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Abstract

A new partialBIST insertionapproachbasedoneliminatingdatacorrelationto improvepseudo-randomtestabilityis presented.
Datacorrelation causesthecircuit to bein a subsetof statesmoreor lessfrequently, which leadsto low fault coveragein pseudo-
random test.Oneimportant causeof correlationis reconvergentfanout.Incorporating BIST testflip-flops into reconvergentpaths
will break correlation,however, breakingall reconvergentfanout isunnecessarysincesomereconvergentfanout resultsin negligible
correlation. We introduceametricto determine thedegreeof correlation causedby asetof reconvergentfanout paths.We usethis
metricto identify problematicreconvergentfanout whichmustbebrokenthroughpartialBIST insertion. Basedon this metric,we
provideanexactmethod andaheuristicmethod to measure thedatacorrelation.We provideanalgorithm to breakhighcorrelation
reconvergent paths. Our algorithm provideshigh fault coveragewhile selectingfewer BIST flip-flops thanrequired usingloop
breaking techniques.Experimentalresultsproducedusingourexact algorithm rankonaverageamongthetop11.6% of all possible
solutionswith thesamenumberof flip-flops.
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I . INTRODUCTION

Pseudo-randomBuilt-In Self-Test (BIST) is an importanttestingtechniquewhich enablesat-speedand
on-sitetestingandreducesthe costof automatictestgenerationandexpensive testequipment.In general,
pseudo-randomtestpatternsaregeneratedby aLinearFeedbackShift Register(LFSR)andcircuit responses
arecompressedby a signatureanalysisregister[1]. Maximumfault coveragecanbeachievedat significant
areaandperformanceoverheadcostby configuringall flip-flops astestregisters.At theotherextreme,very
low overheadcanbeachievedwith a fault coveragepenaltyby insertingtestregistersonly at primaryinputs
andoutputs.Partial BIST insertionenablesexploration of thetradeoff betweenfault coverageandoverhead
by configuringonly asubsetof flip-flops asa testregister.

The goal of partial BIST insertionis similar to that of partial scaninsertionwhich hasbeensolved by
many methods. The goal is to minimize hardware overheadwhile improving fault coverageas much as
possible. Many papersin partialscanbreaksequentialloopssincesizeof loopsimpactstestapplicationtime
exponentially [2], [3], [4], [5], [6]. In [7], StroeleandWunderlichpresentanalgorithmto breakall sequential
loopsfor pseudo-randomtestwith minimalhardwareoverheadusingabranch-and-boundalgorithmto select
flip-flops.

Datacorrelationandits effectsonpseudo-randomtestabilityhasbeeninvestigatedby severalauthors.Pa-
pachristouetal [8] show thatregisteradjacency cancausebit-level correlationin acircularBIST architecture.
Registeradjacency is a specificcaseof reconvergentfanoutin RTL circuits. In [10], reconvergentfanoutis
removedduringhigh-level synthesis to reducethelevel of pseudo-randomdatacorrelationandreducenum-
berof conflictsencounteredduringtheATG process.In [9], a methodto evaluatethecorrelationcausedby
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reconvergentfanoutis proposedandthe high correlationis brokenby removing the reconvergentfanoutin
orderto improve thetestability.

In thispaper, wepresentamethodto selectpartialBIST flip-flopswhicheliminatescorrelationto improve
testquality. We presentamethodto characterizereconvergentpathsbasedon their impacton fault coverage.
Our algorithmselectsflip-flops to breakonly reconvergentpathswhichhavesignificanteffect oncorrelation
andfault coverage.Our approachreducesareaoverheadcomparedto loop breakingapproachesby limiti ng
testinsertiononly to importantreconvergentpaths.

This paperis organizedasfollows. SectionsII andIII introducea metric for correlationalonga circuit
pathanddescribehow that metric is usedto direct the BIST insertionprocess.SectionIV describesexact
andapproximatemethodsto computethecorrelationmetric. SectionsV andVI provide thealgorithmand
theresults.SectionVII presentsconclusionsandfuturework.

