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Abstract

Thispaperpresentsanewmethodforsequentialtestabilitybasedonclockcontro11ing･

First,Wedefinetheconcept"initializationcomplexity"whichmeasurethedi伍culty

ofinitializingstatesofflip-flops･Next)WeprOpOSeneWCriteriafordetermlnlngClock

controlgroupsbasedonthisconcept･Final1y)WeShowtheeffbctivenessofourmethod

intheviewpointoffaultdetectionwithexperimentalresultsforbenchmarkcircuits･
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1Introduction

Itiswellknownthatthetestgenerationforsequentialcircuitsismorecomplexthanoneforcombina-

tionalcircuits.Toimprovethetestabilityofsequentialcircuits,anumberofpapershaveconsideredthe

applicationofclockcontrollingtosequentialcircuits[1T5].Theoutlineofclockcontro11ingisasfo1lows･
First,Wedivide且ip-flops(FFs)inthecircuitintosomeclockcontrolgroups･Eachgroupiscontro11edby
itsownclock.Next,duringthetestmode,Weenableclocksofsomegroups･Otherwise,Weenableclocks

ofa11FFs.

Manycriteriaandalgorithmsareproposedtodetermineclockcontrolgroups･In[3],theFFsare

partitionedtoreducethenumberofcyclesandthepathlengthsineachpartition･In【4],thecomponents

ofstronglyconnectedFFsareinthesameclockcontrolgroup.In[5],theFFsarepartitionedtoreduce
darnstatewhichisbothdi伍culttoreachandrequiredtodetectsomefaults.

Inthispaper,WeprOpOSeaneWmethodforFFsintoclockcontrolgro11pSinsequentialcircuitsto

improvethetestability.WeshortentheminimumlengthofinputsequencesforinitializingFFs.Withthis

pointofview,Wedetermineclockcontrolgroupsbasedon"initializationcomplexity"whichrepresents

adifRcultyforinitializingeachFF.ThevalueofinitializationcomplexityforanFFiscloselyrelatedto

theminimumlengthoftheinputsequencesforinitializingtheFF･

Intheviewpointofthepurpose,Ourmethodissimilarto[5]･Thepurposeistoreducethestate

whichisdi伍culttoreach.In[5],itisevaluatedbycomputingprobabilitiesofFFstates,apprOXimately･
Inourmethod,itisevaluatedbycomputinginitializationcomplexity･

Therestofthepaperisorganizedasfo1lows.Ourbasicideaisshowninsection2.Section3

Showsanalgorithmtocomputeinitializationcomplexity.Section4showsanalgorithmtodivideFFs

intoclockcontrolgroups.Section5showssomeexperimentalresultsandSection6concludesthepaper.

23



24 Haruhiko TAKASE,Terumine HAYASHIand TsuyoshiSHINOGI

Tablel:Initializationcomplexity

AND(JA,J月) min(Co(JA),Co(J月)) max(Cl(JA),Cl(Jβ))
OR(JA,gβ) max(Co(JA),Co(Jβ)) min(Cl(JA),Cl(Jβ))

ⅩOR(gA,gβ) min(max(Co(lA),Co(lB)), min(max(Co(lA),Cl(lB)),

max(Cl(JA),Cl(gβ))) max(Cl(JA),Co(昆)))

NOT(ヱA) Cl(JA) Co(JA)

2 ClockControIGroups

Wewi11beginwithasimpleexamplethatclockcontrollingmakesaninitializingsequenceshort･Foran

8-bitcounter,thelengthoftheinputsequencetoinitializebit#7tolfromthestate(0,0,･‥,0)is

27.AssumethatclockcontrolgroupsA=(bit#7,bit#6,bit#5,bit#4)andB=(bit#3,bit#2,bit#1,

bit#0)aregiven.First,WeSupplyclocksignalonlytoFFsinthegroupBtoinitializethestateofthe

groupBfrom(0,0,0,0)to(1,1,1,1).Thelengthoftheinputsequenceis24-1･Next,WeSupply

clocksignalonlytoFFsinthegroupAtoinitializethestateofthegroupAffom(0,0,0,0)to(1,0,
0,0),keepingthestateofgroupB(1,1,1,1).Thelengthoftheinputsequenceis23･Therefore,the

