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PartialBIST Insertionto EliminateDataCorrelation

Abstract—
A new partial BIST insertion approach basedon eliminating

data correlation to impr ove pseudo-random testability is pre-
sented. Data correlation causesthe circuit to be in a subsetof
the statesmore or lessfr equently, which leadsto low fault cover-
agein pseudo-randomtest. One important causeof correlation
is reconvergent fanout. Incorporating BIST test flip-flops into re-
convergent pathswill breakcorrelation, however, breakingall re-
convergent fanout is unnecessarysincesomereconvergent fanout
result in negligible correlation. We intr oducea metric to deter-
mine the degree of correlation causedby a set of reconvergent
fanout paths. We usethis metric to identify problematic recon-
vergent fanout which must bebrokenthr oughpartial BIST inser-
tion. We provide an algorithm to break high correlation recon-
vergent paths. Our algorithm provideshigh fault coveragewhile
selectingfewer BIST flip-flops than requiredusing loop breaking
techniques. Experimental resultsproducedusing our algorithm
rank on average among the top 11.6% of all possiblesolutions
with the samenumber of flip-flops.

I . INTRODUCTION

Pseudo-randomBuilt-In Self-Test (BIST) is an important testing
techniquewhich enablesat-speedandon-sitetestingwhile requiring
neitherautomatictest generationnor expensive test equipment. In
general,pseudo-randomtestpatternsaregeneratedby anLFSR and
circuit responsesarecompressedby a signatureanalysisregister[1].
Maximumfault coveragecanbeachievedat significantareaandper-
formanceoverheadcostby configuringall flip-flops astestregisters.
At theotherextreme,very low overheadcanbeachievedwith a fault
coveragepenaltyby insertingtestregistersonly atprimaryinputsand
outputs.Partial BIST insertionenableexplorationof thetradeoff be-
tweenfault coverageandoverheadby configuringonly a subsetof
flip-flops asa testregister.

Thegoalof partialBIST insertionis similar to thatof partialscan
insertionwhich hasbeensolved by many methods. The goal is to
minimizehardwareoverheadwhile improving faultcoverageasmuch
aspossible.Many papersin partialscanbreaksequentialloopssince
sizeof loopsimpactstestapplicationtime exponentially[2], [3], [4],
[5], [6]. In [7], StroeleandWunderlichpresentanalgorithmto break
all sequentialloops for pseudo-randomtest with minimal hardware
overheadusinga branch-and-boundalgorithmto selectflip-flops.

Datacorrelationand its effects on pseudo-randomtestabilityhas
beeninvestigatedby severalauthors.Papachristouet al [8] show that
registeradjacency cancausebit-level correlationin a circular BIST
architecture. Register adjacency is a specificcaseof reconvergent
fanoutin RTL circuits. In [9], reconvergentfanoutis removedduring
high-level synthesisto reducethelevel of pseudo-randomdatacorre-
lationandreduceto numberof conflictsencounteredduringtheATG
process.

In this paper, we presenta methodto selectpartialBIST flip-flops
which eliminatescorrelationto improve test quality. We presenta
methodto characterizereconvergentpathsbasedon their impacton
fault coverage.Our algorithmselectsflip-flops to breakonly recon-
vergent pathswhich have significanteffect on correlationand fault
coverage. Our approachreducesareaoverheadcomparedto loop
breakingapproachesby limiting test insertiononly to importantre-
convergentpaths.

This paperis organizedasfollowing. Section2 motivatesthecon-
nectionbetweenreconvergentfanoutandpseudo-randomfault cover-
age.Sections3 and4 introduceametricfor correlationalongacircuit
pathanddescribehow thatmetricis usedto directtheBIST insertion
process.Sections5 and6 provide thealgorithmandtheresults.Sec-
tion 7 presentsconclusionsandfuturework.

