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Abstract

A new partialBIST insertionapprachbasedneliminatingdatacorrdationto improve pseuderancdbmtestabilityis presented
Datacorrelation causeghe circuit to bein a subsebf statesmoreor lessfrequently, which leadsto low fault coveragein pseude
randaom test. Oneimportari causeof correlationis recorvergentfanout.Incarporaing BIST testflip-flops into recawergentpaths
will bre& correlatian, however, brealing all recawergentfanou is unne@ssarysincesomerecorvergentfanou resultsin negligible
correlation. We introduce a metricto determire thedegreeof correlation causedy a setof recovergentfanou paths.We usethis
metricto identify prodematicrecorvergentfanou which mustbe brokenthroughpartial BIST insertion Basedon this metric,we
provide anexactmethal anda heuristicmethal to measue thedatacorrelation.We provide analgaithm to breakhigh correlatian
recorvergent paths. Our algoithm provides high fault coveragewhile selectingfewer BIST flip-flops thanrequired usingloop
breakirg techniques.Expaimentalresultsproducedusingour exad algoiithm rankon averageamongthetop 11.6% of all possible
solutionswith the samenunber of flip-flops.
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|. INTRODUCTION

Pseudo-randorBuilt-In Self-Test(BIST) is animportanttestingtechniquewhich enablesat-speedand
on-sitetestingandreduceghe costof automatictestgeneratiorand expensve testequipment.In general,
pseudo-randortestpatternsaregeneratedby a Linear Feedbackshift Register(LFSR) andcircuit responses
arecompressedy a signatureanalysisregister[1]. Maximum fault coveragecanbe achievedat significant
areaandperformanceverheadcostby configuringall flip-flops astestregisters.At the otherextreme,very
low overheadcanbe achiezedwith afault coveragepenaltyby insertingtestregistersonly at primaryinputs
andoutputs.Partial BIST insertionenablesexploration of the tradeof betweerfault coverageandoverhead
by configuringonly a subsef flip-flops asatestregistet

The goal of partial BIST insertionis similar to that of partial scaninsertionwhich hasbeensolved by
mary methods. The goal is to minimize hardware overheadwhile improving fault coverageas much as
possibé. Many papersn partial scanbreaksequentialoopssincesizeof loopsimpactstestapplicationtime
exponentialy [2], [3], [4], [5], [6]. In [7], StroeleandWunderlichpresentainalgorithmto breakall sequential
loopsfor pseudo-randortestwith minimal hardwareoverheadisinga branch-and-boundigorithmto select
flip-flops.

Datacorrelationandits effectson pseudo-randortestabilityhasbeeninvestgatedby severalauthors.Pa-
pachristoletal [8] shav thatregister adjaceng cancausebit-level correlationin acircularBIST architecture.
Registeradjaceny is a specificcaseof recorvergentfanoutin RTL circuits. In [10], recorvergentfanoutis
removed during high-level synthess to reducethe level of pseudo-randordatacorrelationandreducenum-
ber of conflictsencounterediuringthe ATG process.n [9], a methodto evaluatethe correlationcausedy
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recorvergentfanoutis proposedandthe high correlationis broken by remaoving the recorvergentfanoutin
orderto improve thetestability

In this paper we presentamethodto selectpartial BIST flip-flops which eliminatescorrelationto improve
testquality. We presenta methodto characterizeéecorvergentpathsbasedn theirimpacton fault coverage.
Our algorithmselectdlip-flops to breakonly recorvergentpathswhich have significanteffect on correlation
andfault coverage.Our approachreducesareaoverheadcomparedo loop breakingapproachesy limiting
testinsertiononly to importantrecorvergentpaths.

This paperis organizedasfollows. Sectionsll andlll introducea metric for correlationalonga circuit
pathanddescribehow that metricis usedto directthe BIST insertionprocess.SectionlV describesxact
andapproxinmate methodsto computethe correlationmetric. Sectionsv andVI provide the algorithmand
theresults.SectionVIl presentsonclusionsandfuturework.