totallengthoftheinputsequenceis23+(24-1)･Thisexampleshowsthattheinitializationsequence
forthe8-bitcounterislongerthanOneforthetwo4-bitcounters･Ingeneral)dividingacounterisusefu1

tomakeaninitializingsequenceshort･

AbovediscussionsleadustoanewsideaforpartitioningFFs･Wenotetheshortestlengthof

inputsequencewhichinitializeeachFFtoarbitrarystate･ForFFsinacounter,FFsrepresentinghigher

bithavelongeroneandFFsrepresentinglowerbithaveshorterone･Fromabovediscussions,Wemay

saythatthislengthofageneralcircuitissubstitutedforthebitorderofFFsinacounter･HereIWeCall

thislengthas"initializationcomplexity"･

Accordingtoinitializationcomplexity)WepartitionFFsintosomeclockcontrolgroups･The

outlineoftheprocedureforpartitionlngFFsisdescribedasfo1lows･First)WeCalculatetheinitialization

complexityforeachFFinthecircuit･NextlWedivideFFsintoclockcontrolgroupsaccordingtothe

initializationcomplexityofeachFF･Asaresult,alargecounterisdividedintosmallcounters･Therefore)

thelengthoftheinputsequencewhichinitializesthecircuitbecomesshort･

3 Initializationcomplexity

TheinitializationcomplexityforalinelisconstructedbyCo(l)andCl(l)･Cv(l)+1meanSthelower

boundofthelengthofinitializingsequencestomakethestatevoflinelffominitialstate(X,X,…,

X).Theinitializationcomplexityiscalculatedasfo1lows･ForaprimaryinputPIi,Co(PIi)andCl(PIi)

areequaltoO.ForanAND-gateOutputlA,Cl(lA)isequaltothemaximumvalueofCl(lk)foreach
inputlinelkOfthegate･Because)tOmaketheloglCValuelontheoutputline)WehavetomaketheloglC

valuelonallinputlinesofthegate.Co(lA)isequaltotheminimumvalueofCo(lk)foreachinputline
lkOfthegate.Because,tOmaketheloglCValueOoftheoutputline,WehavetomakethelogicvalueO

ononeofitsinputlines･Tablelshowscalculationoftheinitializationcomplexityforsomekindofgates

whoseinputsarelAandlB.恥calculateCl(lF)andCo(lF)foroutputlFOfFFs,Weaddltothevalue

ofitsinputrespectively.Here,WedefinetheinitializationcomplexityCmax(l)asmax(Cb(l),Cl(l))･
Theinitializationcomplexityfbra11FFsinthecircuitsarecalculatedbyfo1lowlngprOCedures･

1.InitializeCv(l)forallsignallines･

Co(り,Cl(J)←
0 (iflisprimaryinput)

∞(otherwise)
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PIl(0,0)

Figurel:ExampleofInitializationcomplexity

2.CalculateCv(l)fortheoutputsofallgates･(Tablel)

3.CalculateCv(l)fortheoutputsofallFFs･

Cb(J)← Co(JA)+1

Cl(J)← Cl(JA)+1

lAistheinputoftheFF･

4.Repeatstep2and3,untilal1Cv(l)areconverged

FigurelshowsexampleofcalculationofChlaX(l)fortheactualcircuit･Inthefigure,(a,b)means

C｡(l)=aandCl(l)=bateachcrossmark･TheinitializationcomplexityforFFl,FF2andFF3are2,
3and4,reSpeCtively.

Ch(l)andCl(l)iscalculatedbythesimilarwaytothesequentialtestabilitymeasureSCb(l)and

5Ul(l)proposedbyGoldstein[6],butthereisalittledi鮎renceduetotheobjective･Thedifrbrencelies

incalculationrulesforgates.Namely,Co(l)andCl(l)isbasedontheminimumandmaximumoperation

ofthevaluesoftheinputs.Forexample,foranANDgate,Cl(l)isequaltomaximumamongthevalue
Cl(lk)ofitsinputslk,While5Ul(l)isequaltothesumofthevalue5Ul(lk)ofitsinputslk･

4 Partitioning

Inthissection,WeShowthecriteriatodetermineclockcontrolgroupsuslngtheinitializationcomplexity

Cmax(l)foreachFF.Ourbasicideaisasfo1lows･Withclockcontro11ing,dividinglargecounterinto

smallcountersasclockcontrolgroupsmakesthelengthofinitializationsequenceshort･Wbextendthis

ideaforgeneralcircuits･

Thecriterionisdescribedasfo1lowlngCaSeS･Theyarerepresentedbytheinitializationcomplexity

ofeachFFs.

