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Abstract

This paperdescribesa new techniquefor minimising power dis-
sipationin full scansequentiakircuits during testapplication. The
techniqueincreaseghe correlationbetweensuccessie statesduring
shiftingin testvectorsandshifting outtestresponseby reducingspu-
rioustransitionsduringtestapplication.Thereductionis achiezedby
freezingthe primary input part of the testvector until the smallest
transitioncountis obtainedwhich leadsto lower power dissipation.
This paperpresentsa new algorithmwhich determineghe primary
input changetime suchthat maximumsaving in transitioncountis
achieved with respecto a giventestvectorandscanlatch order It
Is shavn how combiningthe proposedechniquewith the recently
reportedscanlatch andtestvectororderingyields furtherreductions
in power dissipatiorduringtestapplication.Exhaustve experimental
resultsusingcompaciandnoncompactestsetsdemonstratsubstan-
tial savingsin power dissipationusinga simulatedannealing-based
designspaceexploration. As an examplesaving of 34% in power
dissipationfor benchmaricircuit s713 is achieved.



1 Introduction

Performancegostandtestabilityarethe main parametersamgetedduringthe synthesisandop-

timisationphaseof integratedcircuits. Recentlytheissueof low power dissipatiorhasemeged

asanimportantparametein the designflow [1] andhasbeeninvestigatecat differentdesign
hierarchylevels. High level power minimisationtechniqueg2, 3, 4] trade-of throughputarea
andpower dissipationduring scheduling allocationandbinding. At the logic level, two suc-

cessfulpower managemertechniquesbasedon precomputatior5, 6] andguardedavaluation
[7] have beenpresentedWhile theabove researchasoutlinedsolutionsfor minimising power

dissipationduring the normal (functional) mode of operation,it is essentiato examinethe

power dissipationduringthetestmodeof operation It wasoutlinedin [8] thatpower dissipated
duringtestapplicationis substantialljnigherthanpower dissipatediuringfunctionaloperation,
which canleadto lossof yield anddecreas¢hereliability of the circuit undertest.High power

dissipationduringtestapplicationis dueto thefollowing two problems:

e correlationbetweenconsecutie testvectorsgeneratedy an automatictestpatterngen-
erator(ATPG)is very low sinceatestvectoris generatedor a giventargetfault without
ary consideratiorof the previoustestvectorin thetestsequence.

e useof scandesignfor testability (DFT) techniquedestrgs the correlationthat typically
exists betweensuccessie statesof the sequentiaktircuit by allowing the applicationof
ary desiredvaluesto the statelatches.

To overcomeheproblemof high powerdissipatiorduringtestapplication apower-constrained
test schedulingalgorithm hasbeenproposedfor high performancememoriesand multichip
moduleg[9]. Thealgorithmis basedon a resourcegraphformulationfor the testproblemand
testsarescheduledconcurrentlywithout exceedingtheir power ratingsduring testapplication.
A new ATPGtool [10] wasproposedo overcomethe low correlationbetweerconsecutie test
vectorsduringtestapplication.Despiteachiezing the objectivesof safeandinexpensvetesting
of low power circuitsthe approachn [10] increasedhetestapplicationtime. Furthermorejn
the caseof sequentiatircuits,only thecombinationapartassumingparallelscanis considered
to contribute to power dissipation. However, recentlyDabholkaret al. [11] shoved that the
power dissipationin full scansequentiakircuits dependsiot only on the combinationalpart
but alsoon the sequentiapart of the circuit. Herethe two abore mentionedoroblemsassoci-
atedwith low power testingare solved asfollows. Testvectororderingwasusedto solve the
low correlationbetweenconsecutre testvectors,while scanlatch orderingwas employed to



introducecorrelationbetweenconsecutie statesduring testapplication. Furtherbenefitof the
techniqueproposedn [11] is thatminimisationof power dissipationduringtestapplicationhas
beenachiered without ary increasdn testapplicationtime unlike [9, 10]. The techniquesn
[11] did not considerthe effect of the timing of the primary input partof thetestvectoron the
power dissipationduringtestapplication.