I I . CORRELATION METRICS

In this work, testflip-flop insertionis performedto breakreconvergent fanoutpathsandtherebyreduce
datacorrelation.Datacorrelationis targetedbecauseit affectsdataentropy which is known to impactfault
coverage[11]. A significantsourceof datacorrelationis matchedreconvergent fanout, which existswhen
severalreconvergentpathshave thesamesequentialdepth.Figure1ashowsmismatchedreconvergentfanout
whichwill notcausecorrelationbecauseof two pathsfrom B to Z with lengthof 2 and3 respectively. There
is no correlationbetweenthe inputsof the reconvergentgatebecausethe valuesof lines X andY in time
framen dependon thevaluesof B in two differenttime frames,n � 1 andn � 2. Figure1b depictsmatched
reconvergentfanoutpathsthathavethesamesequentialdepth.If weassumethatthevalueof line B is random,
thenlines X andY will have the value’00’ approximately 50% of the time. This correlationwill increase
testapplicationtime for thedetectionof faultsin gateZ which arenot detectedby a ’00’ input pattern.The
correlationcanbeeliminatedby configuringflip-flop 1 asa CBILBO register, asshown in Figure1c,sothat
thevalueof line X is notdependenton thevalueof line B.
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Fig. 1. (a) Mismatchedreconvergent fanout(differentsequential length). (b) Matched reconvergent fanout (samesequential
length). (c) BIST insertionbreaking reconvergentfanout.

Reconvergentfanoutis socommonin sequentialcircuits that it is too expensive to breakall suchfanout.
Not all reconvergentfanoutneedsto be broken sincesomeof reconvergentfanouthasnegligible effect on
correlation.Wehavedevelopedametricwhich indicatestheimpactof reconvergentfanoutoncorrelation.

A. Serialcorrelation

In orderto evaluatetheeffectof reconvergentfanoutoncorrelation,weneedsomemetricsto measurehow
stronglytheoutputof acombinationalblockdependsoneachinputto thatblock. Wedefineserialcorrelation
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1 0 q
�
2n
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TABLE I

DISTRIBUTION TABLE

asthecorrelationbetweenaninput andoutputof a singlecombinational block. Theterm“serial” is usedto
distinguishfrom correlationbetweenparallelinputsof a combinationalblock.

Given the truth tableof the combinational block with n inputs, we know exactly the distribution of all
combinationsof eachinputsignalA andoutputsignalZ, asshown in TableI. Thevaluep indicatesthetotal
numberof input valuesin which A � 0 andZ � 0, andtheq valueindicatesthetotal numberof input values
in whichA � 1 andZ � 0.

ThecovariancebetweeninputA andoutputZ is definedas

Cov � A � Z ��� ∑	
A 
 Z � � A � µA ��� Z � µZ � Prob
�� A � Z � (1)

whereµA andµZ areexpectedvaluesof A andZ. Prob
�� A � Z � is probabilityof combinationof (A, Z) in the
truth table.In termsof p andq, thecorrelationbetweenA andZ is

corr � A � Z ��� p � q� � 2n � p � q��� p � q� (2)

High serialcorrelationbetweeninput A andoutputZ implies thatoutput Z strongly dependson input A.
However, serialcorrelationhassomeweaknessin measuringthedependenceof anoutputonaninput. Serial
correlationmeasuresdependencebetweentwo dataA andZ accuratelyonly if Z is not strongly dependent
on other inputs. The dependenceof Z on other inputscanobscurethe pairwiseserial correlationmetric.
This effect canbeseenin thecaseof a 5-inputAND gateasshown in Figure2. Thevalueof input A hasa
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Fig. 2. Distributionof oneinputA andoutput Z in truth table.

strongeffect on thevalueof theoutputbecausea ’0’ valueon A impliesa ’0’ valueon Z. This is seenasa
largedistribution of the(0,0)combination whichcontributespositively to serialcorrelation.Theeffectof this
correlationis negatedby the largedistribution of the (1,0) combinationwhich is causedby thedependence
of Z on the other inputsof the AND gate. Serialcorrelationof 5-input AND gateis 0.18which doesnot
accuratelyreflect thedependenceof Z on thevalueof A.
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B. NormalizedCorrelation

We introduce normalizedcorrelation to alleviate the inaccuracy of serial correlationwhenan output is
stronglydependentonmultiple inputs.NormalizedcorrelationbetweenaninputA andanoutputZ is defined
in thefollowing equationasserialcorrelationdividedby maximumserialcorrelationbetweenZ andall inputs
to thecombinational blockdriving Z.

