
vector # � . Thenany erroneoustest response#-& n � ( d!â#-& n  ( is eithermappedto #-& n a ( with n  d! n a
or to # � . In both cases,theerror is propagatedsinceit is #-& n  ( d!¤#-& n=a�( and #-& n  ( d!Ð# � . The Sk� �
differentoutputvectorscanbeproducedby dgfih V & S�� � ( compactedoutputs,sothatazero-aliasingspace
compactorwith theminimal numberof outputsis obtained.

Therefore,a zero-aliasingcompactorcanbedesignedasfollows:

1. Uniquesymbolicvaluesareassignedto eachof thefault-freeresponsesandanadditionaldistinct
symbolicvalueis assignedto thesetof all othererroneousresponsesc ¸ .

2. Thena logic synthesistool canbe usedfor mappingthe symbolicvaluesto binary values,so
that the function of the resultingcompactorcanbe simply implemented,which meansthat the
expectedareaof thecompactoris minimal.

3. After that the output vectorsof the spacecompactorare fully specifiedfor the fault-freetest
responsesandfor theset c ¸ . Thus,thecompactorcanbesynthesized.Again, this canbedone
usinga logic synthesistool.

The designdescribedabove producesan one-stepcompactor, which is zero-aliasingfor faultsof
thecircuit detectedby thegiventestset.Thiscanonly beguaranteed,if thecompactorworksproperly.
Therefore,concerningthe setof faultswhich arelocatedin the compactor, the numberof detectable
faultsshouldbemaximized.If thecompactoris implementedasa two-level non-redundantAND-OR
circuit andthe underlyingfault model is that of stuck-atfaults, thenit is sufficient to considerfaults
occurringat the inputsof the AND gates[49]. Usually, testsetsincludepatternsthat detectstuck-
at faultsat the functionaloutputsof the circuit, so that alsostuck-atfaultsat the inputsof the space
compactoraretested.

If the compactoris synthesizedin sucha way that the overheadis minimized,thena multi-level
circuit is generatedin mostcases.If themulti-level implementationis obtainedusingalgebraicfactor-
izationfrom thetwo-level functionaldescription,thenthetestis preserved[2, 62]. Evenif thesynthesis
is not restrictedto specialtransformations,thetestsetdesignedfor a two-level designcanachievehigh
fault coveragesfor stuck-atfaults[26].

In contrastto thecompactorsdescribedin thepreviouschapters,thecompactorsgeneratedaccord-
ing to the proceduregiven above arenon-linear. Linear spacecompactorsarenot suitable,sincethe
numberof outputsof azero-aliasinglinearspacecompactoris never lessthanthenumberof functional
outputsof thecircuit:
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Figure4.3:Two-stepcompactorbasedon two transmissionfunction

Theorem 4.2 Let @ bea testfor a circuit � with � outputsandlet S bethenumberof distinctfault-free
responsesof � to @ . If ��� is a linear spacecompactor, which propagatesanyerror producedby @
fromtheoutputsof � to its outputsin onetimestep,thenthenumberof compactedoutputs� is: �uhæ� .

Proof:
As mentionedabove, a spacecompactorwhich propagatesany erroneoustestresponsemustmapthe
fault-freetestresponsesto S uniqueoutputvectors. The linear compactorwith � compactedoutputs
implements� linearfunctions.Eachof the � linearfunctionsis

�
for exactly _ � ¸ 	 input combinations

dividing theinputspaceof thecompactorinto two equalsets.
In thefollowing, it is assumed,thatthelinearfunctionsvary. Theneachsuccessive linearfunction

subdivides the setsof the input spaceinto equalhalves. Therefore,� b � different linear functions
will divide theinput spaceof thecompactorinto a total of _ � setsandeachsetconsistsof _ � ¸ � input
vectors.Sincethecompactormustmapeachsinglefault-freetestresponseto a uniqueoutputvector,
theremustexist input setscontainingexactlyoneinput vector. This implies � ! � .

Obviously, if several linear functionsof thecompactorareidentical,thenmorethan � compacted
outputsarerequired. Z
4.3 Two-Step Compaction

SinceTheorem4.1providesa tight lowerboundon thenumberof compactedoutputs� , analternative
compactordesignis required,if the valueof � shouldbe reducedfurther. The two-stepcompaction
designincreasesthe compactionratio. The basicidea is, that for eachsingle testvector >  the cor-
respondingresponseis compactedtwice using two different compactionfunctions. The compactor
includesa _�� -input multiplexer with an additionalcontrol line, which is usedto switch betweenthe
two compactionfunctionsasshown in Figure4.3.

Thebenefitof a highercompactionratio of two-stepcompactionis accompaniedby anincreasein
thetestapplicationtime. If two-stepcompactionis usedfor sequentialcircuitsin full-scandesign,then
loadingthe scanchaintwice with the samevectorcanbe avoidedasfollows: After serially loading
thescancellsandrunningthefunctionalclock for onecycle, thevaluesat the functionaloutputmust
beheldstableuntil bothcompactionstepshave beencarriedout. The two time stepsof the two-step
compactorcan be interleaved with the scan-inand scan-outoperation. Thus, in comparisonto the
one-stepcompactionapproximatelythesametestingtime is required.
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4.3 Two-StepCompaction

Thecompactorimplementsthetwo compactionfunctionssothatall errorsthatarenot propagated
in the first time stepareguaranteedto be propagatedin the secondstep. In orderto determinesuch
functions,the generationof the compactoris basedon the useof orthogonaltransmissionfunctions.
Thenotionof orthogonaltransmissionfunctionsis introducedby Murray in [58].

4.3.1 Transparenc y and Orthogonal Transmission Functions

Thefunctionof thezero-aliasingcompactormustbechosenin sucha way that,aftera fault modified
a fault-freetestresponse,this error is propagatedto the outputsof the compactor. This requirement
is relatedto theconceptof transparency given in [55, 58]. A compactoris transparent,if any change
at the inputsresultsin a changeof theoutputvector. If only for a subsetof input vectorsany change
causesamodifiedoutputvector, thenthecompactoris partially transparent.

In [58] Murray definesa specialtypeof propagationfunctionto analyzethetransparency property
of circuit modules.Thistypeis calledtransmissionfunctionandit is definedfor combinationalmodules
with controlinputswhicharefedby asequenceof controlvalues.

In order to simplify the following explanations,which describethe generationof the two com-
pactionfunctions,a modifieddefinition of transmissionfunctionsis given below. The transmission
functionfor asingletimestepis:

Definition 4.3(TransmissionFunction for the Control Value / ) Let l be a combinationalcircuit
modulewith control inputs,data inputsand dataoutputs. If thecontrol value / is appliedto l and
if 2 �.	���
�
�
������ 4 is the setof all vectors, which can occur at the data outputsof the module, thenthe
transmissionfunctionof thecompactorfor thecontrol value / is givenby@ n & l �Km /�nD( ! 2 & � � C o J�ô �.	=(*��
�
�
�� & � � C o ¼ ô ����( 4
where � � C o E , �åb + b � , is thesetof all inputvectors mappedto theoutputvector �  .

The two-stepcompactorhasonly onecontrol line, which controlsthe multiplexer switchingbe-
tweenthe two compactionfunctions. In the first compactionstepthe control line of the compactor��� is set to

�
. Therefore,the correspondingtransmissionfunction of the compactoris denotedby@ n & �����Km � nD( . If the control line is set to

�
, then the transmissionfunction of the compactor��� is@ n & �����Km � nD( . Again, for simplificationherethedefinitionof thetransmissionfunctionfor two or more

timestepsdiffersslightly from theoriginaldefinitiongivenin [58]:

Definition 4.4(TransmissionFunction) Let l be a combinationalcircuit modulewith control in-
puts,data inputsand data outputs. Let �qp êr�1s ! m / 	 ��
�
�
��:/ O n be a sequenceof > control values. If
thecontrol sequence��p ê\�\s is appliedto l in > timestepsand if 2 p êr�1s C 	���
�
�
���p êr�1s C � 4 is thesetof all
sequencesof vectors,which canoccurat thedataoutputsof themodule, thenthetransmissionfunction
of thecompactorfor control sequence�qp êr�1s is givenby@ n & l �*�qp êr�1s ( ! 2 & �;	 ô p ê\�1s C 	*(*��
�
�
�� & ��� ô p ê\�1s C �P( 4
where �  , �åb + b � , is thesetof all inputvectors,which aremappedto thesequenceof outputvectorsp ê\�1s C  .
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4 OutputSpaceCompactionfor Circuitswith Unknown Structures

SinceDefinition4.4includesthecase,thatthesequence�qp êr�1s consistsonly of onecontrolvalue,it
comprisesDefinition4.3.Furthermore,atrivial definitionof transmissionfunctionsof moduleswithout
controlinputscanbesimplyderivedfrom thesedefinitions.

Thedefinitiongivenby Murrayin [58] includesanequation,whichdescribesthecomputationof the
sets� 	 ��
�
�
��*� s of @ n & l �*��p ê\�\s ( from theinputsetsgivenin Definition4.3.For afixedcontrolvalue /
andfor asingleoutputvector � theinputsetsof thecorrespondingtransmissionfunction @ n & l �Km /�nD( is� � C o . If �qp êr�1s consistsof thecontrolvalues/�a , ��b f b > , thentheinput set �  mappedto a sequence
of outputvectorsp ê\�\s C  �! m �  DC 	���
�
�
����  DC O n canbedeterminedasfollows:�  
! � � J C o Eáµ J r 
�
�
 r � �ut C o Eéµ t 
 (4.1)

Thus,the transmissionfunction @ n & l �*��p ê\�\s ( for a control sequencecanbeeasilyderived from the
correspondingtransmissionfunctions@ n & l �Km / 	 nD(*��
�
�
�� @ n & l �Km / O nD( for onetimestep.