II. CORRELATION METRICS

In this work, testflip-flop insertionis performedto breakrecorvergentfanoutpathsandtherebyreduce
datacorrelation. Datacorrelationis targetedbecausat affectsdataentrofy which is known to impactfault
coverage[1l]. A significantsourceof datacorrelationis matdiedrecorvergent fanout which existswhen
severalrecorvergentpathshave the samesequentiatlepth.Figurelashovs mismatbedrecorvergentfanout
which will notcausecorrelationbecaus®f two pathsfrom B to Z with lengthof 2 and3 respectiely. There
is no correlationbetweenthe inputs of the recorvergentgatebecausedhe valuesof lines X andY in time
framen dependon thevaluesof B in two differenttime frames,n— 1 andn— 2. Figure 1b depictsmatched
recorvergentfanoutpathshathavethesamesequentiatiepth.If we assumehatthevalueof line B israndom,
thenlines X andY will have the value’00’ approximatet 50% of the time. This correlationwill increase
testapplicationtime for the detectionof faultsin gateZ which arenotdetectedoy a’00’ input pattern.The
correlationcanbe eliminatedby configuringflip-flop 1 asa CBILBO register, asshawvn in Figurelc, sothat
thevalueof line X is notdependentn the valueof line B.
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Fig. 1. (a) Mismatchedrecowvergentfanout(differentsequetial length. (b) Matchel recorvergent fanou (samesequential
length. (c) BIST insertionbreakirg recawergentfanauit.

Recowergentfanoutis socommonin sequentiatircuitsthatit is too expensve to breakall suchfanout.
Not all recorvergentfanoutneedsto be broken sincesomeof recorvergentfanouthasnegligible effect on
correlation.We have developeda metricwhich indicatesheimpactof recorvergentfanouton correlation.

A. Serialcorrelation

In orderto evaluatetheeffect of recorvergentfanouton correlationwe needsomemetricsto measurdnow
stronglythe outputof acombinationablock depend®n eachinputto thatblock. We defineserial correlation
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asthecorrelationbetweermaninput andoutputof a singlecombinatimal block. Theterm*“serial’ is usedto
distinguishfrom correlationbetweerparallelinputsof a combirationalblock.

Given the truth table of the combinatioml block with n inputs, we know exactly the distribution of all
combinatims of eachinputsignalA andoutputsignalZ, asshowvn in Tablel. Thevalue p indicateshetotal
numberof inputvaluesin which A= 0 andZ = 0, andthe g valueindicatesthe total numberof input values
in whichA=1andZ =0.

Thecovariancebetweeninput A andoutputZ is definedas

Cov(AZ)= 5 (A—Ha)(Z—Kz)Prob(A,2) (1)
(AZ)

wherepa andpz areexpectedvaluesof A andZ. Prohb.(A,Z) is probability of combinationof (A, Z) in the
truthtable.In termsof p andq, thecorrelationbetweenA andZ is

B p—q
comiA2) = V@ = p=a)(p+9) @

High serial correlationbetweeninput A andoutputZ implies thatoutpu Z strongl dependson input A.
However, serialcorrelationhassomeweaknes# measuringhe dependencef anoutputonaninput. Serial
correlationmeasureslependenceetweentwo dataA andZ accuratelyonly if Z is not strongy dependent
on otherinputs. The dependencef Z on otherinputs can obscurethe pairwise serial correlationmetric.
This effect canbe seenin the caseof a 5-input AND gateasshaown in Figure2. Thevalueof input A hasa

T sign in serial represent
A A Z |distibution | "o elation | dependence
3 7 00 16/32 + Yes
D 0 1 0/32 - No
E 10 15/32 - No
11 1/32 + Yes

Fig. 2. Distribution of oneinput A andoutput Z in truthtable.

strongeffect on the value of the outputbecause’0’ valueon A impliesa’0’ valueonZ. Thisis seenasa
largedistribution of the (0,0) combinatian which contributespositively to serialcorrelation.The effect of this
correlationis negatedby the large distribution of the (1,0) combinationwhich is causedy the dependence
of Z on the otherinputsof the AND gate. Serialcorrelationof 5-input AND gateis 0.18 which doesnot
accuratelyrefled thedependencef Z onthevalueof A.
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B. NormalizedCorrelation

