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Abstract

Deterministicobservatiorandrandomexcitationof fault
sites during the ATPG processdramatically reducesthe
overall defectivepart level. However, multipleobservations
of eadh fault siteleadto increasedestsetsizeand require
more testermemory In this paper we proposea new ATPG
algorithmto find a nearminimal test pattern setthat de-
tectsfaults multiple timesand achievesexcellentdefective
part level. Thisgreedyapproach uses3-valuefault simula-
tion to estimatehepotentialvalueof eat vectorcandidate
at eadh stage of ATPG. Theresultshowsgenertion of a
closeto minimal vectorsetis possibleonly usingdynamic
compactiortechniquesin mostcases.Finally, a systematic
methodo trade-of betweerdefectivepart levelandtestsize
is alsopresented.

1. Intr oduction

The objective of testingis filtering defective chipsfrom
manufcturedonesto reducethe fraction of defective parts
thatare erroneouslysold to customersas defect-freeparts.
Historically the singlestuck-at-ault(S AF) modelhasbeen
widely acceptedisa standardargetmodelto generatea set
of testpatterngo detectall the SAF'sin the circuit. How-
ever, it doesnotaccountor the necessityof detectingother
defecttypesseenin real manugcturingernvironments. In
factwe cannotachieve 100%defectcoveragewith testpat-
ternsof 100% S AF' coverage.On the otherhand,the ex-
act mechanism®f variousdefectsare unknavn in mary
casesanddefectsaresodiversethataccuratainiversalde-
fectmodelingis a very difficult task. With millions of tran-
sistorson asingledevice, it is clearthatit is not practicalto
generataleterministictestsetsfor all possibledefectmod-
els.

Thereis a strong correlation betweenthe number of
times a fault site is “obsened” and the ability of the cor-
respondingestsetto screeroutarbitrarydefectshatoccur
atthatsite. Hence whenever a fault site is obsered, prob-
abilistic excitation of non-tagetdefectsat thatsite leadsto
fortuitousdefectdetection.Sincea corventionalautomatic
testpatterngeneratord T PG) stopsat 100% SAF cover-
age,not all fault sitesareobsened enoughtimesto ensure
sufficientdetectiorof non-tagetdefects We proposeanen
AT PG algorithmwhich guaranteesnultiple deterministic
obsenation and randomexcitation of all the fault sitesin
thecircuit.

However, multiple obsenationof eachfault site usually
requiresa biggertestsetsize. For realcircuits, testermem-
ory spaceis usually limited, and a significantincreasein
testpatternsetsizewill exceedtestermemorylimitations.
In suchasituation,thetime requiredto applyatestsetmay
increaseunacceptablpecausanultiple loading sequences
are neededor completetesting. The proposedalgorithm
tries to focus on generatinga minimal test setthrougha
greedystrat@y. In fact,a smallfraction of all faultsdom-
inatethe testsetsize becauseaisually only oneof the hard
faultsis detectedy atestpattern.Ourapproachdetectghe
hardfaultsanddirectsadditionalAT PG effort towardfind-
ing teststhat detectmultiple hardfaults. After a minimal
testsetis generatedwe suggesta methodto estimatethe
relationshipbetweertestsetsizeanddefectie partlevel.

2. Defective part level model

The M PG-D(Mercer, Park, Grimaila and Dworak)
model[1] wasdevelopedto predictthe final defectie part
level(D P L) usinginformationon the numberof timessites
areobsenedandthe probability of exciting undetectedie-
fectswhenwe make thoseobsenations.

This modelreflectsthe factthat SAF's are closely re-



latedto real defects,but they only cover partof the defect
universe. The model also usesthe fact that randomexci-

tation and deterministicobsenation of a site may enable
fortuitousdetectionof defectswhich arerelatedto thatsite.

Therefore,we canachieve a sufficient confidencdevel of

defecttestingby observingeachnodeof the circuit enough
times to excite potential defectsat that site. Therefore
defect-orienteddT PG must generateest patternswhich

candetectall the sitesmultiple timesandexcite randomly
duringeachdetection.