Sincethe intersectionoperationis commutative, Equation(4.1) implies, that the input setsof a
transmissionfunction @ n & l �*�qp êr�1s ( areindependentfrom the orderof the control valuesof the se-
quence�qp êr�1s , which is appliedto l in > time steps.Furthermore,if a control valueis addedto the
sequence,which is alreadyincludedin ��p ê\�\s , thentheinput setsremainunmodified.

Becauseheretransmissionfunctionsareonly usedfor atwo-stepcompactor��� , now thetransmis-
sionfunctions@ n & �����Km � nD( and@ n & ���ù�Km � nD( aredenotedby @ n�6 and @ nP	 , respectively. Furthermore,in
thefollowing it is assumed,thattheinput linesof thecompactorareordered.Thenthevectorsassigned
to the input lines canbe describedby the binary valueaccordingto this order. Therefore,below the
setsof input vectorsarewritten asa list of binary valueswhich correspondsto the notationof [58].
Analogically, asingleoutputvectoris representedby thecorrespondingbinaryvalue.

For example,if acompactorwith two inputsandoneoutputis givenandfor thecontrolinput / ! �
( / ! � ) thefirst (second)functionof thecompactorequalstheOR-function(XOR-function),thenit is:@ n�6 ! 2 & � ô � (*� & � �,_.�,` ô � ( 4 �@ n 	 ! 2 & � �,` ô � (*� & � �,_ ô � ( 4 �@ n & ���ù�Km � � � nD( ! 2 & � ô ��� (*� & ` ô ��� (*� & � �,_ ô �P� ( 4 �@ n & ���ù�Km � � � nD( ! 2 & � ô ��� (*� & ` ô �5� (*� & � �,_ ô �P� ( 4 

As mentionedabove, theinputsetsof @ n & �����Km � � � nD( and @ n & �8���Km � � � nD( areidentical,sincethecontrol
sequencesdiffer only in theorderof thecontrolvalues.

Theamountof information,thatcanbepropagatedby thecompactor��� , dependson thestructure
of the input setsin ��� ’s transmissionfunction. If eachsetconsistsonly of oneelement,then ��� is
transparent.If not all but several setsconsistof only oneinput vector, thenthe compactoris called
partially transparentwith respectto theseinput vectors.

Thebasicideaof thegenerationof a two-stepcompactoris to choosetransmissionfunctions @ n 6
and @ n�	 , so that the combinationof thesefunctions in two time stepsresultsin a compactorwith
improvedtransparency. Theproposedmethoddeterminesorthogonaltransmissionfunctionsto achieve
this. Accordingto [58] thedefinitionof orthogonaltransmissionfunctionsis:

Definition 4.5(Orthogonal TransmissionFunctions) Let l bea combinationalcircuit modulewith
control inputs,datainputsanddataoutputs.For thetwosequencesof control values� ê\�1s C 6 and � ê\�\s C 	
let @ n & l �*� êr�1s C 6�( and @ n & l �*� ê\�\s C 	*( be the correspondingtransmissionfunctionsof l . If no two
elementswhich are includedin thesameinput setof @ n & l �*� ê\�\s C 6�( appearin a commoninput setof@ n & l �*� ê\�1s C 	*( , then @ n & l �*� êr�1s C 6�( and @ n & l �*� ê\�1s C 	*( areorthogonal transmissionfunctions.
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4.3 Two-StepCompaction

In somecasesonly for a subsetof input vectorsthe condition is fulfilled, that no two elements
which areincludedin the sameinput setof @ n & l �*� êr�1s C 6�( appearin a commonsetof input vectors
of @ n & l �*� ê\�\s C 	,( . In this case@ n & l �*� ê\�1s C 6�( and @ n & l �*� êr�1s C 	:( arecalledorthogonaltransmission
functionswith respectto thissubset.

Thetwo transmissionfunctions@ n 6 and @ n 	 of theexamplegivenabove arenot orthogonal,since
theinputs

�
and _ areincludedin thesameinput setfor bothfunctions.Thecorrespondingcompactor��� is only partially transparentwith respectto 2 � �,` 4 .

If theexampleaboveis modifiedsuchthatthefirst functionof thecompactoris equalto theXNOR-
function, thenthecorrespondingtransmissionfunction is @ n�6 ! 2 & � �,_ ô � (*� & � �,` ô � ( . In this case,the@ n 6 and @ n 	 arenot orthogonaleither, sincethe inputs

�
and _ areincludedin thesameinput setfor

both functions,even whendifferentoutputvaluesareassignedto the input sets. The corresponding
compactor��� is notpartially transparent.

Finally, if in the first compactionstepthe first input line of the compactoris fed through,then
the resultingtransmissionfunction is @ n�6 ! 2 & � �,_ ô � (*� & � �,` ô � ( . Obviously, the transmissionfunc-
tions @ n 6 and @ n 	 areorthogonal,sinceit is @ n & �����Km � � � nD( ! 2 & � ô ��� (*� & _ ô �5� (*� & ` ô ��� (=� & � ô �P� ( 4 and@ n & �����Km � � � nD( ! 2 & � ô ��� (*� & ` ô �5� (*� & _ ô ��� (*� & � ô ��� ( 4 . Therefore,thecorrespondingtwo-stepcompactor
is transparent.

A compactor��� , whichpropagatesany errorwhich is producedby thetestset @ at thefunctional
outputsof thecircuit, mustpartially transparentfor a certainsubsetof theinput vectors.This is stated
in thefollowing theorem:

Theorem 4.6 Let @ bea testsetfor a circuit � andlet S bethenumberof distinctfault-freeresponses
of � to @ . Let ��� be a spacecompactorwith control inputs,which is connectedto the functional
outputsof � . For a givensequence�qp êr�1s of control valueslet �  , �¿b + b � , be the input setsof
the correspondingtransmissionfunction @ n & �8���*�qp êr�1s ( . Thenthe compactorpropagatesany error
producedby @ , if andonly if each fault-freetestresponsen is theonlyelementin its inputset �  .

Proof:

1. If eachinputset �  , whichcontainsafault-freetestresponseincludesnootherinputvectors,then
any erroneousmodificationof the fault-freetestresponseis anelementof a differentinput set.
This leadsto at leastonedifferentoutputvectorduringtheapplicationof thesequenceof control
values.Thus,suchanerroris propagatedthroughthecompactor.

2. If a fault-freetestresponsen andany othervector n � areincludedin thesameinput set �  , then
a fault maybenot propagated.For example,if the test > which correspondsto n is appliedand
a fault modifies n in sucha way that theerroneousresponseis n � , thenthefault is masked. The
reasonis, that n  and n%� areelementsof thesameinputsetandhencethecompactorproducesthe
samesequenceof outputvectors. Z

Obviously, this theoremis alsoapplicableto spacecompactorswithout control inputs. Theresult
givenin this theorem,that for a zero-aliasingcompactorany input set,which includesa fault-freetest
response,consistsof exactly this singleelement,is usedin the proof of the following theorem.The
theoremgivesa lower boundon thenumberof outputswhich arerequiredfor a zero-aliasingtwo-step
compactor.
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Figure4.4:Proposeddesignof thetwo-stepcompactor

Theorem 4.7 Let @ bea testsetfor a circuit � andlet S bethenumberof distinctfault-freeresponses
of � to @ . Let �8� bea two-stepspacecompactor, which is connectedto the functionaloutputsof �
andwhich propagatesanyerror producedby @ for a givensequence��p ê\�\s of control values.Thena
lower boundon thenumberof compactedoutputs� is givenby� h dgfih V & S)� � (_ 


Proof:
Firstly, a lowerboundon thenumberof differentinputsetsof thecorrespondingtransmissionfunction
is derived: Accordingto Theorem4.6, eachinput set,which containsa fault-freetestresponse,does
not includeany otherinputvector, since��� propagatesany errorproducedby @ . Additionally, at least
oneinput setcontainsthe remaining,erroneoustestresponsesof c ¸ , so that at least SQ� � different
input setsof thetransmissionfunctionexist.

If thenumberof compactedoutputsis � thenin bothcompactionstepsat most _ � differentoutput
vectorsarepossible.Furthermore,thenumberof inputsetsof thetransmissionfunctionsof thefirst and
secondstepis at most _ � . Therefore,oneof theinput setsof thetransmissionfunction @ n�6 containsat
least & Sv� � ( 8 _ � elements,which mustbeassignedto differentinput setsof the transmissionfunction
of ��� .

These& S�� � ( 8 _ � elementsmustbeassignedto differentinputsetsof thetransmissionfunction @ n�	
of thesecondstep.As mentionedabove, thenumberof inputsetsis atmost _ � . Thus,it is:S�� �_ � b _ �S)� � b _ Vwv �_ ° � h dgfih V & S�� � (� h dgfih V & S�� � (_ Z

Obviously, thelowerboundonthenumberof outputsfor two-stepcompactorsis thecorresponding
boundfor one-stepcompactorsdividedby two.