We introdwce normalzed correlation to alleviate the inaccurag of serial correlationwhen an outputis
stronglydependenbn multiple inputs.Normalizedcorrelationbetweeraninput A andanoutputZ is defined
in thefollowing equatiorasserialcorrelationdividedby maximumserialcorrelationbetweerZ andall inputs
to thecombinatioml block driving Z.

corr(A,Z)

(A, ):m 3)

corrmax(A, Z) for ann input functionis the maximumcorrelationbetweenA andZ over all possibé n input
functionsfor which the total numberof mintermsis constant.If we definel to be the numberof maxterms,
thenl = p+ g andcorrmax(A, Z) canbedefinedas:

If | < 2"1, thencorrelationis maximumwhenp = |,q = 0, from equation(2), get

COMmax(A, Z) = T | <21 (4)
In sameway, get
n__
COMmax(A, Z) = ZI—I, | > 2n1 (5)
Thenthenormalizedcorrelationis, in termsof p andq is,
®(A,2) = % p+q<2m! 6)
_ P—q n—1
@A,Z)—izn_(pﬂ), p+q>2 (7)

Normalizedcorrelationdiffers from serial correlationbecauset indicatesthat an input A can directly
controlthevalueof anoutputZ, independentf thevalueof otherinputs

[11. PARTIAL BIST INSERTION WITH CORRELATION

We performpartial BIST insertionby selectinga setof flip-flopsto actaspartof aBIST register. Theflip-
flopsareselectedvith the goalof breakingall significantrecorvergentfanoutin the circuit. Thenormalized
correlationmeasures usedto evaluatethe significanceof a setof recorvergentfanoutpathsin termsof their
impactoncorrelation.To modelthecircuit we usethe S-graph4] to modeltheinterconnectionbetweerflip-
flops. The verticesof the S-graphrepresentlip-flops and primary inputsandoutputs,andan edgebetween
nodesv; andv; representshe existenceof a combirational pathfrom v; to v;. Recowemgentfanoutpaths
involving flip-flops are representedy recorvergent pathsin the S-graph. The combinatimal logic of a
sequentiatircuit canbepartitionedinto coneswhereeachconeis a 1-outputcombinaionallogic block such
thatits inputsareeitherprimaryinputsor outputsof flip-flops, andits outputis eithera primary outputor an
input of aflip-flop. Every inputandoutputof a conecorresponds$o a nodein the S-graphandevery input-
outputpair of aconecorrespond$o anedgein the S-graph.The normalizedcorrelationof eachinput-output
pair of a coneis labeledon the correspondingdgeof the S-graph.If every edgeon a pair of recorvergent
fanoutpathshashigh normalizedcorrelation,thenthat recorvergentfanoutwill have significanteffect on
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thetestabiliyy of the circuit. Figure 3ashaws recorvergentfanoutwhich needso be brokendueto the high
correlationalongeachedgeinvolved. Figure 3b and 3c aretwo examplesof recorvergentfanoutwithout
significantimpacton testquality. A dashedine indicatedow normalizedcorrelation.

Figure 3b shawvs low normalizedcorrelationfrom a to b, indicating that the value of nodeb doesnot
stronglydependnthevalueof a. Thereforep andc arerelatively uncorrelatec&ndthis recorvergentfanout
will not effect testabilty. Figure3c shavs low normalizedcorrelationfrom b to d. Nodesb andc arecor-
relatedbecausdoth nodesdependon the valueof nodea in the previoustime frame. This correlationwill
decreas¢he testabilityof the combinatonal block associateavith d. However, low normalizedcorrelation
from bto d, impliesthatb haslittle impacton thedetectionof mostfaults.For thisreasonthecorrelationbe-
tweenb andc only affectsasmallnumberof faults. Thetwo typesof recorvergentfanoutshavn in Figures3b
and3c neednot be consideredecauseheirimpacton testabiliy is small. Sincemary recorvergentfanouts
donotneedo beconsideredpuralgorithmselectgelatively few flip-flops, resultingin low area/performance
overhead.