M PG-D assumeshat, initially, defectsare uniformly
distributedacrossall circuit sitesandassigngo eachcircuit
site its initial contributionto the overall defectlevel based
upontheformula(1). HereY representshe manufcturing
yield.
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An iterative approachs usedso that the probability of
excitation of an asyet undetectedlefect, given that site i
is obsened, is an exponentiallydecreasingunction as (3)
andthe D PL afteranew vectoris appliedis givenas(4).
For simplicity, every defectis assumedo beassociatewith
only onesitein the circuit of interest.After v vectorshave
beenapplied,the overall defectlevel becomes,
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A and T are constantswhich affect the contribution of
the currentvectorto overall D P L by randomexcitation.
The modelhasbeenvalidatedusing surrogatebridging
fault simulation on both benchmarkand commercialcir-
cuits. Also, the model matcheswell with statisticaldata
from commercialchip testing[2]. The quality of our new
defect-orienteddT PG will be evaluatedbasedupon this
model.

3. Determining the lower bound on testsetsize

A theoreticalower boundon testsetsizehasbeenstud-
ied. A setof faultsis saidto beindependent if notwo faults
canbe detectedy the samevector[3]. This conceptieads
directly to a lower boundon the size of the requiredtest
set. However, the maximalnumberof independentaultsis

sometimesan unachi@ablelower boundfor somecircuits.
Below, we introduceamorerealisticmeasurdor evaluating
thecompactnessf atestset.

A fault A is saidto becompatible with afault B if there
is atestwhich candetectbothfault A andfault B. Compat-
ibility of two faultscanberepresentedstheintersectiorof
all possibletestsfor eachfaultasshovn in Figurel.

We can approximatethe compatibility of two faultsas
the numberof successfutestgeneratiorattemptsfrom an
AT PG procesdargetingboth faultsfor the sametestpat-
tern. For somegiven fault of interest,the summationof
compatibilitiesSC;) acrossall otherfaultsis a reasonable
measuref how hardfaults is to detectfortuitouslywhena
testis generatedby targetinga differentfault. For n faults,
SC; is givenas

a; =1 if testexist for faults and;j(i # 7)

n
SCi= Zl % @; =0 otherwise
J:

()

Compatibility determineshow muchcompactionof test
vectorscanbeaccomplishedincethenumberof faultswith
minimal compatibility setsa lower boundon the numberof
testsfor a given circuit. Faults with minimal compatibil-
ity arecloselyrelatedto hard-to-detectaultsbecaus¢hese
faultsarenot usuallyfortuitously detectedn atestgenera-
tion sessiorfor othertargetfaults.

The relationshipbetweenfaults with minimal compati-
bility andhard-to-detectaultsis analyzedater To achieve
anearminimaltestset,we shouldfocuson faultswith min-
imal compatibilityduringtheentire AT PG process.

4. Defect-orientedATPG

Corventional AT PG stops generatingadditional test
patternsf 100% SAF coverageis achievzed. As notedear
lier, somedefectsmay remainundetecteadvenafterapply-
ing aperfectl00%S AF testset.

We systematicallyextendedthe corventional AT PG
processn orderto further detectdefectsas shown in Fig-
ure2 andFigure4.

This new algorithm utilizes 3-value(,1,X) fault-
simulationthroughsuccessie stagef the AT PG process
thatproduces singletestpattern.With 3-valuesimulation
andpatrtially specifiednputs,we predictthe numberof de-
terministicallydetectedaultsin the casewhereall require-
mentsfor theirdetectiorhave beensatisfiecbasediponcur-
rent assignmentso primary inputs. During this process,
someof the primary inputsremainunspecifiedand,there-
fore, the detectionstatusof someor mary of the faultsin-
sidecircuit will beunknownvn. Thus,at this stage thereare
faultsthat will or will not be detecteddependinguponthe
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Figure 1. Diagram illustrating SC

valuesthatwill eventuallybeassignedo currentlyunspec-
ified primaryinputs. We saythesefaultsarepotentiallyde-
tected. The numberof potentiallydetectedaultsis a good
secondaryestimatorof the contritution of partially speci-
fied vectorsto overall deterministicdetection.