4.3.2 Determination of the Compaction Functions of the Two Time Steps

This sectiondescribesin detail how the compactionfunctionsof the two stepsare determined. In
orderto reducetheareaoverheadof the resultingcompactors,a designis introduced,which trivially

92



4.3 Two-StepCompaction

1. responses_bound:= RDS 8 _ � W ;
2. while (no_solution_found) do
3. #outputs_extracted:= 0;
4. search_start_output:= 1;
5. SelectOutputs(#outputs_extracted,search_start_output);
6. responses_bound:= responses_bound� � ;
7. if (responses_bound! _ � ) then
8. � := �å� � ;
9. responses_bound:= RDS 8 _ � W ;
10. endif;
11. endwhile;
12. end.

Figure4.5:ThealgorithmGetTr0 whichdeterminesfunctionaloutputsimplementing@ n�6
implements@ n�6 usinga setof � feed-throughwires. Hencetheexpectedarearequiredfor additional
gatesandinterconnectionis smaller. Thesecondstepof thecompactionis derived from thefirst step
in sucha way, that the two transmissionfunctions @ n�6 and @ n�	 areorthogonalwith respectto the
fault-freetestresponses.Furthermore,oneinputsetof @ n�	 equalstheset c ¸ , whichconsistsof all test
responses,thatarenotgeneratedby thefault-freecircuit.

Thecompactionof thefirst compactionstepis givenby � carefullychosenfunctionaloutputsof the
circuit � . Theseoutputsaredirectly connectedto themultiplexer of thetwo-stepcompactorasshown
in Figure4.4.

Determination of the First Compaction Function The � functionaloutputsarechosenin such
away thatthefault-freetestresponsesaredistributedasuniformly aspossibleamongtheinput setsof
thecorrespondingtransmissionfunction @ n�6 . This means,that themaximalnumberof fault-freetest
responses,whichareincludedin asingleinput setof @ n�6 , is minimized.

The algorithmGetTr0 can be usedto determinethe functional outputsimplementingtrivially@ n�6 . Thepseudocodeof thealgorithmis givenin Figure4.5.Theinputparametersof thealgorithmare
thefault-freetestresponsesat thefunctionaloutputsof � and � , which is thenumberof outputsof the
compactor. � is alsothenumberof outputsof � , which thealgorithmshouldchoose.Thealgorithm
callstherecursivealgorithmSelectOutputs in orderto performanexhaustivesearchfor � outputs.
If thesearchfails,thenno � functionaloutputscanbechosensothateachinputsetof thecorresponding
transmissionfunction @ n�6 containsat most _ � O � fault-freetestresponses.Furthermore,this means
no transmissionfunction @ n 	 , which is orthogonalto @ n 6 with respectto thefault-freetestresponses,
canbe generated.In this case,no set of � feed-throughoutputsexists for a zero-aliasingtwo-step
compactorwith � compactedoutputs.Therefore,thealgorithmGetTr0 increases� .

In particular, the transmissionfunction @ n�6 of the first stepproduces_ � different input setsfor� compactedoutputs. In the bestcase,eachof the input setscontainsat most RDS 8 _ � W fault-freetest
responses.Thisboundis determinedin step1 of thealgorithmGetTr0.

Thenthe initial parametersof the recursive algorithmSelectOutputs aredeterminedandin
step5 thealgorithmis called. ThealgorithmSelectOutputs searchesfor � functionaloutputsso
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4 OutputSpaceCompactionfor Circuitswith Unknown Structures

1. #outputs_extracted:= #outputs_extracted� � ;
2. for next_output= search_start_outputto � do
3. selectoutputaccordingto “next_output”anddetermineinputsetsof

thetransmissionfunctionimplementedby theoutputsselectedsofar
4. max_responses_of_set := determine_max_responses_of_set();
5. if (max_responses_of_set

b
responses_bound)then

6. return(solution_found);
7. elseif (max_responses_of_set

b _ � ¸7x#y � O ��� O ê _� � O Î�� � O � º ° responses_bound)then
9. SelectOutputs(#outputs_extracted,next_output� 1);
10. if (solution_found)then return(solution_found);
11. endif;
12. endfor;
13. return(no_solution_found);
14. end.

Figure4.6:Therecursive algorithmSelectOutputs calledby GetTr0

thatfor thegeneratedtransmissionfunction @ n�6 thenumberof fault-freetestresponsesincludedin the
sameinputsetis not largerthanthegivenbound.In step6 thisboundis incremented.

If theboundequals_ � , thenno solutionfor � compactedoutputsexists,because_ � is thenumber
of differentinputsetsof thesecondtransmissionfunction @ n�	 andoneof thesesetsis reservedfor c ¸ .
If theequationof step7 is true, thenin the two following steps� is incrementedanda new boundis
computedanalogicallyto step1. If � outputscould be sucessfullychosen,thenthe algorithmends,
otherwisethesearchstartsagainwith themodifiedvalueof thebound.

The pseudocodeof the algorithmSelectOutputs is shown in Figure4.6. The additionalpa-
rametersgivenby its call arethenumberof functionaloutputs,which arealreadychosenfor @ n�6 , and
thenumberof thenext functionaloutput,which shouldbechecked for selection.In step1 of this al-
gorithmthenumberof selectedoutputsis incremented.Thenthenext outputis selected.Furthermore,
thetransmissionfuntion @ n�6 andtheinput setsarecomputedcorrespondingto theoutputsselectedso
far.

In step5 it is tested,if oneof the input setscontainstoo many fault-freetest responses,which
meansthat the boundgiven by GetTr0 is exceeded.If the boundis valid, thena solutionhasbeen
foundandthealgorithmreturnstheselectedfunctionaloutputs.Otherwisethe inequationof step7 is
usedto check,whetherthe selectionof more functionaloutputscanresult in a solutionor not. If a
solutioncanpossiblyfound,a recursive call of SelectOutputs follows in step9. If no solutionis
possible,the lastselectedfunctionaloutputis dropped.If therearestill functionaloutputswhich can
bechosen,thenthenext outputis selectedin step2. Otherwisethealgorithmreturnsno solution.

The algorithmGetTr0 performsan exhaustive search. Thus, the complexity of the algorithm
is ¯ &�z � �Z{ ° S¡(¿�p¯ & � � ° S¡( , if the algorithm doesnot increasethe numberof compactedoutputs � .
Below it is shown, that a very small value can be chosenfor � . Furthermore,functional outputs,
which cannot bepartof a solutionareoftenskipped,becauseof theconditiongiven in step7 of the
algorithmSelectOutputs. Therefore,in practicein many casesthealgorithmGetTr0 requiresa
shortexecutiontime.

For example,for theISCAS’85 benchmarkscircuit c6288atestsetof 12inputvectorsis available.
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4.3 Two-StepCompaction

Test Responsevaluesof functionaloutputs
response ��	 �PV � i � j �PÕ �Pð � À � � �}| ��	t6 ��	�	 ��	tV ��	 i 
�
�
n�	 1 1 0 0 1 1 1 0 0 1 1 0 1 
�
�
n�V 0 0 0 0 0 0 0 0 0 0 0 0 0 
�
�
n i 1 1 1 1 0 1 0 0 0 0 1 0 0 
�
�
n j 1 0 0 0 0 1 1 0 0 0 0 1 1 
�
�
n Õ 1 0 0 0 0 0 0 0 0 1 0 0 0 
�
�
n�ð 0 0 1 1 0 0 0 1 0 1 1 1 1 
�
�
n À 0 1 0 0 1 1 1 0 1 0 0 0 0 
�
�
n � 0 1 1 1 0 1 0 0 1 1 1 1 1 
�
�
nK| 1 1 0 1 0 1 1 0 1 1 0 1 0 
�
�
n 	t6 1 0 0 0 1 1 0 0 1 1 0 0 0 
�
�
n�	�	 1 0 1 0 1 1 1 1 1 0 1 0 1 
�
�
n�	tV 0 0 1 0 0 1 1 0 1 0 1 0 0 
�
�


Table4.1:Testresponsesof thec6288benchmarkcircuit

Thissetdetectsall non-redundantsinglestuck-atfaultsof c6288.Table4.1givesfor thecorresponding
fault-freetestresponsesn�	���
�
�
���n�	tV thevaluesof 13 functionaloutputsof c6288.

If the numberof compactedoutputsis set to _ , then two output lines must be chosen,so that
eachinput setof thegeneratedtransmissionfunction @ n 6 containsthreefault-freetestresponses.The
algorithmGetTr0 determinesthis boundin thefirst step. ThenthealgorithmSelectOutputs is
called.Thesearchstartswith output ��	 whosevaluesare“1” for seventestresponsesand“0” for five
testresponses.Thus,thetwo input setsof thecorrespondingtransmissionfunctionof thefirst output
containfive andseven testresponses,respectively. The maximalnumberof fault-freetestresponses
includedin thesameinputsetis seven.Obviously, theinequation| b ` of step5 of SelectOutputs
is not trueandno solutionhasbeenfoundsofar. Theinequation| b _ ° ` of step7 is not trueeither.
Hencetheoutput ��	 is skipped.

Only outputs,whosevaluesare“1” for six test responsesand“0” for six test responsesarenot
skipped,becauseonly for theseoutputsthe inequationof step7 is true. The first output with this
propertyis � À . Thenthealgorithmrecursively callsitself in orderto determinethesecondoutput.The
searchstartswith � � andafter additionallycheckingfour outputsthe algorithmfinds the solution � À
and ��	�	 .