IV. METHODS TO COMPUTE NORMALIZED SERIAL CORRELATION

Normalizedcorrelationmeasureshe degreeto which the valueof aninputto a combinatonal block can
influencethe value of an outputto the combinationablock. Computationof normalizedserial correlation
associatedvith eachedgein the S-graphmustbe performedbefore partial BIST insertioncan begin. We
presentwo computatioo methodsthe exact methodwhich is basedon the definitionin Sectionll-B, anda
heuristicmethodwhich measuresghe correlationbasedon combinationatiepth.

Theexactmethodrequireghegeneratiorof atruthtablefor thecombinatonalblocksassociatedvith each
edgeof theS-graph.Eachtruthtableis usedto createa distributiontableasshovn in Tablel. Equation® and
3 areappliedusingtheinformationin thedistribution tableto computethe normalizedcorrelationassociated
with eachedgein the S-graph.This methodgivesa moreaccuratecorrelationvalueat the costof relatvely
high computatioal effort.

The computationtime of the exact methodcan be impracticalif a circuit is composeddf complicated
combinatimal blocks. To improve performancewe introdwce an alternatve heuristicmethodto compute
normalizedcorrelation. The correlationbetweerntwo netsis relatedto the combinatonal depthbetweerthe
netsbecauseeachintermedia¢ gatedegradesthe ability of the predecessonetto determinethe successor
netvalue. For examplein Figure4(a), netA haslessdirectinfluenceon netZ thanit doeson netF, sothe
followinginequalityshout hold, (A, Z) < @(A, F), where@is thenormalizedcorrelation. The natureof the
gatesinvolved in the combinatonal pathalsoimpactsthe correlationbecause netmay uniquelydetermine
anothemet's valuethrougha sequencef gates.Thisis seenin Figure4(a) betweemetsD andZ. Although
two gatesseparatehesenets,the valueof netD uniguely determineghe valueof netZ whenD = 0. Since
netD canuniquelydetermineZ but netA cannotithefollowing relationshp shouldhold, (A, Z) < ¢(D,F).
This smallexampleshavs thatcombinatonal depthaloneis not sufficient.
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To estimae correlation,combinationablepthmustbe modifiedto considercasesvherea netcanuniquely
determinethe value of anothernet acrossmultiple gates. We definea correlation chain asa setof gates
connectedn sequencevhereaninputto thefirst gatein the chaincanuniquey determinethe outpu of the
lastgatein the chain. Correlationchainscanbeidentifiedby examining the controlling andinvertingvalues
of the gatesalongthe chain. The controlling value (cp) of a gatep is the input valuewhich independerty
determinedhe outputvalue,andthe inversionvalue (i p) of a gatep indicateswhetherthe gatefunctionis
positive or negative unate. Two gatesp andq connectedn sequencarepartof the samecorrelationchainif
thefollowing conditionholds,cp @i, = cq. If thiscondition holdsthenapplyingthevaluec, @i, attheinput
of gatep will uniquelydeterminghe outputof gateq. Becausecorrelationis establishe@longa correlation
chain,the entirechainshouldbe countedasa singlegatewhencomputng combinatioml depthto estimate
correlation.

We definethe correlation level betweertwo netsasthe combinatonaldepthbetweernthe netswhereeach
correlationchainis countedas a single gate. The correlationlevel is computedby following the shortest
combinatimal pathbetweerthetwo nets.The gatescontainedn a correlationchainaremeigedinto a single
gateby applyingDeMoman’s law asshown in Figures4(a)and4(b). The normalizedcorrelationis inversely
relatedto the correlationlevel; normalizedcorrelationincreasegdecreasesas correlationlevel decreases
(increases).

correlation level

2 A __| E A . =

> 8] )T Sl

1 C - g 7
1 D E

1 E

Fig.4. A samplecircuit of calculatirg correlationlevel.

The partial BIST insertionalgorithmusesa minimumcorrelation thresholdvalue to identify correlation
which impactstestabilty significantly The correlationinformation neededor eachS-graphedgeis binary;
eithercorrelationis above thresholdor it is not. The computatiornof the correlationvaluesof eachS-graph
edgeis mademore efficient by abandoninghe calculationfor an edgeassoonasit canbe ascertainedo
have correlationwhich is above threshold. The computationof correlationfor an edgeis performedin a
breadth-firsfashionwhich haltsoncecorrelationis foundto exceedthe threshold.The heuristiccorrelation
computatio algorithmis shavn in Algorithm 1.