φ ? A @ Z ACB corr ? A @ Z A
corrmax? A @ Z A (3)

corrmax? A @ Z A for ann input functionis themaximumcorrelationbetweenA andZ over all possible n input
functionsfor which thetotal numberof mintermsis constant.If we definel to bethenumberof maxterms,
thenl B p D q andcorrmax? A @ Z A canbedefinedas:

If l E 2n F 1, thencorrelationis maximumwhenp B l @ q B 0, from equation(2), get

corrmax? A @ Z A�B G
l

2n H l
@ l E 2n F 1 (4)

In sameway, get

corrmax? A @ Z A�B G
2n H l

l
@ l I 2n F 1 (5)

Thenthenormalizedcorrelationis, in termsof p andq is,

φ ? A @ Z ACB p H q
p D q

@ p D q E 2n F 1 (6)

φ ? A @ Z ACB p H q
2n H ? p D qA @ p D q I 2n F 1 (7)

Normalizedcorrelationdiffers from serial correlationbecauseit indicatesthat an input A can directly
controlthevalueof anoutputZ, independentof thevalueof otherinputs.

I I I . PARTIAL BIST INSERTION WITH CORRELATION

WeperformpartialBIST insertionby selectingasetof flip-flops to actaspartof aBIST register. Theflip-
flopsareselectedwith thegoalof breakingall significantreconvergentfanoutin thecircuit. Thenormalized
correlationmeasureis usedto evaluatethesignificanceof asetof reconvergentfanoutpathsin termsof their
impactoncorrelation.To modelthecircuit weusetheS-graph[4] to modeltheinterconnectionsbetweenflip-
flops. Theverticesof theS-graphrepresentflip-flops andprimary inputsandoutputs,andanedgebetween
nodesvi andv j representsthe existenceof a combinationalpathfrom vi to v j . Reconvergent fanoutpaths
involving flip-flops are representedby reconvergent pathsin the S-graph. The combinational logic of a
sequentialcircuit canbepartitionedinto cones,whereeachconeis a1-outputcombinational logic blocksuch
thatits inputsareeitherprimaryinputsor outputsof flip-flops,andits outputis eithera primaryoutputor an
input of a flip-flop. Every input andoutputof a conecorrespondsto a nodein theS-graphandevery input-
outputpair of aconecorrespondsto anedgein theS-graph.Thenormalizedcorrelationof eachinput-output
pair of a coneis labeledon thecorrespondingedgeof theS-graph.If every edgeon a pair of reconvergent
fanoutpathshashigh normalizedcorrelation,thenthat reconvergent fanoutwill have significanteffect on
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Fig. 3. (a)Reconvergent fanout whichwill impacttestquality. (b) and(c) Two typesof reconvergentfanoutwith negligible impact
ontestquality.

thetestability of thecircuit. Figure3ashows reconvergentfanoutwhich needsto bebrokendueto thehigh
correlationalongeachedgeinvolved. Figure3b and3c are two examplesof reconvergent fanoutwithout
significantimpacton testquality. A dashedline indicateslow normalizedcorrelation.

Figure 3b shows low normalizedcorrelationfrom a to b, indicating that the valueof nodeb doesnot
stronglydependon thevalueof a. Therefore,b andc arerelatively uncorrelatedandthis reconvergentfanout
will not effect testability. Figure3c shows low normalizedcorrelationfrom b to d. Nodesb andc arecor-
relatedbecausebothnodesdependon thevalueof nodea in theprevioustime frame. This correlationwill
decreasethe testabilityof thecombinationalblock associatedwith d. However, low normalizedcorrelation
from b to d, impliesthatb haslitt le impactonthedetectionof mostfaults.For thisreason,thecorrelationbe-
tweenb andc onlyaffectsasmallnumberof faults.Thetwo typesof reconvergentfanoutshown in Figures3b
and3c neednotbeconsideredbecausetheir impacton testability is small. Sincemany reconvergentfanouts
donotneedto beconsidered,ouralgorithmselectsrelatively few flip-flops,resultingin low area/performance
overhead.

IV. METHODS TO COMPUTE NORMALIZED SERIAL CORRELATION

Normalizedcorrelationmeasuresthedegreeto which thevalueof an input to a combinationalblock can
influencethe valueof an outputto the combinationalblock. Computationof normalizedserialcorrelation
associatedwith eachedgein the S-graphmustbe performedbeforepartial BIST insertioncanbegin. We
presenttwo computation methods,theexactmethodwhich is basedon thedefinition in SectionII-B, anda
heuristicmethodwhichmeasuresthecorrelationbasedoncombinationaldepth.

