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Abstract

Deterministicobservationandrandomexcitationof fault
sites during the ATPG processdramatically reducesthe
overall defectivepart level. However, multipleobservations
of each fault site lead to increasedtestsetsizeandrequire
moretestermemory. In thispaper, weproposea new ATPG
algorithm to find a near-minimal test patternset that de-
tectsfaults multiple timesand achievesexcellentdefective
part level. Thisgreedyapproach uses3-valuefault simula-
tion to estimatethepotentialvalueof each vectorcandidate
at each stage of ATPG. The result showsgeneration of a
closeto minimal vectorsetis possibleonly usingdynamic
compactiontechniquesin mostcases.Finally, a systematic
methodto trade-off betweendefectivepart levelandtestsize
is alsopresented.

1. Intr oduction

Theobjective of testingis filtering defective chipsfrom
manufacturedonesto reducethefractionof defective parts
thatareerroneouslysold to customersasdefect-freeparts.
Historically thesinglestuck-at-fault(

�����
) modelhasbeen

widely acceptedasastandardtargetmodelto generateaset
of testpatternsto detectall the

�����
s in thecircuit. How-

ever, it doesnotaccountfor thenecessityof detectingother
defecttypesseenin real manufacturingenvironments. In
factwe cannotachieve100%defectcoveragewith testpat-
ternsof 100%

�����
coverage.On the otherhand,the ex-

act mechanismsof variousdefectsare unknown in many
cases,anddefectsaresodiversethataccurateuniversalde-
fectmodelingis a verydifficult task.With millions of tran-
sistorsonasingledevice, it is clearthatit is notpracticalto
generatedeterministictestsetsfor all possibledefectmod-
els.

There is a strong correlation betweenthe numberof
timesa fault site is “observed” and the ability of the cor-
respondingtestsetto screenoutarbitrarydefectsthatoccur
at thatsite. Hence,whenevera fault site is observed,prob-
abilistic excitationof non-targetdefectsat thatsite leadsto
fortuitousdefectdetection.Sincea conventionalautomatic
testpatterngenerator(

�����
	
) stopsat 100%

�����
cover-

age,not all fault sitesareobservedenoughtimesto ensure
sufficientdetectionof non-targetdefects.Weproposeanew�����
	

algorithmwhich guaranteesmultiple deterministic
observation andrandomexcitation of all the fault sitesin
thecircuit.

However, multiple observationof eachfault siteusually
requiresa biggertestsetsize.For realcircuits,testermem-
ory spaceis usually limited, and a significantincreasein
testpatternsetsizewill exceedtestermemorylimitations.
In suchasituation,thetime requiredto applya testsetmay
increaseunacceptablybecausemultiple loadingsequences
areneededfor completetesting. The proposedalgorithm
tries to focus on generatinga minimal test set througha
greedystrategy. In fact,a small fractionof all faultsdom-
inatethe testsetsizebecauseusuallyonly oneof the hard
faultsis detectedby atestpattern.Ourapproachdetectsthe
hardfaultsanddirectsadditional

�����
	
effort towardfind-

ing teststhat detectmultiple hardfaults. After a minimal
testset is generated,we suggesta methodto estimatethe
relationshipbetweentestsetsizeanddefectivepartlevel.

2. Defective part level model

The � �
	
-  (Mercer, Park, Grimaila and Dworak)

model[1] wasdevelopedto predictthefinal defective part
level( �
�

) usinginformationon thenumberof timessites
areobservedandtheprobabilityof exciting undetectedde-
fectswhenwemake thoseobservations.

This model reflectsthe fact that
�����

s are closely re-



latedto real defects,but they only cover partof the defect
universe. The modelalso usesthe fact that randomexci-
tation and deterministicobservation of a site may enable
fortuitousdetectionof defectswhicharerelatedto thatsite.
Therefore,we canachieve a sufficient confidencelevel of
defecttestingby observingeachnodeof thecircuit enough
times to excite potential defectsat that site. Therefore
defect-oriented

�����
	
must generatetest patternswhich

candetectall the sitesmultiple timesandexcite randomly
duringeachdetection.� �
	

-  assumesthat, initially, defectsareuniformly
distributedacrossall circuit sitesandassignsto eachcircuit
site � its initial contribution to theoveralldefectlevel based
upontheformula(1). Here � representsthemanufacturing
yield.