Theoutputvaluescorrespondingto thesolutionaremarked in Table4.1. The two columnsof � À
and ��	�	 show eachof thecombinations

���
,
�5�

,
���

, and
���

threetimes.Thetransmissionfunction @ n�6
is: @ n�6 ! 2 & n�VF��n�ÕF��n�	t6F�%c ¸6 ô � (*� & n i ��n�ðF��n � �%c ¸	 ô � (*� & n j ��n À ��n9|F�%c ¸V ô _P(*� & nP	���n�	�	���n�	tVF�%c ¸i ô `P( 4
wherec ¸6 ��
�
�
��%c ¸i denotethepartsof theset c ¸ of erroneoustestresponses,whicharemappedto the
outputvalues

� ��
�
�
��,` , respectively.

Determination of the Second Compaction Function The secondstepof the compactionis
derived from the first compactionfunction so that the two transmissionfunctions @ n�6 and @ n�	 are
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4 OutputSpaceCompactionfor Circuitswith Unknown Structures

1. c�6 ! c ;
2. for output_value_of_@ n�	 =1 to _ � O � do
3. for output_value_of_@ n�6 =0 to _ � O � do
4. for eachfault-freetestresponsen 0 c 6 do
5. if ( @ n�6 & n�( = output_value_of_@ n�6 ) then
6. @ n�	 & n�( := output_value_of_@ n�	 ;
7. remove n in cù6 ;
8. break; // of “For each fault-freetestresponsen 0 c ”
9. endif;
10. endfor;
11. if ( o cù6 o b _ � O � - output_value_of_@ nP	 ) then
12. for eachfault-freetestresponsen 0 c do
13. output_value_of_@ n�	 := output_value_of_@ n�	N� � ;
14. @ n�	 & n�( := output_value_of_@ n�	 ;
15. endfor;
16. break; // of “For output_value_of_@ n 6 =0 to _ � O � ”
17. endif;
18. endfor;
19. endfor;
20. end.

Figure4.7:ThealgorithmGetTr1 whichderives @ nP	 from @ n�6
orthogonalwith respectto the fault-freetest responses.That means,that fault-freetest responses,
which areincludedin thesameinput setof @ n�6 , areassignedto different input setsof @ n�	 . Finally,
oneadditionalinput setof @ n�	 equalsc ¸ , which consistsof all testresponsesthatarenot generated
by thefault-freecircuit.

The algorithmGetTr1 canbe usedto determinethe secondcompactionfunction implementing@ n�	 . Thepseudocodeof thealgorithmis givenin Figure4.7.
In step1, thealgorithmGetTr1 copiestheset c of fault-freetestresponsesto theset c 6 . c 6 is

thesetof fault-freetestresponses,which arenot yet includedin any input setof @ n�	 . Sinceoneinput
setis reserved for c ¸ , thealgorithmassignstheelementsof cù6 to the remaining_ � ¸ 	 input sets.In
step2, thealgorithmgraduallygeneratesall outputvaluescorrespondingto these_ � ¸ 	 inputsets.Then
for suchanoutputvalue � thecorrespondinginputsetof @ n�	 is generated:For eachinputset � of @ n�6
thealgorithmsearchesin c 6 for exactly onetestresponsen 0 � . If thesearchis successful,thenin
step6 thealgorithmassignstheoutputvector � to n , sothatthetestresponseis addedto thenew input
setcorrespondingto � , and n is removedfrom theset c 6 . Sinceat mostonetestresponseout of each
input set � of @ n�6 is chosenfor the new input setof @ nP	 , the resultingtransmissionfunction @ n�	 is
orthogonalto @ n�6 with respectto thefault-freetestresponses.

Thecomparisonof step11 checks,whetherthenumberof fault-freetestresponses,which arenot
yet includedin aninputsetof @ n�	 , is equalor lessthanthenumberof outputvaluesof @ n�	 , whichare
unusedsofar. If theinequationis true,thentheremainingfault-freetestresponsesof cù6 areassignedto
theinputsets,whicharerelatedto theoutputvaluesunusedsofar. Becausein step14 of thealgorithm
theseresponsesareassignedto distinct outputvalues,eachof the generatedinput setsconsistsof a
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singleelement.Thus,thesteps11 to 17 of thealgorithmareonly addedto increasethe likelihoodof
inputsetsconsistingof asinglefault-freetestresponse.

ThealgorithmGetTr1 canbe implementedin a way that is differentfrom theonegiven in Fig-
ure4.7,sothatthecomplexity of thealgorithmis linearin S , which is thenumberof distinct fault-free
testresponses.

For example,thedescriptionof thecompactordesignfor thecircuit c6288with atestsetconsisting
of 12 testvectorsis continued. @ n�6 canbe generatedby thealgorithmGetTr0 asdescribedabove,
yielding:@ n 6 ! 2 & n V ��n Õ ��n 	t6 �%c ¸6 ô � (*� & n i ��n ð ��n � �%c ¸	 ô � (*� & n j ��n À ��n | �%c ¸V ô _P(*� & n 	 ��n 	�	 ��n 	tV �%c ¸i ô `P( 4 
c ¸6 ��
�
�
��%c ¸i denotethepartsof thesetof erroneoustestresponsesc ¸ , whicharemappedto theoutput
values

� ��
�
�
��,` , respectively.
ThealgorithmGetTr1 computes@ n�	 basedon @ n�6 . Thefirst outputvalueof @ n�	 whichis consid-

eredin step2 of GetTr1 is
�
. Thealgorithmgraduallyassignstheoutputvalue

�
to thefirst element

of eachinput setof @ n�6 resultingin the input set 2 n�VF��n i ��n j ��n�	 4 , which is mappedto thefirst output
value. n�V , n i , n j , and n�	 areremoved from cù6 , so that thesefault-freetestresponsesarenot consid-
ered,whenthe input setof the next outputvalue _ is determined.Therefore,the input setof value_ is 2 n�ÕF��n�ð%��n À ��n�	�	 4 . Again, the elementsof the new input setare removed from cù6 . Finally, after
theelementsof the input set 2 n 	t6 ��n � ��n | ��n 	tV 4 of theoutputvalue ` have beenremovedfrom c 6 , it iscù6 !�� .

Theset c ¸ of testresponses,which cannot beproducedby a fault-freecircuit, is mappedto the
outputvalue

�
, sothatfinally thefollowing transmissionfunction @ n�	 is obtained:@ n 	 ! 2 & c ¸�ô � (*� & n V ��n i ��n j ��n 	�ô � (*� & n Õ ��n ð ��n À ��n 	�	�ô _P(*� & n 	t6 ��n � ��n | ��n 	tV�ô `P( 4

Thus,the two stepsof the compactionfunction arespecifiedanda compactor��� , which imple-
mentsthesetwo transmissionfunctions@ n 6 and @ n 	 , canbesynthesized.Thentheresultingtransmis-
sionfunctionis:@ n & ���ù�Km � � � nD( ! 2 & c ¸6 ô ��� (*� & n VPô �5� (*� & n Õ�ô � _P(*� & n 	t6�ô � `P(*�& c ¸	 ô ��� (*� & n i ô ��� (*� & n�ð ô � _P(*� & n � ô � `P(*�& c ¸V ô _ � (*� & n j ô _ � (*� & n À ô _�_P(*� & nK| ô _�`P(*�& c ¸i ô ` � (*� & n�	 ô ` � (*� & nP	�	 ô `�_P(*� & n�	tV ô `�`P( 4 

Obviously, thetransmissionfunctionof ��� is partially transparentwith respectto thesetof fault-free
responsesc , sincethe transmissionfunctions @ n�6 and @ nP	 weregeneratedin sucha way, that these
functionsareorthogonalwith respectto c . It follows, that the compactor��� propagatesany error
producedby @ if bothcontrolvalues

�
and

�
areapplied.

4.3.3 Lower Bounds on the Number of Compacted Outputs

In this section,a lower bound �P�  � on the numberof compactedoutputsis given for the designof
zero-aliasingtwo-stepcompactorsintroducedabove. For any giventestset @ , thebound���  � depends
on thenumberof distinctfault-freeresponsesof � asfollows:
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Theorem 4.8 Let @ bea testsetfor a circuit � andlet S bethenumberof distinctfault-freeresponses
of � to @ . Let ��� bea zero-aliasingtwo-stepspacecompactorgeneratedasdescribedabove. Thena
lower boundon thenumberof compactedoutputs� is givenby�P�  �chedgfih V &u~ Ö ° S�� � � � ( O � 


Proof:
Accordingto Theorem4.6 eachinput set,which containsa fault-freetestresponse,doesnot include
any otherinput vector, since �8� propagatesany errorproducedby @ . Thus,thereareat least S input
setsconsistingof asinglevector.

If thenumberof compactedoutputsis � , thenfor bothcompactionstepsatmost _ � differentoutput
vectorsexist. This implies,that thenumberof input setsof the transmissionfunctionsof thefirst and
secondstepis atmost _ � . Furthermore,oneof theinput setsof thetransmissionfunction @ n 6 contains
at leastS 8 _ � fault-freetestresponses.