I I . MOTIVATION

In this work, test flip-flop insertionis performedto breakrecon-
vergentfanoutpathsandtherebyreducedatacorrelation. Datacor-
relationis targetedbecauseit affectsdataentropy which is known to
impactfault coverage[10]. A significantsourceof datacorrelationis
matchedreconvergentfanout, whichexistswhenseveralreconvergent
pathshave the samesequentialdepth. Figure2a shows mismatched
reconvergentfanoutwhich will not causecorrelationbecauseof two
pathsfrom B to Z with lengthof 2 and3 respectively. Thereis no
correlationbetweenthe inputsof the reconvergentgatebecausethe
valuesof linesX andY in time framen dependon thevaluesof B in
two differenttimeframes,n � 1 andn � 2. Figure2bdepictsmatched
reconvergentfanoutpathswhicharethesamesequentialdepth.If we
assumethat the valueof line B is random,then lines X andY will
have thevalue’00’ approximately50%of the time. This correlation
will increasetestapplicationtime for thedetectionof faultsin gateZ
whicharenotdetectedby a ’00’ inputpattern.Thecorrelationcanbe
eliminatedby configuringflip-flop 1 asa CBILBO register, asshown
in Figure2c,sothatthevalueof line X is not dependenton thevalue
of line B.

I I I . CORRELATION METRICS

Reconvergentfanoutis so commonin sequentialcircuits that it is
too expensive to breakall suchfanout. Not all reconvergent fanout
needsto bebrokensincesomeof reconvergentfanouthasnegligible
effectoncorrelation.Wehavedevelopedametricwhich indicatesthe
impactof reconvergentfanouton correlation.

A. Serialcorrelation

In orderto evaluatetheeffectof reconvergentfanoutoncorrelation,
weneedsomemetricsto measurehow stronglytheoutputdependson
the input. We defineserial correlationasthecorrelationbetweenan
input andoutputof a singlecombinationalblock. The term“serial”
is usedto distinguishfrom correlationbetweenparallel inputs of a
combinationalblock.

Giventhetruth tableof thecombinationalblock with n inputs,we
know exactly thedistributionof all combinationsof eachinputsignal
A andoutputsignalZ, asshown in the following table. Thevalue p
indicatesthetotal numberof input valuesin which A � 0 andZ � 0,
and the q value indicatesthe total numberof input valuesin which
A � 1 andZ � 0.

OneInput A OutputZ Distribution

0 0 p
�
2n

0 1 � 2n � 1 � p� � 2n

1 0 q
�
2n

1 1 � 2n � 1 � q� � 2n

SerialcorrelationbetweeninputA andoutputZ is definedas

corr � A � Z � � ∑�
A � Z 	 � A � µA �
� Z � µZ � Prob��� A � Z � (1)
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Fig. 1. (a)Mismatchedreconvergentfanout(differentsequentiallength).(b) Matchedreconvergentfanout(samesequentiallength).(c) BIST insertionbreakingreconvergentfanout.

whereµA andµZ areexpectedvaluesof A andZ. Prob
�� A � Z � is prob-
ability of combinationof (A, Z) in truth table.In termsof p andq, the
correlationbetweenA andZ is

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

High serialcorrelationbetweeninput A andoutputZ implies that
output Z stronglydependson input A. However, serial correlation
hassomeweaknessin measuringthedependenceof anoutputon an
input. Serial correlationmeasuresdependencebetweentwo dataA
andZ accuratelyonly if Z is not stronglydependenton otherinputs.
Thedependenceof Z on otherinputscanobscurethepairwiseserial
correlationmetric.Thiseffectcanbeseenin thecanof a5-inputAND
gateasshown in figure2. Thevalueof input A hasa strongeffect of
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Fig. 2. Distributionof oneinputA andoutputZ in truth table.

thevalueof theoutputbecausea’0’ valueonA impliesa ’0’ valueon
Z. This is seenasa largedistribution of the(0,0)combinationwhich
contributespositively to serialcorrelation. This positive correlation
is negatedby the large distribution of the (1,0) combinationwhich
is causedby the dependenceof Z on the other inputs of the AND
gate. Serialcorrelationof 5-input AND gateis 0.18which doesnot
accuratelyreflectthedependenceof Z on thevalueof A.

B. NormalizedCorrelation

We introducenormalizedcorrelation definedasserialcorrelation
dividedby maximumserialcorrelation.