 ����������� ��� �� � � ! �#"#$ ! (1)

An iterative approachis usedso that the probability of
excitation of an asyet undetecteddefect,given that site �
is observed, is an exponentiallydecreasingfunction as(3)
andthe  �
�

after a new vectoris appliedis givenas(4).
Forsimplicity, everydefectis assumedto beassociatedwith
only onesite in thecircuit of interest.After % vectorshave
beenapplied,theoveralldefectlevel becomes,

� � "#&(') ��� % ���+* ,.- / �1032 /4 �6587  �9�:� % � (2)
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if site � wasobservedby vector % ����� % �P� �
otherwise

(4)�
and Q areconstantswhich affect the contribution of

thecurrentvectorto overall  �
�
by randomexcitation.

The modelhasbeenvalidatedusingsurrogatebridging
fault simulationon both benchmarkand commercialcir-
cuits. Also, the model matcheswell with statisticaldata
from commercialchip testing[2]. The quality of our new
defect-oriented

�����
	
will be evaluatedbasedupon this

model.

3. Determining the lower bound on testsetsize

A theoreticallowerboundon testsetsizehasbeenstud-
ied. A setof faultsissaidto be �GRTSA$VUW$XRTS�$XRT" if notwo faults
canbedetectedby thesamevector[3]. This conceptleads
directly to a lower boundon the size of the requiredtest
set.However, themaximalnumberof independentfaultsis

sometimesanunachievablelower boundfor somecircuits.
Below, weintroduceamorerealisticmeasurefor evaluating
thecompactnessof a testset.

A fault
�

is saidto be Y �[Z UW&("G�<\]'�$ with a fault ^ if there
is a testwhichcandetectbothfault

�
andfault ^ . Compat-

ibility of two faultscanberepresentedastheintersectionof
all possibletestsfor eachfault asshown in Figure1.

We canapproximatethe compatibility of two faultsas
the numberof successfultestgenerationattemptsfrom an�����
	

processtargetingboth faultsfor the sametestpat-
tern. For somegiven fault of interest,the summationof
compatibilities(

��_9�
) acrossall otherfaultsis a reasonable

measureof how hardfault � is to detectfortuitouslywhena
testis generatedby targetinga differentfault. For R faults,��_C�

is givenas

��_C�8�a`4b 587dc b c b � � if testexist for fault � and e ( ��f� e )

c b �g�
otherwise

(5)

Compatibilitydetermineshow muchcompactionof test
vectorscanbeaccomplishedsincethenumberof faultswith
minimalcompatibilitysetsa lowerboundon thenumberof
testsfor a given circuit. Faults with minimal compatibil-
ity arecloselyrelatedto hard-to-detectfaultsbecausethese
faultsarenot usuallyfortuitouslydetectedin a testgenera-
tion sessionfor othertargetfaults.

The relationshipbetweenfaultswith minimal compati-
bility andhard-to-detectfaultsis analyzedlater. To achieve
anear-minimaltestset,weshouldfocusonfaultswith min-
imal compatibilityduringtheentire

�����
	
process.

4. Defect-orientedATPG

Conventional
�����
	

stops generatingadditional test
patternsif 100%SAF coverageis achieved. As notedear-
lier, somedefectsmayremainundetectedevenafterapply-
ing aperfect100%

�����
testset.

We systematicallyextendedthe conventional
�����
	

processin orderto further detectdefectsasshown in Fig-
ure2 andFigure4.