But this estimatoris not exact sinceconflicts of testing
conditions betweendifferent potentially detectablefaults
canexist beforefinal binary valuesarespecifiedfor all pri-
mary inputs. To minimize the uncertaintyintroducedby
thesepotential conflicts, our algorithm checksfor the lo-
cally incompatiblepotentialfaultsin advance.We consider
threekinds of conflict types. For example,for a NAND
gate,

1. Boththestuck-at0 andthe stuck-atl faultatthe same
sitecannotbe simultaneouslyetected.

2. Only onegateinput stuck-atl faultcanbedetectedor
ary givenpattern.

3. Both the stuck-at1 input fault and stuck-at1 output
fault cannotbe simultaneouslydetected.

Note that an equivalence-collapsethult setis assumed
here. Rulesfor othergatetypescanbe derivedin a simi-
lar way. Eventhoughtheseconflict rulesareutilized only
locally at individual gates,they significantly enhancethe
accurag for our detectionestimator

Various combinationsof weighting factorsfor the de-
terministic detectioncomponentand the potential detec-
tion componentcan be usedfor the optimum result. A
greedmetric(GM) is givenasfollowsfor n faults.

a;*xM _ﬁi*M

G’M:i(we_ N 4e” N ) (6)
i=1

a;= numberof detectionof faults
B;= numberof potentialdetectionof faults
w= weightingdeterministicdetection

%: weightingleastdetectedault

Note that the numberof detectionss usedto prioritize
theleastdetectedaults. In ourimplementationV is given
asthetargetnumberof obsenationsand M is setat 2.

Thealgorithmconsistof two parts,randompatterngen-
erationanddeterministicpatterngeneration.

Let us assumehe circuit hasn inputsandthe comput-
ing systemhasanm-bit word size. Note thatthe employed
fault simulationis a Parallel PatternFault simulator(P P F’)
combinedwith Critical PathTracing(C PT) [4]. In thecon-
ventionalscheme a parallel patternfault simulatoris not
fully utilized sincemost AT PG algorithmscreatea sin-
gle test patternfor a target fault. However, our scheme



repeat
begin
assignall PIs X value
repeat
begin
randomlyselectt PIswith X value
assigr2* vectorcombinationgo selectedPIs
3-valueparallelfault-simulation
choosePI valuewith maximumG M
end
until PIsfully specifiedor O potentialdetection
end
until escape-conditiois met

Figure 2. Random part of greedy algorithm
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Figure 3. A snapshot of PIs

utilizes the extensive parallel processingcapability of the
PPF. Moreover CPT simulatesfaultsimplicitly, which
meanghecostof simulationdoesnotdepencddn faultdrop-
ping. This featureis beneficialfor keepingthe fault dic-
tionary information. In the randompart, first k(=log, m)
primary inputs(PI) of n are selectedrandomly m com-
binationsof parallel patternsare appliedto selectedPIs
andtheremainingPIs have’ X’ values.Figure3 shavs a
snapshobf PIs in the circuit(for the casewherek = 5).
The3-valueparallelpatternfault simulationresultshovs m
differentGM s for eachvector The vectorwith maximum
G M is selectedasthefinal vectorfor k£ PIs. This process
is repeatedintil all not-yet-determined s arefully speci-
fied. Therefore™ log’; — ! iterationsarerequiredto compute
our nearoptimaltestvector

The random approachdescribedabove is applied be-
fore switchingto a deterministicmethodpresentedelow.
The decisionto changefrom the randomapproachto the
deterministicapproachwill be controlled by an escape-
condition. In our implementation,the ineffectivenessof

repeat
begin
assignall PIs X value
searcheastdetectedault
generatdestfor choserfault
repeat
begin
randomlyselectk PIswith X value
assigrn2® vectorcombinationgo selectedPIs
3-valueparallelfault-simulation
chooseP[ valuewith maximumG M
end
until PIsfully specifiedor O potentialdetection
end
until all non-redundanfaultsaredetectedV times