V. PARTIAL BIST INSERTION ALGORITHM

Our algorithmfirst constructghe S-graphof a sequentiakircuit and extractsthe conesboundedby the
nodesin S-graph.The normalizedcorrelationvalues(or correlationlevel) associateavith eachedgein the
S-graphare calculated. The normalizedcorrelationdatais usedto prunethe S-graphby removing edges
whosecorrelationis below a thresholdvalue. Figure5ais the original S-graphof benchmarks298,where
thebold linesareusedto represent groupof edgeswith the samesource.By usinga minimum correlation
thresholdof 0.4 (on a scaleof 0 to 1), the S-graphis prunedto generateahe S-graphshown in Figure 5b
which containsl/3 fewer edges.If we usea lower normalizedcorrelationthreshatl, lessedgesare pruned
andmoreflip-flops are configuredasBIST cells. Thethresholdcontrolsthe tradeof betweenthe coverage
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Algorithm 1 ComputeCorrelation()
labeloutputaslevel 1
put outputinto QueueQ, setthecontrolvaluesof the outputto both 1 and0
repeat
dequeughefirst gateg in QueueQ
for eachinput! of gateg do
level(l) = level(g) + 1
find thegatep driventheinput! of gateg
if cp®ip=cythen
level(l) decreasdy 1
end if
if level(l) < thresholdevel then
putl into Q
end if
end for
until QueueqQ is empty

andhardwareoverhead.Our experimentshaw thatthresholdof bestresultsfor thebenchmarksisedin Table
Il is betweerD.3and0.4,sowe have selected.4 asour thresholdof correlation.

Whenthe heuristicmethodis usedto estimatethe correlation,a uniform correlationlevel thresholdof 2
is appliedin our experiments.Sincethe heuristicmethodwill introduceerrorsin measuringhe correlation,
theheuristt methodwill selectmoreflip-flopsif it overestinateshecorrelationandwill selectiessflip-flops
if it underestimatethe correlation. For this reasonthe heuristicmethodis inferior to the exact methodin
measuringhe correlation.However, this minor weaknes&nablegreatimprovementin computatiortime.

Fig.5. (a)Original S-graphof s298,(b) PrunedS-grah of s298

Thepartial BIST selectionproblemcanbe reducedo a Minimum Feedback/ertex Set(MFVS) problem
[12] which is NP-complete. Since an exact solutian is not tractable,a heuristicapproachmust be used.
Algorithm 2 describeshegreedyconstructve approachusedto selectBIST flip-flopsin thereducedS-graph.
Thealgorithmcomputeghe numberof unbrolenrecorvergentfanoutpathsin which flip-flop v is contained,



(reccnt(v)). Theflip-flop containedn thelargestnumberof recorvergentfanoutpathsis selectecasa BIST
flip-flop. After eachiteration,the UpdateReconver genceCount functionshavn in Algorithm 3 is calledto
updatetherec.cnt valuesof eachnodein the S-graphto reflectthe selectionof a new BIST flip-flop. The
processs iterateduntil all recorvergentfanoutpathsare broken. In our algorithm only recorvergenceof
length2 is consideredecausashorterpathshave the strongestmpacton correlation.

Algorithm 2 BIST Flip-Flop Insertion(S-GraphG)
createS-graph
computenormalizedcorrelationfor eachedgein S-graph
pruneall S-graphedgeswith subthresholaorrelation
UpdateReconver genceCount(G)
repeat
selectthe nodew with maximum reccnt(v) asBIST cell
deleteall edgesncidentto nodew
UpdateReconver genceCount(G)
until reccnt(v) = 0 for eachnodein G

Algorithm 3 UpdateRecoregenceCoun(S-GraphG)
for eachnodevin G do
reccrnt(v)=0
end for
for eachpairof nodesu andvin G do
find all pathsfrom u to v with sequentialengthof 2,u — w; — v
if thenumberof paths< 2 then
for eachintermediatenodew; do
reccnt(w;) increasedy 1
end for
end if
end for