φ � A � Z ��� corr � A � Z �
corrmax� A � Z � (3)

The maximumserialcorrelationadjuststhe distortionin representa-
tion of dependencein serialcorrelation.Intuitively, corrmax� A � Z � for
ann input functionis themaximumcorrelationbetweenA andZ over
all possiblen input functionsfor which thetotal numberof minterms
isconstant.If wedefinel tobethenumberof maxterms,thenl � p � q
andcorrmax� A � Z � canbedefinedasfollows:

If l A 2n B 1, thencorrelationis maximumwhenp � l � q � 0, from
equation(2), get

corrmax� A � Z �5� C l
2n � l

� l A 2n B 1 (4)

In sameway, get

corrmax� A � Z �5� C 2n � l
l
� l D 2n B 1 (5)

Thenthenormalizedcorrelationis, in termsof p andq is,

φ � A � Z �5� p � q
p � q

� p � q A 2n B 1 (6)

φ � A � Z �E� p � q
2n �F� p � q� � p � q D 2n B 1 (7)

Normalizedcorrelationdiffersfrom serialcorrelationbecauseit in-
dicatesthatan input A candirectly control thevalueof anoutputZ,
independentof thevalueof otherinputs.

IV. PARTIAL BIST INSERTION WITH NORMALIZED

CORRELATION

Normalizedcorrelationalonga pathcanbeusedto predicttheim-
pactof reconvergentfanouton correlation.For thepurposeof partial
BIST insertion,usetheS-graph[4] to modeltheinterconnectionsbe-
tweenflip-flops. Theverticesof theS-graphrepresentflip-flops and
primaryinputsandoutputs,andanedgebetweennodesvi andv j rep-
resentstheexistenceof acombinationalpathfrom vi to v j . Reconver-
gentfanoutpathsinvolving flip-flopsarerepresentedby reconvergent
pathsin S-graph.Thecombinationallogic of a sequentialcircuit can
be partitionedinto cones,whereeachconeis a 1-outputcombina-
tional logic suchthat its inputsareeitherprimary inputsor outputs
of flip-flops and its output is eitherprimary outputor input of flip-
flop. Every input andoutputof a conecorrespondsto a nodein the
S-graphandevery input-outputpair of a conecorrespondsto anedge
in S-graph.Thenormalizedcorrelationof eachinput-outputpair of a
coneis labeledon thecorrespondingedgeof S-graph.If every edge
onall reconvergentfanoutpathshashighnormalizedcorrelation,then
suchreconvergentfanoutwill havesignificanteffecton thetestability
of thecircuit. Figure3ashows reconvergentfanoutwhichneedsto be
broken dueto thehigh correlationalongeachedgeinvolved. Figure
3b and3c are two examplesof reconvergent fanoutwithout signif-
icant impacton testquality. Dashedline indicatedlow normalized
correlation.



3

b

d

c

a

b

d

c

b.

a

b

d

c

c.

0.2 0.8
0.8

a.

0.8

0.8 0.8 0.80.8

0.2

0.8

b

a.

d

c

b

a.

d

c

b

a.

d

c

b

a.

d

c

b

a.

d

c0.8

0.8

a

Fig. 3. (a) Reconvergentfanoutwhich will impacttestquality. (b) and(c) Two typesof
reconvergentfanoutwith negligible impacton testquality.

Figure3b shows low normalizedcorrelationfrom a to b. So, the
valueof nodeb will not stronglydependon the valueof a. There-
fore, b andc arerelatively uncorrelatedandthis reconvergentfanout
will noteffect testability. Figure3cshows low normalizedcorrelation
from b to d. Nodesb andc arecorrelatedbecauseboth nodesde-
pendon thevalueof nodea in theprevioustime frame.This correla-
tion will decreasethetestabilityof thecombinationalblockassociated
with d. However, low normalizedcorrelationfrom b to d, impliesthat
b haslittle impacton thedetectionof mostfaults.Socorrelationof b
andc only affectsa small numberof faults. Our algorithmdoesnot
considerthe two typesof reconvergentfanoutdepictedin Figures3a
and3b. Sincemany reconvergentfanoutsdo not needto be consid-
ered,our algorithmselectsrelatively few flip-flops, resultingin low
area/performanceoverhead.