Theexactmethodrequiresthegenerationof atruthtablefor thecombinationalblocksassociatedwith each
edgeof theS-graph.Eachtruthtableis usedto createadistributiontableasshown in TableI. Equations2 and
3 areappliedusingtheinformationin thedistribution tableto computethenormalizedcorrelationassociated
with eachedgein theS-graph.This methodgivesa moreaccuratecorrelationvalueat thecostof relatively
highcomputational effort.

The computationtime of the exact methodcan be impractical if a circuit is composedof complicated
combinational blocks. To improve performancewe introduce an alternative heuristicmethodto compute
normalizedcorrelation.Thecorrelationbetweentwo netsis relatedto thecombinationaldepthbetweenthe
netsbecauseeachintermediate gatedegradesthe ability of the predecessornet to determinethe successor
netvalue. For examplein Figure4(a),netA haslessdirect influenceon netZ thanit doeson netF, so the
following inequalityshould hold,φ J A K Z LNM φ J A K F L , whereφ is thenormalizedcorrelation.Thenatureof the
gatesinvolved in thecombinationalpathalsoimpactsthecorrelationbecausea netmayuniquelydetermine
anothernet’s valuethrougha sequenceof gates.This is seenin Figure4(a)betweennetsD andZ. Although
two gatesseparatethesenets,thevalueof netD uniquely determinesthevalueof netZ whenD O 0. Since
netD canuniquelydetermineZ but netA cannot,thefollowing relationship shouldhold,φ J A K Z LPM φ J D K F L .
Thissmallexampleshowsthatcombinationaldepthaloneis notsufficient.
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To estimate correlation,combinationaldepthmustbemodifiedto considercaseswhereanetcanuniquely
determinethe valueof anothernet acrossmultiple gates. We definea correlation chain asa setof gates
connectedin sequencewhereaninput to thefirst gatein thechaincanuniquely determinetheoutput of the
lastgatein thechain.Correlationchainscanbeidentifiedby examining thecontrolling andinvertingvalues
of thegatesalongthechain. The controllingvalue(cp) of a gatep is the input valuewhich independently
determinesthe outputvalue,andthe inversionvalue(i p) of a gatep indicateswhetherthe gatefunction is
positiveor negativeunate.Two gatesp andq connectedin sequencearepartof thesamecorrelationchainif
thefollowingconditionholds,cp Q ip R cq. If thiscondition holdsthenapplyingthevaluecp Q ip at theinput
of gatep will uniquelydeterminetheoutputof gateq. Becausecorrelationis establishedalonga correlation
chain,theentirechainshouldbecountedasa singlegatewhencomputing combinational depthto estimate
correlation.

Wedefinethecorrelation level betweentwo netsasthecombinationaldepthbetweenthenetswhereeach
correlationchain is countedasa single gate. The correlationlevel is computedby following the shortest
combinationalpathbetweenthetwo nets.Thegatescontainedin acorrelationchainaremergedinto asingle
gateby applyingDeMorgan’s law asshown in Figures4(a)and4(b). Thenormalizedcorrelationis inversely
relatedto the correlationlevel; normalizedcorrelationincreases(decreases)ascorrelationlevel decreases
(increases).
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Fig. 4. A samplecircuit of calculating correlationlevel.

The partial BIST insertionalgorithmusesa minimumcorrelation thresholdvalueto identify correlation
which impactstestability significantly. Thecorrelationinformation neededfor eachS-graphedgeis binary,
eithercorrelationis above thresholdor it is not. Thecomputationof thecorrelationvaluesof eachS-graph
edgeis mademoreefficient by abandoningthe calculationfor an edgeassoonasit canbe ascertainedto
have correlationwhich is above threshold. The computationof correlationfor an edgeis performedin a
breadth-firstfashionwhich haltsoncecorrelationis foundto exceedthethreshold.Theheuristiccorrelation
computation algorithmis shown in Algorithm 1.