This new algorithm utilizes 3-value(
�
, � ,h ) fault-

simulationthroughsuccessivestagesof the
�����
	

process
thatproducesa singletestpattern.With 3-valuesimulation
andpartially specifiedinputs,we predictthenumberof de-
terministicallydetectedfaultsin thecasewhereall require-
mentsfor theirdetectionhavebeensatisfiedbaseduponcur-
rent assignmentsto primary inputs. During this process,
someof theprimary inputsremainunspecified,and,there-
fore, the detectionstatusof someor many of the faultsin-
sidecircuit will beunknown. Thus,at this stage,thereare
faultsthat will or will not be detecteddependinguponthe
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Figure 1. Diagram illustrating
��_

valuesthatwill eventuallybeassignedto currentlyunspec-
ified primaryinputs.We saythesefaultsarepotentiallyde-
tected.Thenumberof potentiallydetectedfaultsis a good
secondaryestimatorof the contribution of partially speci-
fiedvectorsto overalldeterministicdetection.

But this estimatoris not exact sinceconflictsof testing
conditionsbetweendifferent potentially detectablefaults
canexist beforefinal binaryvaluesarespecifiedfor all pri-
mary inputs. To minimize the uncertaintyintroducedby
thesepotentialconflicts, our algorithm checksfor the lo-
cally incompatiblepotentialfaultsin advance.We consider
threekinds of conflict types. For example, for a NAND
gate,

1. Both thestuck-at0 andthestuck-at1 faultat thesame
sitecannotbesimultaneouslydetected.

2. Only onegateinputstuck-at1 faultcanbedetectedfor
any givenpattern.

3. Both the stuck-at1 input fault andstuck-at1 output
fault cannotbesimultaneouslydetected.

Note that an equivalence-collapsedfault set is assumed
here. Rulesfor othergatetypescanbe derived in a simi-
lar way. Even thoughtheseconflict rulesareutilized only
locally at individual gates,they significantly enhancethe
accuracy for ourdetectionestimator.

Variouscombinationsof weighting factorsfor the de-
terministic detectioncomponentand the potential detec-
tion componentcan be usedfor the optimum result. A
greedmetric(

	 � ) is givenasfollows for R faults.

	 � � `4 �q587 �3r $ @ts
?Gu#vw x $ @�y

?)u#vw �
(6)

c � = numberof detectionof fault �z �
= numberof potentialdetectionof fault �r
= weightingdeterministicdetection{ |
= weightingleastdetectedfault

Note that the numberof detectionsis usedto prioritize
the leastdetectedfaults. In our implementation} is given
asthetargetnumberof observationsand � is setat 2.

Thealgorithmconsistsof two parts,randompatterngen-
erationanddeterministicpatterngeneration.

Let us assumethe circuit has R inputsandthe comput-
ing systemhasan

Z
-bit word size.Notethattheemployed

fault simulationis a ParallelPatternFault simulator(
�
�
�

)
combinedwith Critical PathTracing(

_~�~�
) [4]. In thecon-

ventionalscheme,a parallel patternfault simulatoris not
fully utilized sincemost

�����
	
algorithmscreatea sin-

gle test patternfor a target fault. However, our scheme
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repeat
begin

assignall
�
�

s h value
repeat

begin
randomlyselect� �
�

swith h value
assign��� vectorcombinationsto selected

�
�
s

3-valueparallelfault-simulation
choose

�
�
valuewith maximum

	 �
end

until
�
�

s fully specifiedor 0 potentialdetection
end

until escape-conditionis met

Figure 2. Random par t of greed y algorithm
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Figure 3. A snapshot of
�
�

s

utilizes the extensive parallel processingcapability of the�
�
�
. Moreover

_~�~�
simulatesfaults implicitly, which

meansthecostof simulationdoesnotdependonfaultdrop-
ping. This featureis beneficialfor keepingthe fault dic-
tionary information. In the randompart, first � (= �q�A��� Z )
primary inputs(

�
�
) of R are selectedrandomly.

Z
com-

binationsof parallel patternsare applied to selected
�
�

s
andtheremaining

�
�
s have ’ h ’ values.Figure3 shows a

snapshotof
�
�

s in the circuit(for the casewhere � ���
).

The3-valueparallelpatternfaultsimulationresultshows
Z

different
	 � s for eachvector. Thevectorwith maximum	 � is selectedasthefinal vectorfor � �
�

s. This process
is repeateduntil all not-yet-determined

�
�
sarefully speci-

fied. Therefore� `� �V�.����� iterationsarerequiredto compute
ournear-optimaltestvector.