The aim of this paperis to analyseandexploit the influenceof primary input freezingon
minimisationof power dissipationduringtestapplication.Furthermorethe effect of combining
theprimaryinputfreezingwith testvectorandscanatchorderingon powerdissipations inves-
tigated.In section2, the power dissipatiormodelandthe parametersvhich areaccountabléor
power dissipationin full scancircuits duringtestapplicationaredescribed.Section3 outlines
that primary input freezinghasprofoundimpact on reducingspurioustransitionsduring test
application.New algorithmsfor exploiting all the parametersvhich leadto substantiabavings
areintroducedin section4. Experimentakesultsandconclusionsare presentedn sectionsb
and6 respectrely.

2 Power Dissipation During Test Application

Power dissipationin CMOS circuits can be divided into static, shortcircuit, leakageand dy-
namicpower dissipation.The staticpower dissipationis negligible for correctlydesignectir-
cuit, shortcircuit power dissipationcausedy shortcircuit currentduring switchingandpower
dissipatedby leakagecurrentscontribute up to 20%of thetotal power dissipation.Theremain-
ing 80%is attributedto dynamicpowerdissipationcausedy switchingof thegateoutputg[12].
If thegateis partof a synchronousligital circuit controlledby globalclock, it follows thatthe
dynamicpower Py requiredto chage anddischage the outputcapacitancdéoad of every gate
is:

Pa = 0.5 X Cioad X (V3p/Teye) X N (1)
whereCiqqq is theload capacitanceypp is the supplyvoltage, Teyc is the global clock period,
and Ng is the total numberof gate outputtransitions(0 — 1 or 1 — 0). The vast majority
of power reductiontechniquesconcentrateon minimising the dynamicpower dissipationby
reducingoneor morevariablesof Py. The supplyvoltageVpp is usually not underdesigner
control andglobal clock period Ty, or moregenerally the systemthroughputis a constraint
ratherthanadesignvariable.Thus,node transition count

NTC = Ng X Cioad (2)

for aJZgaI% G



is usedasquantitatve measurdor power dissipatiorthroughouthepaper It hasbeenassumed
thatloadcapacitancéor eachgateis equalto thenumberof fan-outs.The nodetransitioncount
in scanlatchesNg is consideredasin [11], whereit wasshaown thatfor input change$ — 0
andl— 1,Ng ,, = 2, whilstfor inputchange® — 1 and1 — 0, Ng ., = 6. Previousresearch
hasestablishedhatnodetransitioncountdepend®n two factors testvectororderingandscan
latch ordering,whencircuitis in thetestmode[11].

To illustrate the factorsaccountabldor power dissipationconsiderthe s27 circuit (Figure
1) from the commonlyacceptedSCAS89benchmarlset[13]. The {xo,X1,X2, X3} areprimary
inputs, {S, S1, S} arethe scanlatches {yo,y1,y2} arethe presentstatelines,and{z} is the
circuit output. The transitionson circuit datalines are describedater in the paper Using
the GATEST[14] ATPGtool, it hasbeenshowvn that5 testvectorsareneededo achiere 100%
faultcoverage Thetestvectorsare{110101100000000010010011111,1100010C}. For easy
referencehey arelabelledas{Vp, V1, V>, V3,V4}. Eachtestvectorconsistof primaryinputsand
pseudoinputgpresenstatdines)in thefollowing orderxgxi x2X3yoy1y2. Assumenitially all the
primary andpseudoinputsiresetto 0 andusing Eqgn. 2 the nodetransitioncountis calculated
asNTC = 372. A detaileddescriptionfor calculatingNTC over the entire testapplication
periodis outlinedin section3. By reorderingthe testvectorsas such{Vo,V2,Va,V3,V1} a
new lower valuefor nodetransitioncountis obtainedNTC = 352. This shavs thatreordering
of testvectorsreducespower dissipationduring testapplicationby increasingthe correlation
betweerconsecutie testvectors.Notethatnodetransitioncountis computedor theentiretest
applicationperiodof n x (m+ 1) + mclockcycles,wheren is thenumberof testvectorsandmis
thenumberof scanlatches Now theeffectof scanlatchorderingon power savingsis examined.
Considerthe reorderedtest vector set {\Vp, V2, V4,V3,V1} and reorderingscanlatcesas such
{S, S, S1} thevalueof nodetransitioncountis reducedurtherto NTC = 328. Thisreduction
is dueto highercorrelationbetweersuccesie statesduring shifting in testvectorsandshifting
out testresponses.If testvector orderingand scanlatch ordering are done simultaneously
furtherreductionin nodetransitioncountis achiazedNTC = 296, for the following testvector
order{Vo, V2, V3,V4,V1} andscanlatchorder{$;, S, S}. Thisshavsthatthesetwo parameters
(scanlatch orderingandtestvectorordering)areinterrelatedwhich leadsto higherreductions