V. PARTIAL BIST INSERTION ALGORITHM

Our algorithmfirst constructsthe S-graphof a sequentialcircuit andextractsthe conesboundedby the
nodesin S-graph.Thenormalizedcorrelationvalues(or correlationlevel) associatedwith eachedgein the
S-grapharecalculated. The normalizedcorrelationdatais usedto prunethe S-graphby removing edges
whosecorrelationis below a thresholdvalue. Figure5a is the original S-graphof benchmarks298,where
thebold linesareusedto representa groupof edgeswith thesamesource.By usinga minimum correlation
thresholdof 0.4 (on a scaleof 0 to 1), the S-graphis prunedto generatethe S-graphshown in Figure5b
which contains1/3 fewer edges.If we usea lower normalizedcorrelationthreshold, lessedgesarepruned
andmoreflip-flops areconfiguredasBIST cells. The thresholdcontrolsthe tradeoff betweenthecoverage
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Algorithm 1 ComputeCorrelation()
labeloutputaslevel 1
putoutputinto QueueQ, setthecontrolvaluesof theoutputto both1 and0
repeat

dequeuethefirst gateg in QueueQ
for eachinput l of gateg do

level(l ) = level(g) + 1
find thegatep driventheinput l of gateg
if cp S ip T cg then

level(l ) decreaseby 1
end if
if level(l) U thresholdlevel then

put l into Q
end if

end for
until QueueQ is empty

andhardwareoverhead.Ourexperimentsshow thatthresholdof bestresultsfor thebenchmarksusedin Table
II is between0.3and0.4,sowehaveselected0.4asour thresholdof correlation.

Whentheheuristicmethodis usedto estimatethecorrelation,a uniform correlationlevel thresholdof 2
is appliedin our experiments.Sincetheheuristicmethodwill introduceerrorsin measuringthecorrelation,
theheuristic methodwill selectmoreflip-flopsif it overestimatesthecorrelationandwill selectlessflip-flops
if it underestimatesthe correlation.For this reason,the heuristicmethodis inferior to the exact methodin
measuringthecorrelation.However, thisminorweaknessenablesgreatimprovementin computationtime.
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Fig. 5. (a)OriginalS-graphof s298,(b) PrunedS-graph of s298

ThepartialBIST selectionproblemcanbereducedto a MinimumFeedbackVertex Set(MFVS) problem
[12] which is NP-complete. Sincean exact solution is not tractable,a heuristicapproachmust be used.
Algorithm 2 describesthegreedyconstructiveapproachusedto selectBIST flip-flopsin thereducedS-graph.
Thealgorithmcomputesthenumberof unbrokenreconvergentfanoutpathsin whichflip-flop v is contained,
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(rec cnt Y vZ ). Theflip-flop containedin thelargestnumberof reconvergentfanoutpathsis selectedasaBIST
flip-flop. After eachiteration,theUpdateReconvergenceCount functionshown in Algorithm 3 is calledto
updatethe rec cnt valuesof eachnodein the S-graphto reflectthe selectionof a new BIST flip-flop. The
processis iterateduntil all reconvergentfanoutpathsarebroken. In our algorithm, only reconvergenceof
length2 is consideredbecauseshorterpathshave thestrongestimpactoncorrelation.

Algorithm 2 BIST Flip-Flop Insertion(S-GraphG)
createS-graph
computenormalizedcorrelationfor eachedgein S-graph
pruneall S-graphedgeswith subthresholdcorrelation
UpdateReconvergenceCount(G)
repeat

selectthenodew with maximum rec cnt Y vZ asBIST cell
deleteall edgesincidentto nodew
UpdateReconvergenceCount(G)

until rec cnt Y vZN[ 0 for eachnodein G

Algorithm 3 UpdateReconvergenceCount(S-GraphG)
for eachnodev in G do

rec cnt Y vZ�[ 0
end for
for eachpair of nodesu andv in G do

find all pathsfrom u to v with sequentiallengthof 2, u \ wi \ v
if thenumberof paths] 2 then

for eachintermediatenodewi do
rec cnt Y wi Z increasesby 1

end for
end if

end for

VI . RESULTS

This sectionshows two setsof results,obtainedby the exact methodandthe heuristicmethod.We first
analyzetheresultsusingtheexactmethodin orderto show theefficiency of breakingdatacorrelation.Table
II shows theresultsof applyingtheexactmethodto several ISCAS89benchmarkcircuits. Theexperiments
have beenperformedusinga PentiumII 300MHzLinux computer. Thecorrelationthresholdvalueusedin
theseresultsis 0.4. The fault coverageis obtainedusingPROOFS[13] to fault simulate the circuit with
10,000LFSR-generatedtestvectors.