V. PARTIAL BIST INSERTION ALGORITHM

Our algorithm first constructsthe S-graphof a sequentialcircuit
andextractsthe conesboundedby the nodesin S-graph. The nor-
malizedcorrelationvaluesassociatedwith eachedgein the S-graph
arecalculated.Thisstepis currentlyperformedby exhaustivesimula-
tion of eachcombinationalcone.Thecomplexity of this stepmaybe
reducedby simulationof only a subsetof input values,but we have
chosento performsimulationexhaustively to improvetheaccuracy of
this experiment.Thenormalizedcorrelationdatais usedto prunethe
S-graphby removing edgeswhosecorrelationis below a threshold
value. Figure4a is the original S-graphof benchmarks298,where
the bold lines areusedto representa groupof edgeswith the same
source.By usingaminimumcorrelationthresholdof 0.4,theS-graph
is prunedto generatetheS-graphshown in Figure4b which contains
1/3 lessedges.

Algorithm 1 describesthe greedyconstructive approachusedto
selectBIST flip-flops in the reducedS-graph. The algorithm com-
putesthe numberof unbroken reconvergent fanoutpathsin which
eachflip-flop v is contained,(reccnt G vH ). Theflip-flop containedin the
largestnumberof reconvergentfanoutpathsis selectedasaBIST flip-
flop. After eachiteration,theUpdateReconvergenceCountfunction
is called to updatethe reccnt valuesof eachnodein the S-graphto
reflectthe selectionof a new BIST flip-flop. The processis iterated
until all reconvergentfanoutpathsarebroken. In our algorithm,only
reconvergenceof length2 is consideredbecauseshorterpathshave
thestrongestimpactoncorrelation.

VI . RESULTS

Table1 shows the resultsof applyingour algorithmto several IS-
CAS89 benchmarkcircuits. The experimentswere performedon
a PII-300 linux computer. The fault coverageis obtainedusing
PROOFS[11] to fault simulatethe circuit with 10,000LFSR gen-
eratestestvectors.

Column5 containsthe fault coveragewithout BIST insertion,ap-
plying pseudo-randompatternsonly at theprimaryinputsandobserv-
ing resultsatprimaryoutputs.Column6 containsfaultcoverageafter
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Fig. 4. (a)OriginalS-graphof s298,(b) PrunedS-graphof s298

Algorithm 1 BIST Flip-Flop Insertion(S-GraphG)
createS-graph
computenormalizedcorrelationfor eachedgein S-graph
pruneall S-graphedgeswith subthresholdcorrelation
UpdateReconvergenceCount(G)
repeat

selectthenodew with maximumrec cnt G vH asBIST cell
deleteall edgesincidentto nodew
UpdateReconvergenceCount(G)

until rec cnt G vHNM 0 for eachnodein G

performingBIST insertionusingour approachto selectflip-flops to
actasa CBILBO register. We canseea greatimprovementof testa-
bility of mostcircuits after BIST insertion. Column3 indicatesthe
numberof flip-flops configuredasa CBILBO registerusingtheloop
breakingmethodpresentedin [7]. Ouralgorithmselectslessflip-flops
thanStroele’salgorithmin all benchmarkcircuitsexcepts1196which
containsno loops.

Sinceno fault coverageresultarepresentedin [7], wecannotcom-
parethe coverage.In orderto evaluatethe fault coveragequality of
our results,wesimulatefault coverageof all BIST insertionsolutions
with the samenumberof selectedflip-flops. For example,in circuit
s344thereare1365BIST insertionsolutionsusing4 out of 15 flip-
flops. We simulatefault coverageof all thesecombinationsandrank
thefaultcoverageof oursolutionamongall solutions.Rankingresults
arelistedin column7. Theaveragerankof oursolutionsis within the
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Benchmark # of total # of selectedFFs fault coverage rank CPU time
FFs loops correlation w/o BIST with BIST (sec.)

s298 14 14 4 0.21 0.840 15.7% 0.06
s344 15 15 4 0.89 0.994 0.1% 0.88
s382 21 15 9 0.12 0.932 4.7% 2.86
s386 6 6 5 0.32 0.989 16.7% 0.95
s510 6 6 4 0.00 0.998 20.0% 94.54
s953 6 6 5 0.08 0.957 16.7% 138.28
s1196 18 0 2 0.91 0.932 7.5% 4486

TABLE I

PARTIAL BIST INSERTION AND FAULT COVERAGE.