thanwheneachparameters consideregeparetely



3 New Techniquefor Minimisation of Power Dissipation Dur-
ing Test Application Using Primary Input Freezing

In this sectionthe motivation for the researchs outlined and key ideasare presented.The
influenceof primary input freezingon the reductionof spurioustransitionsandhencesavings
in thetotal numberof transitionss demonstratethroughdetailedexamples.

For afull scansequentiatircuit with mscanlatcheshepseudoinpupartof thetestvectoris
scannedn mclockcyclestg toty, 1. In thenext clock cyclety, theentiretestvectoris appliedto
thecombinationalogic andthetestresponseés loadedin scanlatches.During the next m clock
cycle thetestresponses scannedut simultaneouslyvith scanningn the next testvector So
far we have assumedhatthe changingof the primary inputsxgx;Xox3 occursat time to which
is the beginning of scanningout the responseof the previous testvectorandscanningin the
pseudoinput®f the new testvector From now onwardsthe testapplicationstrategy where
primary inputschangeat tg is calledas soon as possible (ASAP). For the particularexample
in Figure 1, wherethe numberof scanlatchesis 3, at timesty, t;, andt, the scanlatchesare
in the shift modeandthe valueson the input lines of the combinationabpart of the circuit are
irrelevant. The value of primary inputsis importantonly at t3 whenthe entiretestvectoris
appliedto the combinationalpart of the circuit. Thereforethe primary inputs canbe frozen
(keepthevalueof the previoustestvector)duringtg to to without affectingthe testingprocess.
To illustrate the importanceof primary input freezingconsiderthe applicationof testvector
{000000Q followedby testvector{110101%. Thecircuit datalinesaredescribedn termsof
threevalues.For examplein Figurel(a),in thecaseof primaryinputxg thevalue0/1/1 denotes
valueO attz whenapplying{000000¢Q andvaluel atty andt; whenshiftingin the secondest
vector{110101%}. When primary inputs xoX1XX3 changeat to asshavn in Figure 1(a) the
two marked boxesillustrate spurioustransitions0/1/0 and1/0/1 at the outputof the marked
NOR and NOT gaterespectrely. A spurioustransitionduring test applicationin full scan
sequentiatircuitsis atransitionwhich occursin thecombinationapartof thecircuit undertest
while shifting out the testresponsendshifting in the pseudoinpupartof the next testvector
Spuriougransitionsdo not have ary influenceontestefficiency sincethevalueattheinputand
outputof the combinationapartof thecircuit is not usefultestdata. Furthermorethe valueof
primaryinputsis irrelevantduringshifting out thetestresponseTherefordf theprimaryinputs
arefrozenuntil t; the controlling valuel at the input of the marked NOR gateis presered at
t1 andno spurioustransitionsat the outputof the marked NOR andNOT gateswill occur as
shown in Figure1(b). The primaryinputscanbe frozenuntil t3 whentestvector{110101%
is appliedto the combinationapartof the circuit. Thetestapplicationstratgyy whereprimary
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inputschangeat time ty, is calledas late as possible (ALAP). However freezingthe primary
inputsuntil ty, will notyield the minimal numberof nodetransitioncountasdemonstratedh