Soat leastS 8 _ � fault-freetestresponsesmustbeassignedto differentinputsetsof thetransmission
function @ n 	 of thesecondstep. As statedabove, thenumberof input setsis at most _ � . Oneof the
inputsetsis reservedfor theresponsesof c ¸ , thatarenotgeneratedby thefault-freecircuit undertest.
Thus,at leastS 8 _ � testresponsesmustbeassignedto _ � O � differentinputsets:S_ � b _ � O �S b _ � ° & _ � O � (� b � V O � O S for

� ! _ �
Thetwo solutionsof thelastquadraticinequationare� b � O � � ~ � � Ö ° S_ for

� O �_ h � and� b � O � O ~ � � Ö ° S_ for
� O �_ � � 
 (4.2)

Thelattersolutionwith
� � 	V is not valid. Thatimplies:� h � � ~ Ö ° S)� �_� h dRfih V & ~ Ö ° S)� � � �_ (*
� h dRfih V &u~ Ö ° S)� � � � ( O � 
 Z

Obviously, theboundon thenumberof outputsof any zero-aliasingtwo-stepcompactorgiven in
Theorem4.7cannotbegreaterthantheboundonthenumberof outputsof thespecialdesignintroduced
above. This canbeshown asfollows:dgfih V &u~ � � Ö ° S)� � ( O � ! dgfih V & ~ � � Ö ° S)� �_ (
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4.3.4 Generation of Zero-Aliasing Two-Step Space Compactor s

For a circuit � with precomputedtestset @ theprocedurefor designinga zero-aliasingtwo-stepcom-
pactor ��� is givenasfollows:

1. Theminimumnumberof compactoroutputs�P�  � is computedbasedonTheorem4.8.

2. ThenthealgorithmGetTr0 isusedtosearchfor �P�  � functionaloutputssothatatmost _ � Q E}´ O �
fault-freetestresponsesareincludedin any inputsetof thecorrespondingtransmissionfunction@ n�6 . If thesearchfails, thenthealgorithmincreasesthenumberof outputs.Finally, algorithm
GetTr0 returns� functionaloutputs( �uh �P�  � ).

3. The transmissionfunction @ nP	 of the secondcompactionstep is computedusing algorithm
GetTr1 sothat @ n�6 and @ nP	 areorthogonalwith respectto thesetof fault-freetestresponses.

4. Uniquesymbolicvaluesareassignedto the _ � input setsof @ n�	 . Thena logic synthesistool
canbeusedfor mappingthesymbolicvaluesto binaryvaluesin sucha way that thefunctionof
thesecondcompactionstepcanbesimply implemented,which meansthat theexpectedareais
minimal.

5. Thentheoutputvectorsof thesecondcompactionsteparefully specifiedfor the fault-freetest
responsesandfor theset c ¸ . Thus,thecompactorcanbesynthesized.Again, this canbedone
usinga logic synthesistool.

6. Finally, the multiplexer is connectedto the functional outputsdeterminedby the algorithm
GetTr0 andto thecompactordesignedfor thesecondstep.

Theforth stepmodifiesthetransmissionfunctiondeterminedby thealgorithmGetTr1. Themod-
ified transmissionfunctionis still orthogonalto @ n�6 with respectto thefault-freetestresponses,since
only theoutputvaluesof @ n�	 arereassignedto the input setsin orderto reducethearearequiredfor
theimplementation.

While thetwo-stepcompactoris zero-aliasingfor any fault of thecircuit, which is detectedby the
giventestset,amaximalnumberof faults,whichaffect thecompactorshouldalsobedetectable.Since
thefunctionof thetrivially implementedfirst compactionstepandthemultiplexer canbeeasilytested,
in the following only the testingof the faultsof thesecondcompactionstepis discussed:Testingthe
secondcompactionstepis analogicalto testinga one-stepcompactor. Hencethe sameconclusions
asdescribedabove for one-stepcompactorscanbederived: For a two-level non-redundantAND-OR
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4 OutputSpaceCompactionfor Circuitswith Unknown Structures

realizationusuallyall stuck-atfaultsof thesecondcompactionsteparedetected.Evenfor amulti-level
designhigh fault coveragesfor stuck-atfaultscanbeexpected.

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

Although the designfor zero-aliasingtwo-stepspacecompactorsintroducedabove is basedon two
compactionstepsimplementingtwo orthogonaltransmissionfunctions,thefirst compactionstepcan
beomittedundercertainconditions.

In this case,for somevectorsof the testsetit is sufficient to compactthetestresponseonly once
usingthecompactor, which implements@ n�	 . Thus,thetestingtimecanbereducedfrom _ °Ko @�o cycles
to & � ���Y( °vo @�o cycles,where

� ��� b �
dependson the numberof compactedoutputs � andthe

numberof fault-freetestresponsesS .
The following lemmacharacterizesthe patternsof @ , for which the first compactionstepis not

necessaryto achieve zero-aliasingerrorpropagationof thecompactor:

Lemma 4.9 Let @ bea testsetfor a circuit � andlet S bethenumberof distinctfault-freeresponsesof� to @ . Let ��� bea zero-aliasingtwo-stepspacecompactorgeneratedasdescribedin Section4.3.4.
It is sufficient to compactthecircuit responseof a testpattern > 0 @ in onestepusingthecompactor
implementing@ n�	 , if andonly if thefault-freetestresponsen correspondingto > is theonlyelementin
its inputsetof @ n�	 .

Proof:

1. If the input set,which containsthe fault-freetest responsen doesnot includeany other input
vectors,thenany erroneousmodificationof thefault-freetestresponseis anelementof adifferent
inputsetof @ n 	 . Therefore,adifferentoutputvectoris producedandtheerroneoustestresponse
to > is observableat thecompactedoutputs.

2. Sinceoneinput setof @ n�	 consistsof all erroneoustestresponsesin c ¸ , the input setsof @ nP	 ,
whichcontaina fault-freetestresponse,donot includeany erroneoustestresponse.If two fault-
freetestresponsesn and n%� areincludedin thesameinputset,thenafaultmaynotbepropagated
by @ n�	 . If the test > , which correspondsto n is appliedanda fault modifiesthetestresponseto> sothat theerroneousresponseequalsnF� , thenthefault is masked. Thereasonis, that n and n%�
arein thesameinput setof @ nP	 andthusthis compactionstepproducesthesameoutputvector.
In thiscase,thefirst compactionstepmustalsobecarriedout,sinceit implements@ n�6 , which is
orthogonalto @ n�	 with respectto c . Z

For the reductionof testingtime the testvectors,which canbe discardedin the first compaction
step,canbeeasilyderivedfrom thetransmissionfunction @ nP	 . Thesetestvectorsaremappedto fault-
free testresponses,which aretheonly elementsin their input sets. In the following, thesetof these
testvectorsis denotedby @ 	�� @ . In orderto achieve thereductionfrom _ °Po @�o cyclesto & � ���1( °�o @�o
cycles, the test responsesto vectorsof @ 	 arecompactedonly onceusingthe transmissionfunction@ n�	 . Therefore,it is � !�& o @�o O o @ 	 o ( 8 o @�o .

The steps11 to 17 of the algorithmGetTr1, which generates@ n�	 basedon @ n�6 , increasesthe
likelihoodof inputsetsconsistingof asinglefault-freetestresponse.Thus,thesizeof @ 	 , which is the
setof testvectorsrequiringonly thesecondcompactionstep,is maximized.
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4.3 Two-StepCompaction

The following lemmagives an upperboundon the numberof test vectors,which are the only
elementsin their input sets:

Lemma 4.10 Let @ bea testsetfor a circuit � andlet S bethenumberof distinctfault-freeresponses
of � to @ . Let �8� bea zero-aliasingtwo-stepspacecompactorgeneratedasdescribedin Section4.3.4
with � outputs.Let @ 	 � @ bethesetof testvectors, for which onecompactionstepimplementing@ n�	
is sufficient.An upperboundon thesizeof @ 	 is givenbyo @ 	 o b _ � O S_ � O � 


Proof:
If @ 	 consistsof A testvectors,thenthereare A input setsof @ nP	 , which consistof a singlefault-free
testresponse.Oneinputsetof @ n�	 containsall testresponses,whichcanbeonly generatedby a faulty
circuit. Eachof theremaining_ � O A O � inputsetsof @ n�	 containsatmost _ � fault-freetestresponses.
This is truesince @ n�6 and @ nP	 areorthogonaltransmissionfunctionswith respectto c . Thatmeans,
thattwo fault-freetestresponsesin thesameinputsetof @ n 	 mustbelongto differentinputsetsof @ n 6 .
Thenumberof differentinputsetsof @ n�6 is _ � . In consequence,thenumberof fault-freetestresponses
includedin any input setof @ n�	 is atmost _ � .