Column5of TableII showsthefaultcoverageachievedwithoutBIST insertionbyapplyingpseudo-random
patternsonly at theprimaryinputsandobservingresultsat primaryoutputs. Column6 shows fault coverage
after performingBIST insertion usingour exact approachto selectflip-flops to act as part of a CBILBO
register. We canseea significant improvementof testability of mostcircuitsafterBIST insertion.Column3
indicatesthenumberof flip-flopsconfiguredasaCBILBO registerusingtheloopbreakingmethodpresented

8



Benchmark # of total # of selected FFs fault coverage rank CPU time
FFs loops correlation w/o BIST with BIST (sec.)

s298 14 14 4 21% 84.0% 15.7% 0.06
s344 15 15 4 89% 99.4% 0.1% 0.88
s382 21 15 9 12% 93.2% 4.7% 2.86
s386 6 6 5 32% 98.9% 16.7% 0.95
s510 6 6 4 0% 99.8% 20.0% 94.54
s953 6 6 5 8% 95.7% 16.7% 138.28
s1196 18 0 2 91% 93.2% 7.5% 4486

TABLE II

PARTIAL BIST INSERTION AND FAULT COVERAGE.

in [7]. Our algorithmselectsfewer flip-flops thanStroele’s algorithmin all benchmarkcircuitsexcepts1196
whichcontainsno loops.

Sinceno fault coverageresultsarepresentedin [7], we cannotcomparebasedon fault coverage.In order
to evaluatethefaultcoveragequalityof ourresults,wesimulatefaultcoverageof all BIST insertionsolutions
with the samenumberof selectedflip-flops. For example,in circuit s344thereare 1365 BIST insertion
solutionsusing4 out of 15 flip-flops. We computethefault coverageassociatedwith all thesecombinations
andrankthefaultcoverageof oursolutionamongall solutionsasshown in column7 of TableII. Theaverage
rank of our solutions is within the top 11.6%. Figure6 shows the fault coveragedistribution of all BIST
insertionsolutionsfor s382involving 9 flip-flops. The arrow in the figure shows the position of our result
with respectto all solutions.
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Fig. 6. Fault coveragedistribution of benchmarks382.

TableIII shows theresultsof applying theheuristicmethodwith thresholdcorrelationlevel of 2. Column
2 of TableIII shows the total numberof flip-flops in eachbenchmark.Columns3, 4 and5 arethenumber
of selectedflip-flops, fault coverageandCPU time usingour heuristicmethod.Column6 is thenumberof
selectedflip-flops usingtheloopbreakingmethod[7].

Comparingourheuristicmethodto theloopbreakingmethodwe canseethatourheuristicmethodselects
fewer flip-flops for mostbenchmarksexcepts1196ands1238.We alsopresentthefault coverageresultsof
our heuristicmethodin column4. The fault coverageof s208,s420ands838are low becausethe circuit
cannotbe initialized. The coverageof the otherbenchmarksareabove 0.70excepts444. Sincewe usea
uniform thresholdin all thebenchmarks,theerror introducedby heuristicmethodmayresultin fewer flip-
flopsselectedandlower fault coverage.Figure7 showstherelationbetweencorrelationlevel, thenumberof
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Benchmark # of total breaking correlation breaking loop
FFs sel. FFs coverage CPU time(s) sel. FFs

s208 8 5 30% ^ 1 8
s298 14 7 97% ^ 1 14
s344 15 3 98% ^ 1 15
s349 15 3 98% ^ 1 15
s382 21 7 74% ^ 1 15
s386 6 3 70% ^ 1 6
s400 21 7 74% ^ 1 15
s420 16 11 27% ^ 1 16
s444 21 5 55% ^ 1 15
s510 6 5 100% ^ 1 6
s526 21 14 98% ^ 1 21
s526n 21 14 98% ^ 1 21
s641 19 2 93% 2 7
s713 19 0 81% 2 7
s820 5 4 83% ^ 1 5
s832 5 4 82% ^ 1 5
s838 32 23 26% 1 32
s953 29 5 96% ^ 1 6
s1196 18 2 92% 1 -
s1238 18 2 87% 1 -
s1423 74 28 84% 13 71
s1488 6 5 93% ^ 1 6
s1494 6 5 92% ^ 1 6
s5378 179 21 84% 9 30

TABLE III

PARTIAL BIST INSERTION AND FAULT COVERAGE BY HEURISTIC METHOD.

flip-flops selectedandfault coverage.Whenthecorrelationlevel increases,moreflip-flops areselectedand
higherfault coverageis achieved.