Algorithm 2 UpdateReconvergenceCount(S-GraphG)
for eachnodev in G do

rec cnt O vPRQ 0
end for
for eachpair of nodesu andv in G do

find all pathsfrom u to v with sequentiallengthof 2, u S wi S v
if thenumberof pathsT 2 then

for eachintermediatenodewi do
rec cnt O wi P increasesby 1

end for
end if

end for

top 11.6%. Benchmarkss298ands382have 6 flip-flops connected
to outputsdirectly. Configuringtheseflip-flopsasBIST cellswill not
increasethetestabilityof circuits,sothetotalcombinationsdonotac-
counttheseflip-flops. Figure5 shows thefault coveragedistribution
of all BIST insertionsolutionsfor s344involving 4 flip-flops. The
arrow in thefigureshows thepositionof our resultwith respectto all
solutions.
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VII . CONCLUSIONS AND FUTURE WORK

In this paper, we presenta new methodto insertBIST flip-flops
which breaksreconvergent fanoutpathsto reducedatacorrelation.
We have motivatedtheneedto eliminatedatacorrelationandour ex-
perimentalresultshave demonstratedthebenefitsof this approachin
termsof reducedoverheadandhigh fault coverage.Determiningnor-
malizedreconvergent fanoutis currentlya time consumingprocess,
soin thefuture,wewill investigatetheuseof samplingandstructural
analysisto derive thesameinformation.

REFERENCES

[1] J.Savir, G.S.Ditlow, andP. H. Bardell,”RandomPatternTesta-
bility,” IEEETransactionsonComputers,Vol. C-33,No. 1, Jan-
uary1984,pp.79-90.

[2] S. T. Chakradhar, and S. Dey, ”Resynthesisand Retimingfor
OptimumPartial Scan,” 31stDesignAutomationConference,
pp.87-93.

[3] S.T. Chakradhar, A. Balakrishnan,andV. D. Agrawal, ”An Ex-
act Algorithm for SelectingPartial ScanFlip-Flops,” 31stDe-
signAutomationConference,pp.81-86.

[4] K. T. Cheng,andV. D. Agrawal, ”A Partial ScanMethodfor
SequentialCircuitswithFeedback,” IEEETransactionsonCom-
puters,Vol. 39,No. 4, April 1990,pp.544-548.

[5] R. Gupta,R. Gupta,andM.A. Breuer, ”B ALLAST: A Methodol-
ogy for Partial ScanDesign,” 19thInternationalSymposiumon
Fault-TolerantComputing,pp.118-125.

[6] D. H. Lee,andS.M. Reddy, ”On DeterminingScanFlip-Flops
in Partial-ScanDesigns,” 1990IEEE InternationalConference
onComputer-Aided Design,pp.322-325.

[7] A. P. Stroele,andH. J. Wunderlich,”Har dware-OptimalTest
RegisterInsertion,” IEEETransactionsonComputer-AidedDe-
sign of IntegratedCircuits and Systems,Vol. 17, No. 6 June
1998,pp.531-539.

[8] J.Carletta,andC.Papachristou,”Structural Constraintsfor Cir-
cular Self-TestPaths,” 13rd IEEE VLSI TestSymposium,pp.
486-491.

[9] I. G.Harris,andA. Orailoglu,”TestabilityInprovementin High-
Level SynthesisThrough ReconvergenceReduction,” Proceed-
ingsof theAsilomarConferenceon SignalsSystemsandCom-
puters,October1995.

[10] S. Chiu, and C. A. Papachristou,”A Design for Testability
Schemewith Applicationsto DataPath Synthesis,” 38thDesign
AutomationConference,pp.271-277.

[11] T. M. Niermann, W.-T. Cheng, and J. H. Patel, ”PROOFS:
A Fast, Memory-Efficient SequentialCircuit Fault Simulator,”
IEEE Transactionson Computer-Aided Design of Integrated
CircuitsandSystems,Vol. 11,No. 2, Feb1992,pp.198-207.