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

repeat
begin

assignall
�
�

s h value
searchleastdetectedfault
generatetestfor chosenfault
repeat

begin
randomlyselect� �
�

swith h value
assign� � vectorcombinationsto selected

�
�
s

3-valueparallelfault-simulation
choose

�
�
valuewith maximum

	 �
end

until
�
�

s fully specifiedor 0 potentialdetection
end

until all non-redundantfaultsaredetected} times

Figure 4. Deterministic par t of greed y algo-
rithm

the randomapproachis measuredin the following way. If� _�� c ���������A�
, thealgorithmescapestherandomloop.

� _�� ��� 	 � �	 � � @ 7 (7)

‘ 	 � � @ 7 = 	 � valueof previousvector	 � �
=
	 � valueof currentvector

If theimprovementof a new vectoris minimal, thenthe
deterministicmethodthat targetsspecificfaultsto generate
patternsis used.Thedeterministicmethodis similar to con-
ventionalATPGin this sense,but theleastdetectedfault is
selectedasthetargetfault to getmoredefectcoverage.

After apartialpatternis generatedfor thetargetfault,the
remainingunspecified(’h ’)

�
�
s will beexploredusingthe

samemethodas the randommethod. The testgeneration
processfor eachtarget fault stopsif no morepotentialde-
tectionis possible.This not only savescomputingtime but
also introducesanothercompactionpossibility. The final
setof testpatternsmayhave unspecified’ h ’ values.Vari-
ousstaticcompactiontechniquesmight alsobeappliedfor
moreminimization.

Oneimportantdifferencebetweenconventional
�����
	

andthe new oneis the searchingcriteria. In conventional�����
	
, the efficiency of searchingis a priority to reduce�����
	
time so we always choosewhat are estimatedto

be the easiestexcitationandpropagationpathsfor a target
node. Normally thesepathsare unique. Thereforeif the
samefault is targetedagain,we getexactly thesamevector
which will not detectany additionaldefects.Furthermore,
this efficiency-orientedapproachdoesnot alwaysproduce
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the bestdefect-coveragevector sincethe searchis biased
for

�����
	
efficiency. Our new

�����
	
alwaystriesto ran-

domizethesearchingprocessfor bothexcitationandprop-
agation. Not only can we get different patternsfor each
run, but we also producestatisticallydiversepatternsfor
thesamefault sitewhich maydetectadditionaldefectsfor-
tuitously.

5. Experimental results

5.1. Testsetsize

We implementedthis algorithmin the C languageon a
SUN ULTRA 5 workstation.Resultsfor several ISCAS85
benchmarkcircuits areshown in Table1. Datain the sec-
ond column is the numberof test patternsthat detectall
non-redundantfaults at least15 times. Becauseno other
publishedworkshavereportedtestsetsizesfor multiplede-
tections,we compareour resultswith publishedresultsre-
portingtestpatternlengthfor singledetectionof everyfault
in thecircuit. Thus,we mustscaledown the lengthof our
test set by the numberof detectionsachieved. The aver-
agetestsetsizein thethird columnis obtainedby dividing
datain the secondcolumnby 15. Theseresultsarecom-
paredwith previousresultspublishedin [5]. Thedatain the
column[5] is oneof the bestresultsfrom compactional-
gorithmsof conventionalATPGwhich employedextensive
dynamicandstaticcompactiontechnique.The datain the
columnL.B. is the maximalnumberof independentfaults
thatdetermineatheoreticallowerboundonthetestsetsize.