V1. RESULTS

This sectionshows two setsof results,obtainedby the exact methodandthe heuristicmethod. We first
analyzetheresultsusingthe exactmethodin orderto shav the efficiency of breakingdatacorrelation.Table
Il shavs theresultsof applyingthe exactmethodto several ISCAS89benchmarlcircuits. The experinments
have beenperformedusinga Pentiumll 300MHz Linux computer The correlationthresholdvalueusedin
theseresultsis 0.4. The fault coverageis obtainedusing PROOFS[13] to fault simulate the circuit with
10,000LFSR-geneatedtestvectors.

Columnb of Tablell shavsthefaultcoverageachievedwithoutBIST insertionby applyingpseudo-random
patternonly atthe primaryinputsandobservingresultsat primary outpus. Column6 shavs fault coverage
after performingBIST insertian usingour exact approachto selectflip-flops to act as part of a CBILBO
register We canseea significantimprovementof testabilify of mostcircuitsafterBIST insertion.Column3
indicateghe numberof flip-flops configuredasa CBILBO registerusingtheloop breakingmethodpresented



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
$386 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 I

PARTIAL BIST INSERTION AND FAULT COVERAGE.

in [7]. Ouralgorithmselectdewer flip-flops thanStroeles algorithmin all benchmarlcircuitsexcepts1196
which containsno loops.

Sinceno fault coverageresultsarepresentedn [7], we cannotcomparebasedon fault coverage.In order
to evaluatethefaultcoveragequality of our resultswe simulatefaultcoverageof all BIST insertionsolutians
with the samenumberof selectedflip-flops. For example,in circuit s344thereare 1365 BIST insertion
solutilnsusing4 out of 15 flip-flops. We computethe fault coverageassociatedvith all thesecombinatias
andrankthefault coverageof our solutionamongall solutionsasshavnin column? of Tablell. Theaverage
rank of our solutiors is within the top 11.6%. Figure 6 shows the fault coveragedistribution of all BIST
insertionsolutionsfor s382involving 9 flip-flops. The arrow in the figure shavs the position of our result
with respecto all solutions.

0.018
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0.012
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0.008
0.006
0.004
0.002

0
0.5 0.55 0.6 0.65 0.7 0.750.8 0.850.9 095 1
Fault Coverage

]

Probability

Fig. 6. Faultcoveragedistribution of benchnark s382.

Tablelll shavstheresultsof applying the heuristicmethodwith thresholdcorrelationlevel of 2. Column
2 of Tablelll shaws the total numberof flip-flops in eachbenchmark.Columns3, 4 and5 arethe number
of selectedlip-flops, fault coverageand CPU time usingour heuristicmethod. Column6 is the numberof
selectedlip-flops usingtheloop breakingmethod[7].

Comparingour heuristicmethodto theloop breakingmethodwe canseethatour heuristicmethodselects
fewer flip-flops for mostbenchmarksxcepts1196ands1238.We alsopresenthe fault coverageresultsof
our heuristicmethodin column4. The fault coverageof s208,s420ands838arelow becausehe circuit
cannotbe initialized. The coverageof the otherbenchmarksare abose 0.70 excepts444. Sincewe usea
uniform thresholdin all the benchmarksthe errorintroducedby heuristicmethodmay resultin fewer flip-
flopsselectecandlower fault coverage.Figure 7 shovstherelationbetweercorrelationlevel, the numberof
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Benchmark | # of total breaking correlation breaking loop
FFs sel. FFs | coverage | CPU time(s) sal. 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 Il

PARTIAL BIST INSERTION AND FAULT COVERAGE BY HEURISTIC METHOD.

flip-flops selectecandfault coverage.Whenthe correlationlevel increasesmoreflip-flops are selectecand
higherfaultcoverages achieved.

An adwantageof the heuristt methodover the exactmethodis the greatlyreducedCPUtime. Theresults
in Tablell take up to 4486secondsisingthe exact method,while they take lessthanor equalto 1 second
usingthe heuristicmethod. The time compleity of the heuristicmethodis polynamial in the numberof
flip-flops or the numberof gatesof circuits.