Figure 4. Deterministic part of greedy algo-
rithm

the randomapproachs measuredn the following way. If
EC > a(= 0.9), thealgorithmescapesherandomloop.
GM;

GM;_,

EC=1- 7)

GM;_1=GM valueof previousvector
G M;= G M valueof currentvector

If theimprovementof a new vectoris minimal, thenthe
deterministicmethodthattargetsspecificfaultsto generate
patternss used.Thedeterministianethodis similarto con-
ventionalATPGin this sensebut the leastdetectedault is
selectedasthetargetfaultto getmoredefectcoverage.

After apartialpatternis generatedor thetargetfault, the
remainingunspecified(X’) PIswill be exploredusingthe
samemethodas the randommethod. The testgeneration
procesdor eachtargetfault stopsif no more potentialde-
tectionis possible.This not only savescomputingtime but
also introducesanothercompactionpossibility  The final
setof testpatternamay have unspecified X' values. Vari-
ousstaticcompactiortechniquesnight alsobe appliedfor
moreminimization.

Oneimportantdifferencebetweencorventional AT PG
andthe new oneis the searchingcriteria. In corventional
AT P@, the efficiengy of searchings a priority to reduce
AT PG time so we always choosewhat are estimatecdto
be the easiesexcitation and propagatiorpathsfor a target
node. Normally thesepathsare unique. Thereforeif the
samefaultis targetedagain,we getexactly the samevector
which will not detectary additionaldefects.Furthermore,
this efficiencgy-orientedapproachdoesnot always produce



the bestdefect-coeragevector sincethe searchis biased
for AT P@ efficiengy. Ournew AT PG alwaystriesto ran-
domizethe searchingprocesdor both excitation and prop-
agation. Not only canwe get different patternsfor each
run, but we also producestatistically diversepatternsfor

the samefault site which may detectadditionaldefectsfor-

tuitously.

5. Experimental results
5.1 Testsetsize

We implementedhis algorithmin the C languageon a
SUN ULTRA 5 workstation. Resultsfor several ISCAS85
benchmarlcircuits areshavn in Table1. Datain the sec-
ond column is the numberof test patternsthat detectall
non-redundanfaults at least15 times. Becauseno other
publishedvorkshavereportedestsetsizesfor multiple de-
tections,we compareour resultswith publishedresultsre-
portingtestpatternlengthfor singledetectiornof everyfault
in the circuit. Thus,we mustscaledown thelengthof our
testset by the numberof detectionsachiesed. The aver-
agetestsetsizein thethird columnis obtainedby dividing
datain the secondcolumnby 15. Theseresultsare com-
paredwith previousresultspublishedn [5]. Thedatain the
column|[5] is one of the bestresultsfrom compactional-
gorithmsof conventionalATPG which employed extensive
dynamicandstatic compactiontechnique.The datain the
columnL.B. is the maximalnumberof independenfaults
thatdetermineatheoreticalowerboundonthetestsetsize.

In anideal world, testsetsthat guaranteel 5 detections
of eachfault would have a size considerablylessthan 15
timescorrespondingestsetsizesthatachieve just onede-
tectionperfault. In contrastthis datashows that, for most
circuits,thetestsetsizegrows aboutlinearly with the num-
ber of detections.We believe that this is true becausehe
numberof teststo detecta few hardfaults determineghe
total testlength. Onecounterexampleis c6288whereour
algorithmachievessub-linearttestpatternlengthgrowth for
increasingnumbersof fault detections.In c2670our algo-
rithm performsworse(testlengthgrowth is greatethanlin-
ear).Perhapsstaticcompactiortechniquesvould improve
resultsfor this circuit. On the otherhand,this superlinear
growth may be artifact of the circuit’s character Perhaps,
becauseur testvectorsexcite eachsite randomlyfor ev-
ery obsenation,slightly biggeraveragetestsetsizeis to be
expected.