(1)2≦C血弧(Q)<∞･

PuteachFFintogroupk(k=1,2,…).kissatisfyingthefo1lowingequationforgivenstepwidth
〟.

〟･(た-1)+2≦Cmax(Q)≦〟･た+1･

(2)Cmax(Q)=1･
AnyFFdoesnotbelongtoanygrOupS･Itisabletobeinitializeddirectlyfromonlyprlmary

inputs.Therefore,itisnotnecessarytocontrolitsclock･

25



26 Haruhiko TAKASE,TerumineHAYASHIand TsuyoshiSHINOGI

Table2:Theinitializationcomplexityandclockcontrolgroups

Number ofFFs

Circuit

name

Cmax=1 Cmax≧2

Cmax<∝)

Cmax=00

Nu皿ber or

Clock control

groups(〟=4)
S208 8 0 8 0 2

S420 16 0 16 0 4

S838 32 0 32 0 8

S5378 179 33 146 0 7

S9234 228 20 36 172 3

S15850 597 4 225 368 10

Table3:Faultdetectability

Circuit

name

Numberoffaults

Total

Singleclock Clockcontrol

3v-unteStable Undetectable 3v-unteStable Undetectable

S280 215 78 65 14 0

s420 430 251 226 28 0

(3)Cmax(Q)=∞.

AnyFFdoesnotbelongtoanygrOupS･Itisnotabletobeinitializedwith3-Values(0,1andX)

Simulation･Therefore,itismeanlnglesstocontrolitsclock.

ForFFswhichdonotbelongtoanygroups)theirclocksarealwayssuppliedasintheorlglnal

Circuit.

Itisdi伍culttodecidethesuitableMincriterionl･Usingsmal1M,WegetmuChclockcontrol

groups･Asaresult,theclockcontrollingrequiresmuchcircuits･UsinglargeM,Wegetfewerclock

COntrOlgroups･Asaresult,thelengthoftheinitializationsequenceisnotshorten･DecidingsuitableM

isanunsettledquestion.

Weshowasimpleexample･Forabinarycounter,Cmax(Qi)isequaltoi+2,WhereQiisthe

FF'soutputofi-thbit(i=0,1,･‥)･InthecaseM=8,16-bitbinarycounterisdividedintotwoclock

COntrOlgroupsasFF15～FF8andFF7～FF｡.

5 Simulation

Inthissection)Weinvestigatetheimprovementofsequentialtestabilitywithclockcontrol･

WeshowsomeexperimentalresultsforISCAS)89benchmarkcircuits･InTable2,WeShowthe

initializationcomplexityandthenumberofclockcontrolgroupsforM=4･Thecircuitisdividedinto

asma11numberofclockcontrolgroups･ForothercircuitsintheISCAS)89)WealsogetO～10groups･

Theseresultsshowthatthenumberofgroupsdoesnotgrowasgrowlngthescaleofcircuits･

Table3showsfault detectability.Thecolumn"3v-unteStable"inthetablemeansthenumber

Offaults which areimpossibletobe detected by3-Values(0,1,X)fault simulationfrominitialstate

(X,X,…,X)･Thecolumn"Undetectable"inthetablemeansthenumberoffaultswhichisimpossible

todistinguishfaultyandfault一丘eecircuitsbyanyinputsequence･Theresultshowsthatclockcontrolling

bringsushighfaultdetectability.Itmustbenotedthatthereisnoundetectablefaultintheresult.
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6 Conclusion

Weconcludethispaperasfo1lows.First,Wehavepresentedthenewconcept"initializationcomplexity"

measurlngthedi氏cultyofinitializingstatesofFFs･Next,Wehaveproposednewcriteriadetermlnlng

Clockcontrolgroupsbasedonthisconcept.Fina11y,Wehaveshownthee鮎ctivenessofourproposalin

theviewpointoffaultdetectionwithexperimentalresultsforbenchmarkcircuits･
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