In an ideal world, testsetsthat guarantee15 detections
of eachfault would have a sizeconsiderablylessthan15
timescorrespondingtestsetsizesthatachieve just onede-
tectionper fault. In contrast,this datashows that,for most
circuits,thetestsetsizegrowsaboutlinearlywith thenum-
ber of detections.We believe that this is true becausethe
numberof teststo detecta few hardfaultsdeterminesthe
total testlength. Onecounter-exampleis c6288whereour
algorithmachievessub-lineartestpatternlengthgrowth for
increasingnumbersof fault detections.In c2670our algo-
rithm performsworse(testlengthgrowth is greaterthanlin-
ear).Perhaps,staticcompactiontechniqueswould improve
resultsfor this circuit. On theotherhand,this super-linear
growth may be artifact of the circuit’s character. Perhaps,
becauseour testvectorsexcite eachsite randomlyfor ev-
eryobservation,slightly biggeraveragetestsetsizeis to be
expected.

5.2. The impact of hard faults

To evaluatethe influenceof hard-to-detectfaultson test
setsize,wedid amoredetailedanalysisfor thec432circuit.
First,weidentified43faultsas“hard” becausethey areonly

circuit testsize avg. size [5] L.B. CPUtime(sec.)
c432 505 33.7 29 27 292.1
c499 793 52.9 52 52 153.2
c880 338 22.5 21 12 229.6
c1355 1274 84.9 84 84 5674.6
c1908 1648 109.9 106 99 1563.9
c2670 962 64.1 45 42 9357.6
c6288 144 9.6 14 6 1813.8

Table 1. Experimental results for ISCAS85
benc hmark cir cuits
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��_

of c432 hard faults

detected15timesby thecompletedtestset.Among507test
patterns,only 75patternsarenotinvolvedin thedetectionof
any of the43hardfaults.(Eighty-fivepercentof all testpat-
ternsarerequiredfor thisrelatively smallsubsetof all faults
in the circuit.) Eachof these43 hard-to-detectfaultswas
targeted100 times in order to estimatetheir approximate��_

values.Figure5 shows thatminimal compatibilityex-
ist betweenthesehard-to-detectfaults. In otherwords,the
overlappingareaof possibletestsfor eachof the 43 faults
is minimal. Noneof thesehard faults is, 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 a relatively compacttestpatternset
with minimal defective part level, the final testset size is
still large.Hence,weproposeasystematicmethodto trade-
off betweentestsetsize(or testermemory)andtestquality.
The resultingtest patternsare evaluatedin termsof their
contributionto theoverall  �
�

reductionusingthe � �
	
- model,andthey aresortedin descendingorder. Figure6
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�
of minimal vector for c432

shows thefinal  �
�
graphbasedon this approachfor the

c432circuit. If theobjective  �
�
is specified,wecantrun-

catethefull testsetto producea correspondingshortertest
set. Similarly, if the objective testsetsizeis specified,we
canpredicta final  �
�

for that testset. In summary, we
canintelligently tradeoff betweentestquality andtestcost
usingthis graph.

Note thata factorof two increasein defective part level
(from 16.5 to 33 dpm) allows a reductionin test set size
from 507to 97(morethana factorof five). To relatethis re-
sult to industrialcircuits,wenotethatabout33 testpatterns
arerequiredto obtain100%stuck-atfault coverage.There-
fore,for acommercialcircuit, it is reasonableto expectthat
aboutthreetimesthe numberof patternsrequiredto attain
100%faultcoveragewill achieveanexcellentdefectivepart
level. This testsetmayfit in theavailabletestermemory. In
contrast,a testpatternlengthof 507patternsfor c432cor-
respondsto anincreaseby a factorof 15 relative to current
testpatternlengthsfor commercialcircuits,andthechance
thatsucha largetestpatternsetwouldall fit in theavailable
testermemoryis verysmall.

6. Conclusion

A new algorithmthatobservesandrandomlyexcitesall
the fault sitesin a circuit multiple times is proposed. To
getminimal testsets,agreedyapproachis adoptedanda3-
valuefaultsimulationis extensively used.Theresultshows
this dynamiccompactiontechniquecanachieve a close-to-
minimal testvectorsetsizethatalsoreducesoverall defec-
tivepart level dramatically. Finally, a systematicmethodto
trade-off betweentestquality andtestsetsizeis presented.
This methodcanbeusedasa guidelinefor a practicaltest-
ing in acommercialenvironment.
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