An advantageof theheuristic methodover theexactmethodis thegreatlyreducedCPUtime. Theresults
in TableII take up to 4486secondsusingthe exactmethod,while they take lessthanor equalto 1 second
usingthe heuristicmethod. The time complexity of the heuristicmethodis polynomial in the numberof
flip-flops or thenumberof gatesof circuits.

TableIV comparestheresultsof theheuristic methodto theresultsof theexactmethod.To maketheresults
comparable,we have adjustedthe thresholdof theheuristicmethodto selectthesamenumberof flip-flops
astheexactmethod.In TableIV, column2 is thenumberof flip-flops selectedin eachbenchmark.Columns
3 and4 are the fault coverageresultsof both methodsbasedon the samenumberof BIST cells listed in
column2. Weseethattheexactmethodhashigherfaultcoveragethantheheuristicmethodwhenthenumber
of flip-flops selectedby the two approachesis equal. The heuristicmethodachievesgreatimprovementin
computation timeby sacrificingonly asmallamountof fault coverage.
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Benchmark BIST FFs coverage coverage
(heu.) (exct.)

s298 4 79.9% 84.0%
s344 4 98.2% 99.4%
s382 9 87.7% 93.2%
s386 5 98.9% 98.9%
s510 4 96.3% 99.8%
s953 5 95.6% 95.7%
s1196 2 92.4% 93.2%

TABLE IV

COMPARISON OF HEURISTIC AND EXACT METHODS OF PARTIAL BIST INSERTION.

VI I. CONCLUSIONS AND FUTURE WORK

In this paperwe presenta new methodto insertBIST flip-flops which breaksreconvergentfanoutpaths
to reducedatacorrelation. We have motivatedthe needto eliminatedatacorrelationandour experimental
resultshavedemonstratedthebenefitsof thisapproachin termsof reducedoverheadandhighfaultcoverage.
Determiningnormalizedreconvergentfanoutis currentlya time consuming process.In the future,we will
investigatetheuseof samplingandstructuralanalysisto derive thesameinformation.
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Responseto theComments
Reviewer1

Comment1.1 Unfortunately, the problemswith the substandard Englishhavenot beenresolved. ... The
authors needto seriouslyproofread the paper, as opposedto simply cleaningup the specificerrors that
reviewers pointout. Specifically, theauthors to lookat theseissues(a writing handbook covers these):_ whento use”that”, andwhento use”which” (throughout thepaper, ”which” is usedincorrectly.)_ whento usea comma,andwhento usea semi-colon(throughout thepaper, commasare usedincorrectly
to splicetogethertwo completesentences)._ whento use”af fect”, andwhento use”effect”._ whento use”less”, andwhento use”fewer”.

Response1.1 We have proofreadthedocument,looking for theproblemsidentifiedby theauthoraswell as
otherenglishproblems. Webelieve thatthevastmajorityof theseproblemshavebeenfixed.

Comment1.2 Also:_ runninga spellchecker wouldpick upmistakes:onpage6, thewords”Normalixed”, ”wuation”, andthe
phrase”as as”; ”corr elaiton” onpage18._ page 3: ”matchedreconvergent fanoutpathswhich are thesamesequentialdepth” shouldbe ”matched
reconvergentfanoutpathsthathavethesamesequentialdepth”_ thewordingof ”This positivecorrelationis negated....” onpage5 is vague._ Many, manysentencesstartwith ”So...”. Thisshouldbeavoided._ on page 7, ”Dashed line indicated low normalizedcorrelation” shouldbe ”A dashedline indicateslow
normalizedcorrelation”._ Firstsentencein secondparagraphof page8 is incomplete. (”The exactmethodrequires....”) Thesentence
after thatalsohasproblems:”The each truth table...”_ Onpage11,it is hard to seewhatthe”Then” in ”Then thepartial BISTsolutioncanbereduced....” refers
to. It should be replacedby somethinglike: ”Once the graph hasbeenreducedby pruning edgesof low
correlation...”_ Onpage11,”improvementof thecomputationtime” shouldbe”improvementin thecomputation time”._ Onpage13,thesentence”F irstanalyzetheresultsby theexactmethod...” hasnosubject._ Onpage13,”Sincenofault coverageresultarepresented”shouldbe”Sincenofault coverageresultsare
presented”_ Englishin page14 is a mess,andhard to follow asa result._ In table IV, thesecondcolumnshouldhavea much more descriptiveheadingthan”number limit”. Per-
haps,”numberof BISTflip-flopsinserted”?
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Response1.2 All of theenglishproblemsidentifiedby thereviewerhavebeenfixed.
Reviewer2

Comment2.1 Theresulttablesdoesn’t seemto presenta fair comparison. WhatI wouldhavelikedto seein
oneof theTablesis a comparisonbetweentheBIST(full scan)vsBIST(partial scan- your method).Under
theseconditions,the fault coverage, area overhead,testpoints, etc. shouldbe compared. Thenyou could
showustherealbenefitsof theproposedmethodology.