5.2 The impact of hard faults
To evaluatethe influenceof hard-to-detectaultson test

setsize,we did amoredetailedanalysisor thec432circuit.
First,weidentified43faultsas“hard” becaus¢hey areonly

circuit | testsize avg.size| [5] | L.B. | CPUtime(sec.)
c432 505 337 29| 27 292.1
c499 793 52.9| 52| 52 153.2
€880 338 225 21 12 229.6
c1355 1274 849| 84| 84 5674.6
c1908 1648 109.9| 106 | 99 1563.9
c2670 962 64.1| 45| 42 9357.6
c6288 144 96| 14 6 1813.8

Table 1. Experimental results for ISCAS85

benchmark circuits
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Figure 5. SC of c432 hard faults

detected 5timesby thecompletedestset. Among507test
patternspnly 75 patternsarenotinvolvedin thedetectiorof

ary of the43 hardfaults. (Eighty-five percenbf all testpat-

ternsarerequiredfor thisrelatively smallsubsebdf all faults
in the circuit.) Eachof these43 hard-to-detecfaultswas
targeted100 timesin orderto estimatetheir approximate
SC values.Figure5 shows that minimal compatibility ex-

ist betweenthesehard-to-detectaults. In otherwords,the

overlappingareaof possibletestsfor eachof the 43 faults

is minimal. None of thesehardfaultsis, on average,de-

tectedsimultaneoulywith two otherhardfaults.In orderto

achieve even minimal compactionof thesehardfaults,we

mustbewilling to expendsignificanttestpatterngeneration
effort andcomputertime.

5.3 Trade-off betweendefective part level and test
setsize

Eventhoughwe got arelatively compactestpatternset
with minimal defective part level, the final testsetsizeis
still large. Hence we proposea systematienethodto trade-
off betweerntestsetsize(or testermemory)andtestquality.
The resultingtest patternsare evaluatedin termsof their
contributionto theoverall D PL reductionusingthe M PG-
D model,andthey aresortedin descendin@rder Figure6
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Figure 6. DPL of minimal vector for c432

shavs thefinal D PL graphbasedon this approacHor the
c432circuit. If theobjective D PL is specifiedwe cantrun-
catethefull testsetto producea correspondinghortertest
set. Similarly, if the objectve testsetsizeis specifiedwe
canpredicta final DPL for thattestset. In summarywe
canintelligently tradeoff betweernestquality andtestcost
usingthis graph.

Notethata factorof two increasdn defectie partlevel
(from 16.5to 33 dpm) allows a reductionin testsetsize
from 507to 97(morethanafactorof five). To relatethis re-
sultto industrialcircuits,we notethatabout33 testpatterns
arerequiredto obtain100%stuck-atfault coverage.There-
fore,for acommerciakircuit, it is reasonabléo expectthat
aboutthreetimesthe numberof patternsrequiredto attain
100%faultcoveragewill achieve anexcellentdefective part
level. Thistestsetmayfit in the availabletestermemory In
contrasta testpatternlengthof 507 patternsfor c432cor-
responddo anincreaseby afactorof 15 relative to current
testpatternlengthsfor commerciakircuits,andthe chance
thatsuchalargetestpatternsetwould all fit in theavailable
testermemoryis very small.

6. Conclusion

A new algorithmthat obsenesandrandomlyexcitesall
the fault sitesin a circuit multiple timesis proposed. To
getminimaltestsetsagreedyapproachs adoptecanda 3-
valuefault simulationis extensvely used.Theresultshovs
this dynamiccompactiortechniquecanachieve a close-to-
minimal testvectorsetsizethatalsoreducesverall defec-
tive partlevel dramatically Finally, a systematianethodto

trade-of betweertestquality andtestsetsizeis presented.

This methodcanbe usedasa guidelinefor a practicaltest-
ing in acommerciakervironment.
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