TablelV comparesheresultsof theheuristc methodo theresultsof theexactmethod.To make theresults
comparablewe have adjustedhe thresholdof the heuristicmethodto selectthe samenumberof flip-flops
astheexactmethod.In TablelV, column2 is the numberof flip-flops selectedn eachbenchmarkColumns
3 and 4 are the fault coverageresultsof both methodsbasedon the samenumberof BIST cells listed in
column2. We seethattheexactmethodhashigherfault coveragethanthe heuristicmethodwhenthenumber
of flip-flops selectedby the two approachess equal. The heuristicmethodachieresgreatimprovementin
computatio time by sacrificingonly a smallamountof fault coverage.
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Fig. 7. Relationof correlationlevel, the numter of flip-flops selectecandfault coverageof bendimarks5378.

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.

VII. CONCLUSIONS AND FUTURE WORK

In this paperwe presenta new methodto insertBIST flip-flops which breaksrecorvergentfanoutpaths
to reducedatacorrelation. We have motivatedthe needto eliminatedatacorrelationand our experimental
resultshave demongtatedthe benefitsof thisapproachn termsof reducedverheadandhighfaultcoverage.
Determiningnormalizedrecorvergentfanoutis currentlya time consuming process.In the future, we will
investpatethe useof samplingandstructuralanalysigo derive the sameinformation.
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Respons#¢o the Commaents

Reviewer 1
Commentl.1 Unfortunately the problemswith the substadard Englishhavenot beenresolved. ... The
authors needto seriouslyproofread the paper as opposedto simply cleaningup the specificerrors that
reviewers pointout. Specificallythe authors to look at theseissuega writing handbod covers these):
« whento use”that”, andwhento use”which” (throughat the paper"which” is usedincorrectly,)

« whento usea commaandwhento usea semi-colonthroughaut the paper commasare usedincorrectly
to splicetogethertwo completesentences).

« whento use”affect”, andwhento use”effect”.
« whento use”less”, andwhento use”fewer”.

Responsé.1 We have proofreadthe documentjooking for the problemsidentifiedby the authoraswell as
otherenglishproblems We believe thatthe vastmajority of theseproblemshave beenfixed.

Commentl.2 Also:
« running a spellcheder would pick up mistales: on page 6, thewords”Normalixed”, "wuation”, andthe
phrase’as as”; "corr elaiton” on page 18.

« page 3: "matchedrecorvergentfanoutpathswhich are the samesequentiadepth” shouldbe "matched
recorvergentfanoutpathsthat havethe samesequentialepth”

« thewording of "This positive correlationis negated..”. on page5 is vague
« Many, manysentencestartwith "So..”. Thisshouldbeavoided.

« onpage 7, "Dashedline indicated low normalizedcorrelation” shouldbe”A dashedine indicateslow
normalizdcorrelation”.

« Firstsentencén secondgaragraph of page 8isincomplete ("The exactmethodequires..”) Thesentence
afterthatalsohasproblems:"The ead truth table.”

« Onpage 11,it is hard to seewhatthe"Then” in "Then thepartial BISTsolutioncanbereduced.”.refers
to. It shoutl be replacedby somethindike: "Once the graph hasbeenreducedby pruning edges of low
correlation..”

« Onpage 11, "improvemenbf the computatiortime” shouldbe”impr ovemenin the computatbn time”.
« Onpage 13,thesentencéF irstanalyzetheresultsby the exactmethod.”. hasno subject.

« Onpage 13,"Since nofault coverage resultare presented”shouldbe”Since no fault coverage resultsare
presented”

« Englishin page 14is a messandhard to follow asa result.

« In table 1V, the secondcolumnshouldhavea mud more descriptve headingthan’number limit”. Per-
haps,”’number of BISTflip-flopsinserted”?
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Responsé.2 All of theenglishproblemsdentifiedby thereviewer have beenfixed.