Response2.1

Comment2.2 In oneof thecommentsyoumentionthat”pseudo-randomBISTis notapplicableto all circuits,
so we cannotexpectthat fault coverage (FC) will alwaysbe acceptable”. That’s a very goodpoint. To
improvetheFC for circuits that haveBIST, usuallytestpoints are necessary, andin addition, top-upATPG
patternsare required. We all knowthat scancells are the bestkind of testpointsas it increasesboth the
controllability andobservability of circuits. So- it seemsto methat you are suggestingthe following flow.
You canstart by gettingrid of scancells that neednot bescannedbasedon your heuristics.Then,do fault
simulation or testability analysisto determinetheFC, and if theFC is low, insert lots of testpoints, which
againmaymeanconvertingtheremainingsequentialelementsto scancells.

Response2.2 We assumethat a designerwishesto useBIST in his/herdesign.Given thatassumption, the
flow thatwearesuggestingis toperformpartialBIST insertionusingourheuristics,andthenevaluatethefault
coverageby fault simulation. If fault coverageis insufficient thenadjustthecorrelationlevel thresholduntil
the fault coveragegoalsaremet. If fault coveragegoalscannotbemetusingour approachthensomeother
methodfor enhancingtestability wouldberequired,but weleavethechoiceof anadditionaltestenhancement
methodto thedesigner.

Comment2.3 Secondly, in any practical BIST application, top-up patternsare necessaryto improve the
overall coverage for manufacturing test.Do yourealizethatmakingthecircuit partial scan- thecomplexity
of generating deterministic vectorsmayincreasesubstantially.

Response2.3 We do understandthat a usingpartial scanwill increaseATPG complexity as comparedto
usingfull scan.If theareaandperformanceoverheadsof full scanareacceptableby thedesignerthenit is
preferableto partialscanfrom atool standpoint.We,andotherresearchersin partialscan/BIST, aretargeting
designsin which theareaandperformanceoverheadincurredby full scanis too greatto beacceptable.For
suchdesigns,partialscan/BISTarereasonablealternatives,evenat therisk of increasedATPGcomplexity.

Comment2.4 Anotherpractical limitation is as follows. One of the other reasonswhy full scanis used
predominantly in the industry is theeaseof doingsystemlevel debug or fault diagnosis. Asa result,partial
scanneverseemedto beanattractivesolution to theindustry.

Response2.4 The reviewer bringsup a limitation of partial scan/BISTapproaches.Although this problem
exists, it shouldnot prohibit exploration into partial scan/BISTwhich hasotheradvantages.Instead,this
problemshouldbeseenasanareafor research.In factscanandBIST-baseddiagnosistechniquesarecurrently
averyactive researcharea,in partfor thereasonmentionedby thereviewer.

Reviewer3
Comment3.1 Onpage9, par. 2 (andin yourResponce3.6)youstatethatnormalizedcorrelationis inversely
proportional to thecorrelationlevel. For me, it canbeunderstoodaseither(1) There is a constantC sothat
normalizedcorrelation = C / correlationlevel holds,or (2) If normalizedcorrelationincreases,correlation
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level decreases,but not necessarilystrictly proportional. It shouldbemadeclear whatdefinition is meant.
(For me, Responce3.6indicatesthatdefinition(2) is meant,but, in thiscase, theterm‘inverselyproportional’
is somewhatmisleading.

Response3.1 Thispoint is now clarifiedin SectionIV, page6, secondparagraph.

Comment3.2 On page 9, cp, cq andi p shouldbe introducedbefore usingthem(actually, c without index is
introducedandfor i it canbefiguredout that it is theinvertingvalue, but I think it wouldbebetterto read).

Response3.2 Thesetermsarenow properlyintroducedin SectionIV, at thelastline of page5 andat thetop
of page6.

Comment3.3 SectionIV line 8: Theeach =¿ Each

Response3.3 We havecorrectedthiserror.
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