Therefore,the numberof fault-freetest responsesincludedin the input setsof @ n�	 is at mostA � & _ � O A O � ( ° _ � . Thenumberof fault-freetestresponsesis S , yielding:S b A � & _ � O A O � ( ° _ �S b A O _ � ° A � & _ � O � ( ° _ �_ � ° A O A b & _ � O � ( ° _ � O SA b _ � O S_ � O �o @ 	 o b _ � O S_ � O � 
 Z
For example,for the testsetof circuit c6288 @ 	 is empty, sinceit is S ! � _ and � ! _ yieldingo @ 	 o b Ö O 	tVi ! � . In general,no reductionin testingtime is possible,if it is _ � O �V L ¸ 	 � � .Lemma4.10suggestsfor agiventestset,thatthegreaterthecompactionratio is, thesmalleris the

numberof testvectors,whichrequireonly thesecondcompactionstep.Hencethetestapplicationtime
canbetradedoff with thecompactionratio by choosingthenumberof compactedoutputs� , sothat �
is slightly higherthanthelower boundgivenin Theorem4.8.Thefollowing theoremcharacterizesthe
rateat which � mustgrow, so that thevalue � !Ñ& o @�o O o @ 	 o ( 8 o @�o , which describesthe reductionof
testingtime,remainsconstantwith increasingS .
Theorem 4.11 Let @ bea testsetfor a circuit � andlet S bethenumberof distinctfault-freeresponses
of � to @ . Let ��� bea zero-aliasingtwo-stepspacecompactorgeneratedasdescribedin Section4.3.4.
Let @ 	 � @ be the setof testvectors for which onecompactionstepimplementing@ n�	 is sufficient.
If � !Ä& o @�o O o @ 	 o ( 8 o @�o is to remainconstantwith increasingsizeof @ , thenthegrowing rateof the
numberof compactedoutputs� is � ! ¯ & dgfih V o @�o ( .
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4 OutputSpaceCompactionfor 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
s35932 17793 323 320 1728
s38417 23815 28 106 1636

Table4.2: ISCASbenchmarkcircuits

Proof:
In Theorem4.10is a lowerboundon o @ 	 o given. It follows:o @ 	 o b _ � O S_ � O �o @ 	 oo @�o b _ �o @�o O So @�o�° & _ � O � ( 

It is �� �#� b¥�

sincethenumberof distinct fault-freetestresponsesis equalor lessthanthenumberof

testvectors.Furthermore,obviously it is
� O � ! � � J �� �#� . Thenit is obtained:� O � b _ �o @�o O �_ � O �� O � b �o @�o O �� O � for

� ! _ � 

Severalstepsresultin thefollowing quadraticinequation:� b � V � & o @�o%° � O o @�o O � ( ° � O o @�o�° � (4.3)

whichyields� b o @�o�° � O o @�o O � �2� & o @�o%° � O o @�o O � ( V � Ö °.o @�o�° �_ 
 (4.4)

If � is constant,thenit is
� ! ¯ & o @�o ( and � ! ¯ & dgfih V o @�o ( . Z

4.4 Experimental Results

In this section,experimentalresultson the synthesisof one-stepandtwo-stepspacecompactorsfor
severalISCASbenchmarkcircuits[12, 13] arepresented.Theoutputsof thecombinationalbenchmark
circuitsc499,c880,c1355,c3540,c6288andthefunctionaloutputsof thefull-scanversionsof these-
quentialbenchmarkcircuitss35932ands38417werecompactedusingthedesignproceduresdescribed
above. Table4.2liststhenumberof gates,inputs,outputs,andflipflopsof eachcircuit. Thecompaction
functionsweredeterminedfor testsetsfrom theMintest ATPGprogram[38] aswell asfor compact
testsetsderivedfrom high-level functionalmodels[39]. All testsetsachieve 100%fault coveragefor
non-redundantsinglestuck-atfaults.
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4.4 ExperimentalResults

Circuit Test #Vectors #Outputs Literal count Overhead
set o @�o S � � � ¢ � ë ¢ (%)

c499 [39] 52 3 32 2 616 64 10.4
c880 [38] 16 16 26 5 703 277 39.4
c880 [39] 17 17 26 5 703 214 30.4
c1355 [39] 84 14 32 4 1032 197 19.1
c3540 [38] 84 84 22 7 2934 864 29.5
c6288 [38] 12 12 32 4 4800 266 5.5
c6288 [39] 12 12 32 4 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 12 320 4 35181 2542 7.2
s35932V [38] 12 12 320 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	 Two-stagedesignaccordingto Figure4.9(a)V Two-stagedesignaccordingto Figure4.9(b)

Table4.3:Resultsfor thesynthesisof one-stepcompactors

4.4.1 One-Step Compaction

One-stepcompactorswerederived asexplainedin the sectionabove: SQ� � distinct symbolicvalues
wereassignedto the S fault-freetestresponsesandto c ¸ . Thelogic synthesistool NOVA, which is part
of theSIS package[72], wasusedfor mappingthesymbolicvaluesto binaryvalues.Thecompactors
were synthesizedwith SIS yielding compactorswith the minimal numberof outputsaccordingto
Theorem4.1.SIS providesliteral countsin orderto estimatethearearequiredby acircuit. Below, the
estimationof theareaoverheadcausedby acompactoris basedon theseliteral counts.

Table4.3 lists the resultsobtainedfor the investigatedcircuits. The first columnlists the circuit
namesand the secondcolumn shows which test set was used. For eachcircuit the third and forth
columnsgive thesizeof the testset � ��� andthenumberof distinct fault-freetestresponses� , respec-
tively. The next two columnslist the numberof functionaloutputs � andthe numberof compacted
outputs� . Theseventhandeighthcolumnsgive �<� , which is the literal countof the investigatedcir-
cuit, and ����� , which is theliteral countof thecompactordesignedaccordingto thegiventestset.For
sequentialcircuitstheliteral count ��� includestheareaestimationof thescanflipflops. Theveryright
columnshows theestimatedareaoverheadin percent,which is �F�K�� ���}���i� .For thesmallercircuitsc499andc880theareaoverheadof theproposedmethodis high,sincethe
compactorareais comparableto theareaof thecircuits.

Nevertheless,an one-stepcompactorfor c499with only 10.6%overheadcanbe designed,if the
testsetfrom [39] is used,which producesonly threedistinct fault-freetestresponses.This indicates,
that thereis a significantrelationshipbetweenthenumberof distinct fault-freetestresponsesandthe
areaoverheadcausedby thecompactor. This conclusioncanalsobederivedfrom theresultsobtained
for thecircuit c1355.If thetestsetfrom [38] is usedfor c1355,then64distinctfault-freeresponsesare
obtainedandtheareaoverheadof thecorrespondingone-stepcompactoris over 130%. However, the
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Figure4.8:Outputpartitioningfor s35932:(a) tengroupsof 32 outputseach;(b) eight groupsof 40
outputseach.

overheadreducesto 19%,whenthetestsetfrom [39] with fourteendistinctfault-freetestresponsesis
used.

Thehigh areaoverheadrequiredfor thecompactorof thecombinationalcircuit c3540is a conse-
quenceof the large numberof distinct fault-freetestresponses.In contrast,theareaoverheadof the
compactorfor c6288is very low for testsetsfrom both,[38] and[39]. This benchmarkcircuit, which
is a16-bitmultiplier circuit, canbetestedwith smalltestsetsconsistingof twelve vectors.

Table 4.3 also lists the resultsfor the full-scan versionsof two sequentialcircuits s35932and
s38417. For both circuits the scanoutputswerenot compacted,so that only the functionaloutputs
areconnectedto thecompactorasshown in Figure4.2.

Thecomplexity of thesynthesisproceduredependsonthenumberof functionaloutputs� , whichis
equalto thenumberof compactorinputs.Thus,for thetwo sequentialcircuitswith 106and320func-
tional outputs,theoutputswerepartitionedin suchway, thatSIS couldsynthesizespacecompactors
for themin reasonabletime. If atmostacoupleof hoursof runtimeis permitted,thenthebound�^¦¨§ �on thenumberof inputsof onecompactoris obtainedby theexperimentalresults.

For example,first of all the320 functionaloutputsof s35932werepartitionedinto ten groupsof
32 outputseach. Then for eachof thesepartitionsa spacecompactorwassynthesizedwith �ª©«§
compactedoutputseach.As shown in Figure4.8(a),this resultedin a total of 40 compactoroutputs,
yieldingacompactionratioof 8. Theoverheadcausedby thiscompactordesignis 6.9%.Alternatively,
asshown in Figure4.8(b),the320outputscanalsobepartitionedinto eightgroupsof 40outputseach.
Thenthetotal numberof compactedoutputsis 32,yielding acompactionratio of 10. Theoverheadof
thelatterdesignis almostthesame:6.6%.Thescaninputsandscanoutputsof thefull-scanversionof
s35932arenot shown in thefigures.

In order to increasethe compactionratio further, a secondstageof compactioncanbe addedto
thecircuit s35932.In thesecondstagethe40 or 32 outputsfrom thefirst stagearefurthercompacted
to four outputs.This is theminimal numberof outputsgiven by Theorem4.1. Figure4.9 shows the
two-stagecompactiondesignsfor the circuit s35932.The scaninputsandscanoutputsareomitted.
Obviously, thesedesignsareextensionsof theone-stagecompactiondesignsgivenin Figure4.8. The
overheadfor thetwo-stagedesignsof Figure4.9(a)and(b) are7.2%and7.4%,respectively.
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Figure4.9:Two-stage,one-stepcompactordesignsfor s35932.

The106functionaloutputsof s38417werepartitionedin asimilarway. Threegroupsconsistingof
27outputseachandafourthgroupcontaining25outputswereformed.Theoutputsof eachgroupwere
compactedto seven outputseach,yielding a total of 28 compactedoutputs. The total areaoverhead
of the four compactorsis 10.1%. A secondcompactionstagewasaddedin order to further reduce
thenumberof compactedoutputs.Thenthenumberof compactedoutputsis 7 which is theminimum
accordingto Theorem4.1. Theareaoverheadincreasesonly slightly to 12.0%.