Reviewer 2
Commene.1 Theresulttablesdoesnt seento presenta fair comparison Whatl would havelikedto seein
oneof the Tablesis a comparisorbetweerthe BIST (full scan)vsBIST (partial scan- your method).Under
theseconditions, the fault coverage, area overhead testpoints, etc. shouldbe compaed. Thenyou could
showusthereal benefitof the propogd methodolgy.

Responsé.1

Commene.2 In oneofthecommentyoumentionthat’pseudo-mandomBISTis notapplicableto all circuits,
so we cannotexpectthat fault coverage (FC) will alwaysbe acceptable”. That's a very good point To
improvethe FC for circuitsthat haveBIST usuallytestpoints are necessaryandin addition top-upATPG
patternsare required. We all knowthat scancells are the bestkind of testpointsas it increaseshoththe
contrllability and observabiliy of circuits. So- it seemdo methat you are suggestingthe following flow.
You canstart by gettingrid of scancellsthat neednot be scannedasedon your heuristics. Then,do fault
simulaton or testabilty analysisto determinethe FC, andif the FC is low, insertlots of testpoints which
again maymeancorvertingtheremainingsequentiaklementso scancells.

Respons@.2 We assumehat a designemwishesto useBIST in his/herdesign. Giventhatassumptia, the
flow thatwe aresuggestings to performpartial BIST insertionusingour heuristcs,andthenevaluatethefault
coverageby fault simulaton. If faultcoverageis insufficientthenadjustthe correlationlevel thresholduntil
the fault coveragegoalsaremet. If fault coveragegoalscannotbe metusingour approachthensomeother
methodfor enhancingestabiity would berequiredbut we leave thechoiceof anadditionaltestenhancement
methodto thedesigner

CommenR.3 Secondlyin any practical BIST applicatian, top-up patternsare necessaryto improve the
overall coverage for manufactung test. Do yourealizethat makingthe circuit partial scan- the compleity
of generting determinisic vectos mayincreasesubstanglly.

Respons@.3 We do understandhat a using partial scanwill increaseATPG compleity as comparedo
usingfull scan.If the areaandperformanceoverheadof full scanareacceptabldy the designetthenit is
preferableo partialscanfrom atool standpointWe, andotherresearchers partialscan/BISTaretargeting
designan which the areaandperformanceoverheadincurredby full scanis too greatto be acceptableFor
suchdesignspartialscan/BlSTarereasonablalternatves, evenattherisk of increasedATPG compleity.

Commen®.4 Anotherpractical limitation is as follows. One of the other reasonswhy full scanis used
predominany in theindusty is the easeof doing systenievel detug or fault diagnosis Asa result,partial
scannever seemedo bean attractive soluion to theindusty.

Respons@.4 The reviewer bringsup a limitation of partial scan/BISTapproachesAlthoughthis problem
exists, it shouldnot prohibit exploration into partial scan/BISTwhich hasother advantages.Instead,this
problemshouldbeseerasanareafor researchin factscanandBIST-basedliagnosstechniquesrecurrently
avery activeresearclarea,n partfor thereasomrmentiored by thereviewer.
Reviewer 3

CommenB.1 Onpage9, par. 2 (andin your Responc8.6)youstatethatnormalzedcorrelationis inversely
propottional to the correlationlevel. For me it canbeundeistaod aseither(1) Ther is a constaniC sothat
normalizd correlation = C/ correlationlevel holds,or (2) If normalzedcorrelationincreasesgcorrelation
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level decreaseshut not necessarilystrictly propottional. It shouldbe madeclear what definition is meant.
(For mg Responc8.6indicatesthatdefinition(2) is meantput, in thiscase theterm‘inverselypropottional’
is somevhatmisleading

Respons8.1 This pointis now clarifiedin SectionlV, page6, secondoaragraph.

CommenB.2 On page 9, ¢y, Cq andi, shouldbe introducedbefore usingthem(actually, ¢ withoutindex is
introducedandfor i it canbefiguredoutthatit is theinvertingvalue but | thinkit wouldbebetterto read).

Respons8.2 Thesetermsarenow properlyintroducedin SectionlV, atthelastline of pageb andatthetop
of page6.

CommenB.3 SectionlV line 8: Theead =¢, Each

Respons8.3 We have correctedhis error.
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