4.4.2 Two-Step Compaction

Hereexperimentalresultsarepresentedfor two-stepcompactors,which weredesignedfor thecircuits
listedin Table4.2. As describedabove, in orderto determinethefirst compactionstep,thealgorithm
GetTr0 wasusedto selectfunctionaloutputsof thecircuit. Thenthetransmissionfunction ��­   of the
secondcompactionstepwasderivedfrom thealgorithmGetTr1. Thenew outputvaluesassignedto
the input setsof ��­   wereobtainedby usingthe logic synthesistool NOVA, which is partof theSIS
package[72]. Furthermore,SIS wasusedto synthesizethesecondcompactionstep.

Experimentalresultson two-stepcompactorsbasedonorthogonaltransmissionfunctionsarelisted
in Table4.4. Thefirst columngivesthenamesof theinvestigatedcircuits. Thesecondcolumnshows,
which testsetwasused. The following columnslist for eachcircuit the sizeof the testset � ��� , the
numberof distinct fault-freetestresponses� , the numberof functionaloutputs� , andthenumberof
compactedoutputs� , respectively. Theseventhcolumnpresents� � , which is the literal countof the
investigatedcircuit. For sequentialcircuitstheliteral count ��� includesthescanflipflops. Theeighth
columnshows theliteral count ���®� of thecompactor, which wasdesignedaccordingto thegiventest
setandwhichconsistsof themultiplexer, thefeed-throughlines,andtheimplementationof thesecond
compactionfunction. The far right columnshows the estimatedareaoverheadin percent,which is
derivedfrom theliteral countsasfollows: �/�¯��/� �}���i� .Thelargenumberof functionaloutputsof thesequentialcircuitswaspartitionedasdescribedabove
for one-stepcompactors.The lower bound �i°P±³² on the numberof outputsgiven by Theorem4.8
is achieved for eachconsideredzero-aliasingtwo-stepspacecompactor. For several casesthe area
overheadfor two-stepcompactionis lower thanthatfor one-stepcompaction,but in generalthevalues
of Table4.3andTable4.4arealmostequal.
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4 OutputSpaceCompactionfor Circuitswith Unknown Structures

Circuit Test #Vectors #Outputs Literal count Overhead
set � ��� � � � ��� ����� (%)

c499 [39] 52 3 32 2 616 77 10.4
c880 [38] 16 16 26 3 703 259 36.8
c880 [39] 17 17 26 3 703 204 29.0
c1355 [39] 84 14 32 3 1032 200 19.4
c3540 [38] 84 84 22 4 2934 792 27.0
c6288 [38] 12 12 32 2 4800 254 5.3
c6288 [39] 12 12 32 2 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 12 320 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-stagedesignaccordingto Figure4.9(a)¤
Two-stagedesignaccordingto Figure4.9(b)

Table4.4:Resultsfor thesynthesisof two-stepcompactors

In Table4.5 experimentalresultson thenumberof testpatterns,that canbediscardedin thefirst
compactionstep,arepresented.Thefirst andsecondcolumnsgivethenamesof theinvestigatedcircuits
andthetypeof theunderlyingtestset,respectively. Thefollowing columnslist for eachcircuit thesize
of the testset � ��� andthe numberof distinct fault-freetestresponses� . The fifth columnshows the
upperboundon thesizeof �   given in Lemma4.10. �   is thesetof testvectors,which requireonly
thesecondcompactionstepimplementingthetransmissionfunction ��­   . Thesixth columngivesthe
valuesof � �   � obtainedby theexperiments.Thefarright columnliststhepercentageof thetestpatterns,
thatcanbediscardedin thefirst compactionstep.Thepercentageis computedby ´ µ}¶�´´ µ#´ �®���i� .For all circuitsexceptc3540thesizeof � �   � determinedby theexperimentsequalstheupperbound
on this value. A significantfraction of input testscan be droppedfor the circuits c432, c499,and
s38417.If � is notaslow asthelowerbound�i°�±·² thatis predictedby Theorem4.8,thenfor evenmore
testvectorsonly thesecondcompactionstepbasedon thetransmissionfunction ��­   is sufficient. The
reasonis, that a highernumberof compactedoutputsincreasesthe numberof input setsof ��­   and
thusmoreinput setscontainingasinglefault-freetestresponsecanbegenerated.

4.5 Summar y

A spacecompactionapproachfor testresponsesof digital circuits is presentedin this chapter. It does
notuseany knowledgeabouttheinternalstructureof thecircuit undertest.Thecompactorsarederived
from the fault-freeresponsesof a given, precomputedtest set. For example, for intellectualprop-
erty coresoften only a testsetandthe correspondingoutputvaluesaregiven andthensucha space
compactorcanbe usedto accessthe testresponsesin parallel. Furthermore,the approachmakesno
assumptionaboutanunderlyingerrormodel.
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4.5 Summary

Circuit Test #Vectors Bound Obtained Saving
set � ��� l on � �   � � �   � (%)

c499 [39] 52 3 4 4 7.7
c880 [38] 16 16 5 5 31.3
c880 [39] 17 17 5 5 29.4
c1355 [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 
Two-stagedesignaccordingto Figure4.9(a)¤
Two-stagedesignaccordingto Figure4.9(b)

Table4.5:Resultsfor thesynthesisof two-stepcompactors

Theapplicationof theapproachto asequentialcircuit or to a largetestsequencecontainingasmall
essentialtestsetis described.Theproposedmethodguaranteeszeroaliasingfor all outputerrorstested
by the given setof input patterns,so that any error at the functionaloutputsthat is producedby the
test set is propagated.A lower boundon the numberof compactedoutputsof thesecompactorsis
proven. Thestraightforward designapproachfor one-stepcompactionalwaysachievesthemaximum
compactionratio.

In orderto further reducethenumberof compactedoutputs,thedesignof two-stepcompactorsis
introduced.Two distinct compactionfunctionsareimplementedby thesecompactors,andthesetwo
functionsareappliedin two timesteps,whichmaydoublethetestapplicationtime. Thedetermination
of thecompactionfunctionsbasedon orthogonaltransmissionfunctionsis explainedin detail.

In many casestheoptimalcompactionratio is achieved for two-stepcompaction,too. If theratio
is not optimal,thenfor several testpatternsoftenonly onecompactionstepis requiredsothat thetest
applicationtime canbereduced.

Experimentalresultspresentedfor severalISCASbenchmarkcircuitsdemonstratethefeasibilityof
theone-stepandtwo-stepcompactors,even if thenumberof functionaloutputsof thecircuit is large.
Furthermore,in many casestheoptimalcompactionratio is achievedfor two-stepcompaction,too. If
theratio is notoptimal,thenfor severaltestpatternsoftenonly onecompactionstepis required,sothat
thetestapplicationtimecanbereduced.Thesynthesisof thecompactorsshow, thatbothtechniquesare
bestsuitedto circuits,whosetestsetsproduceonly asmallnumberof distinctfault-freetestresponses,
otherwisetheareaoverheadcausedby thecompactorwill be very large. The requiredareais almost
thesamefor one-stepcompactionandtwo-stepcompaction.
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5 Contrib utions and Future Work

In this chapter, the major contributions of this work are reviewed. The secondsectiongives brief
prospectsfor futurework.

5.1 Contrib utions

As thehigh integrationof circuitsresultsin increasingnumbersof inputs,outputsandgates,thesizeof
testsetsbecomeslargersothatbit-by-bit comparisonof thetestresponsesis not feasible.Outputspace
compactionis a simplemethod,which reducesthequantityof testresponsedata.This work presents
new spacecompactiontechniquesfor testingor concurrentcheckingof digital circuits.

If thecircuitsaregivenby a netlistof gates,thenananalysisof thecircuit structurecanbeusedto
obtaininformationaboutfault propagationin thecircuit. Basedon this information,thedesignof the
spacecompactorcanbesuitedto thecircuit.

In this thesis,compactordesigns,which usethe conceptof structuralspacecompactionarede-
scribedandinvestigated:¸ Several analysisalgorithmsfor the designof spacecompactorsaredescribed.The introduced

analysisalgorithmsareinvestigatedfor thefirst time. Thealgorithmsincludesimpleapproxima-
tionsof probabilitiesof fault propagationandobservation.¸ Thecomplexity of eachalgorithmis polynomial.In particular, for eachalgorithmthecomplexity
is linear with respectto the numberof gatesandat mostquadraticwith the numberof circuit
outputs.Therefore,thesealgorithmsareapplicableto largecircuits.¸ For 22 combinationalbenchmarkcircuits the valuescomputedby the analysisalgorithmsare
comparedto eachotherandto exactvalues.Thebestresultsareobtainedfor theanalysisalgo-
rithmsbasedonapproximatedprobabilities.¸ In orderto further improve theanalysisbasedon approximatedprobabilities,severalmodifica-
tionsof theanalysisalgorithmsarediscussed.¸ An algorithmfor deriving the compactionfunction from the analysisresultsis described.The
complexity of theheuristicalgorithmis polynomial.¸ For the ten combinationalcircuits of the ISCAS ’85 benchmarksuiteexperimentalresultsare
given for deterministictesting,concurrentcheckingandpseudorandomtesting. The reduction
of faultcoveragewasexperimentallydeterminedfor thefaultmodelsof singlestuck-atfaultsand
transitionfaults.¸ Comparisonswith other approachesshow, that for combinationalcircuits the proposedlinear
spacecompactordesignachieveshighcompactionratio andreducesfaultmasking.
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5 ContributionsandFutureWork¸ Theapproachfor combinationalcircuitscanbeextendedin sucha way, that it canbeappliedto
sequentialcircuitswhich provide no accessto thestatevalues.It is thefirst structuralapproach
for sequentialcircuits,whichtakesinto accountfaultpropagationfrom faultystatesto thecircuit
outputs.¸ Thedesignprocedurefor spacecompactorsis applicableto largesequentialcircuits. Thecom-
plexity of thedesignprocedureis polynomial: Again, it is linearwith respectto thenumberof
gatesandquadraticwith thenumberof circuit outputs.¸ In orderto improve thedesignof spacecompactors,severalmodificationsof theanalysisof the
sequentialcircuit areproposed.¸ For 20 sequentialcircuits of the ISCAS ’89 benchmarksuite experimentalresultsare given,
which were obtainedfor concurrentcheckingand pseudorandomtesting. The reductionof
fault coveragewasexperimentallydeterminedfor the fault modelsof singlestuck-atfaultsand
transitionfaults.

Furthermore,in this work a spacecompactiondesignis presented,which requiresno information
aboutthe internalstructureof the circuit undertestor aboutthe underlyingfault model. The basic
conceptis to usetheknowledgeof aprecomputedcompacttestsetandthecorrespondingfault-freetest
responsesto designa zero-aliasingspacecompactor. This meansthat the compactorcausesno fault
maskingfor all errors,whichareproducedby theprecomputedtestset.

Themaincontributionsare:¸ A proof for the lower boundon the numberof compactedoutputsis given for zero-aliasing
compactorsusingasinglecompactionstep.¸ A procedureto designzero-aliasingspacecompactorswith a minimal numberof outputsis ex-
plainedin detail.¸ In orderto furtherreducethenumberof compactedoutputs,theconceptof two-stepcompactors
is introduced.¸ The designof two-stepcompactorsis basedon orthogonaltransmissionfunctions. Orthogonal
transmissionfunctionsand the correspondingalgorithmsfor generatingthe functionsare de-
scribedin detail.¸ A lowerboundon thenumberof compactedoutputsof two-stepcompactorshasbeenproven.¸ It hasbeenshown, thattwo-stepcompactorsallow to tradeoff testingtime with thecompaction
ratio.¸ Experimentalresultsshow, thatbothapproaches,one-stepandtwo-stepcompaction,arefeasible.
Furthermore,theareaoverheadcausedby thesecompactorsis moderateif thenumberof distinct
fault-freetestresponsesis small.

Partsof this work werepublishedin theproceedingsof theWorkshopon TestMethodsandRelia-
bility of CircuitsandSystems1998[80], of theVLSI TestSymposium1998[79], of theWorkshopon
ImplementingAutomata[78], of theSymposiumonDefectandFaultTolerancein VLSI Systems1999
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[77], of theVLSI TestSymposium2000[76], andof theInternationalOn-lineTestingWorkshop2000
[24].

Otherpublicationsof theauthorof this thesisare:¸ M. Seuring,“Built-In SelfTestmit Multi-Mode ScannableMemoryElementen,” in Proc.Work-
shopon TestMethodsandReliability of CircuitsandSystems,pp. 22–25,1999;¸ A. Singh,E. Sogomonyan, M. Gössel,andM. Seuring,“TestabilityEvaluationof Sequential
DesignsIncorporatingtheMulti-Mode ScannableMemory Element,” in Proc. Int. TestConf.,
pp. 227–235,1999;¸ D. Das,N. A. Touba,M. Seuring,andM. Gössel,“Low CostConcurrentError DetectionBased
onModulo Weight-BasedCodes,” in Proc.Int. On-lineTestingWorkshop,pp. 171–176,2000.

5.2 Future Work

In thissection,extensionsof theresultsof thiswork aresuggestedanddiscussed.In particular, propos-
alswhichmayimprove theapproachof structuralspacecompactionaregiven.

Thestructuralapproachesfor linearspacecompactionarebasedon algorithms,which analyzethe
structureof thecircuit undertest. If thedesignprocedureshouldbe applicableto large circuits, then
the complexity of the algorithmsmustbe limited and the computationof exact valuesis prevented.
Therefore,thecircuit analysiscanbedonein variouswaysandit is likely, that further improvements
for theanalysisalgorithmscanbefound.

Sincethebestresultswereobtainedfor theanalysisalgorithmsbasedon approximatedprobabili-
ties,futurework shouldinvestigateimprovementsfor this algorithms.In Section2.2.8,two modifica-
tionsareproposed,which targetmoreaccurateresultsof thecircuit analysis.

Thefirst modificationconcernstheapproximationof signalprobabilities,which canbecomputed
usingamoresophisticatedalgorithmintroducedin [52]. Any otheralgorithm,whichdeterminesmore
accuratesignalprobabilitiesthanthestandardalgorithmcanbe includedin theanalysisof thecircuit
structure. Futurework may investigate,for example,whethersuchalgorithmscanbe derived from
several testability measurements,and furthermore,whetherthe experimentalresultsimprove if the
algorithmsareusedfor thedesignof spacecompactors.

In this work, theresultsobtainedfor sequentialcircuitsarenot asgoodasthosefor combinational
circuits. Thus,ananalysiswhich takesinto accountthesetof reachablestatesof thesequentialcircuit
undertest as describedin Section3.2.3 may improve the analysisresults. Also, the model of the
iterative arrayof thecombinationalpartscanbeusedto approximatethesignalprobabilitiesthrough
severaltime frames.For example,theinitial stateof thesequentialcircuit canbetakeninto account,if
thesignalprobabilitiesof thestateof thefirst time framearesetcorrespondingto theinitial state.

Finally, future investigationmay focuson the first suggestiondescribedin Section2.2.8: Small
circuit partsof the circuit undertestwhich containreconvergent pathscanbe replacedby complex
gates.Thentheanalysisusesthecorrespondingexactpropagationprobabilitiesof thecomplex gates.
Theanalysisalgorithmcouldbeimplementedsothatthemaximalnumberof input linesof circuit parts,
which arereplacedby complex gates,is aninput parameterof thealgorithm.Thenthis parametercan
beusedto tradeoff theruntimeof thealgorithmwith theaccuracy of theresults.However, theruntime
canexponentiallyincreasewith respectto themaximalnumberof input linesallowedfor circuit parts
whicharereplaced.
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The suggestionsabove shouldlead to improved resultsfor the analysisof the structureof both,
combinationalandsequentialcircuits.A linearspacecompactor, whosedesignis basedonanimproved
analysisalgorithm,shouldprovide a higherspacecompactionratio combinedwith a lower probability
of faultmasking.
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A Simulator MINOS

Thisappendixbriefly describesthefaultsimulatorMinoswhichwasimplementedin orderto facilitate
theexperimentalinvestigationsof this thesis.Its first versionwasrestrictedto thesimulationof single
stuck-atfaults and later it wasextendedin sucha way, that also transitionfaults canbe simulated.
Minos which is implementedin C++ cansimulateboth combinationalandsequentialcircuits. It is
basedon singlepatternandparallelfault propagation.

In orderto simulatethepropagationof faultsin parallel,Minos usestwo-valuedparallelsimulation
whichwasintroducedby Seshu[73]. Startingwith asingleinputpattern,whichis appliedto thecircuit
inputs,thesimulatorproceedsin a topologicalorderto thecircuit outputsandcomputesfor eachline
thegoodvalueandthepropagatedfaults. Thedatastructurewhich representsfault effectsat a single
line is anarrayof bits,whereeachbit correspondsto a singlefault. If a bit of this datastructureis set
thenthecorrespondingfault is observableat this line.

The faultswhich areobservableat theoutputof a gatecanbe derived from the faultsobservable
at the inputsof thegateusingoperationsof thesettheory[1]. Sincethesetsof observablefaultsare
storedin bit arrays,thecomputationof observablefaultscanbeimplementedby bitwiseoperations,so
thattheruntimeis reduced.

In an initial stepMinos determinesequivalent faults,so that only collapsedfaults insteadof all
faultscanbe simulated.If a sufficiently large numberof faultsis alreadydetected,Minos performs
fault droppingin the following way: All faultswhich arealreadydetectedareremoved from the bit
arrays.Theremainingfaultsarere-assignedto thebits in sucha way, that therequiredsizeof thebit
arrayswhichstoretheobservablefaultsis reduced.

SinceMinos simulatessingleinput patterns,transitionfaultscaneasilybe handled.Only if the
goodvalueof a line hasbeencomputedandthis new valueis differentfrom theold one,a transition
fault canbeexcitedat theline. Thepropagationof a excitedtransitionfault is computedin almostthe
samewayasthepropagationof asinglestuck-atfault.

Thebit arraysof thecircuit outputsdeterminethedetectablefaults. If a bit of sucha arrayis set,
thenthecorrespondingfault is detected.Furthermore,thebitwisebooleansumof all bit arraysof the
circuit outputsdeterminethefaults,whichcanbedetectedby a linearspacecompactorconsistingof a
singleparity tree.Thedetectedfaultsat theoutputsof otherspacecompactordesignscananalogically
becomputed.

This is utilized by Minos asfollows: Minos is ableto usethedatastructureof theparity groups
obtainedby theprocedureswhicharepresentedin thesecondandthird chapterfor thedesignof space
compactors.Therefore,duringonesimulationprocess,thesimulatorMinos candeterminethefaults,
which aredetectedat thefunctionaloutputsof thecircuit, andalsothefaults,which areobservableat
theoutputsof oneor morelinearspacecompactors.As mentionedabove, only additionalbitwiseop-
erations,whichsumup thebit arraysof thecircuit outputsaccordingto theparitygroups,arerequired.
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