Figuresl(c)andl1(d)usingthe sametestvectors.In Figurel(c),in thecaseof primaryinputxp

thevalue0/0/1 denotesvalueO att; andt; whenshiftingin {110101% andvaluel att3 when
applying{110101%}. Whenprimaryinputsxpxixox3 arefrozenuntil t3 asshown in Figure1(c)
the marked box illustratesa spurioustransition0/1/0 at the outputof the marked AND gate.
However if the primaryinputsare changedearlieratt, the controlling value O at the input of

themarked AND gateis preseredatt, andno spurioustransitionsat the outputof the marked
AND gatewill occurasshavn in Figurel1(d). Sofar it wasshaovn thatboth ASAP or ALAP

testapplicationstrateyiesleadto spuriougransitionsduringshifting in testvectorsandshifting
out testresponsesNow the questionis whenshouldthe primary inputs changesuchthat the
smallesihumberof spuriougransitionsoccurwhichleadsto lower powerdissipation?Thebest
primary input changetime is the time whenthe primary inputsof the previoustestvectorare
unfrozenand changedo the valuesof the actualtestvector leadingto the smallestvaluein

nodetransitioncountNTC. Thus,finding the optimal primary input changetime will leadto

higher correlationbetweenconsecutie valueson the input lines of the combinationalpart of

thecircuit andhenceto lower power dissipationduringtestapplication.

Figuresl(a)to 1(d) have illustratedthe reductionof spurioustransitionsover a threeclock
cyclesperiod. To give insight of the proposedechniquefor power dissipationminimisation
during the entire testapplicationperiod, Tables1(a) and 1(b) showv the flow of testdatafor
the benchmarkcircuit s27 of Figure 1 for ASAP and the proposedtest applicationstratey
respectrely. In Table 1(a) considerthe scanlatch order {S, S, S} and test vector order
{VMo,V2,V3,V4, V1 } after simultaneougestvectororderingand scanlatch orderingwas carried
outasshowvn in section2. Thefirst columnshavstheclock cycle index andthe secondcolumn
outlinesthetestvectorwhichis scannedn duringto, t1, t andappliedatts. Theoperatiorntype
(Scanor Load)is shavn in column3. In the caseof a Scanoperationthe fourth columngives
the Scanl n value. Columns5-8 show the valuesof primary inputs xgX1 XXz andthe columns
9-11 show the next statevaluesy,y)y;,. The lastcolumnshaws the value of nodetransition
countNTC for eachclock cycle. The nodetransitioncountis calculatedasfollows. In clock
cyclei thenumberof transitionsin combinationapartis computedby consideringhe primary
inputsof clock cyclei andthenext statevaluesof clock cycle (i — 1). Thenodetransitioncount
in sequentiapartis the sumof nodetransitioncountof eachscanlatch by scanning/loading
the next statevaluesy,y}y; in clock cycle i, usingthe valuesof Ng ;, andNg ., outlinedin
section2. Initially all the primary and scaninputsaresetto 0 andthe nodetransitioncount



over the entiretestapplicationperiodunderthe ASAP testapplicationstrategy is NTC = 296.
This valuecanbereducedf spurioustransitionsduring shifting in testvectorsandshifting out
responseareavoidedby primaryinputfreezing. Testapplicationstratey whereprimaryinput
changetime is determinedsuchthatmaximumsaving in transitioncountis achievedis refered
to asbest primary input change (BPIC) testapplicationstrateg)y. The changeof primary input
partof testvectorV; attime t; is indicatedby t, =t;. If the primary input changetimesare
setto ty, = to, ty, = to, ty; = tp, ty, = t3, andty, =t; asshavn in the marked boxesof Table
1(b), the nodetransitioncountreducedo NTC = 266. The reasorfor reducingthe numberof
transitionds theincreasedorrelationbetweenconsecutie valuesof primaryandpseudoinput
inputsduringty, t1, to, whentestvectorsarescannedn andtestresponsearescanneaut. For
exampleby freezingty, until t3 theNTC in clock cycles12 and14 reducedrom 16 and24 re-
spectvely in thecaseof ASAP (Tablel(a))to 10andl4respectrely in thecaseof BPIC (Table
1(b)). Notethatin clock cycleswhentestresponseareloadedin scanlatches(L in column3),
the correcttestresponsevaluesfrom Table1(a) arepresered. Whencombiningprimaryinput
freezingwith simultaneouscanlatch orderingandtestvectororderingfurtherimprovements
areachieved. For testvectororder{V1,Vo, Vs, V3,V>}, scanlatchorder{S;, $, S} andprimary
input changetimesssetatty, = to, ty, = to, ty, = t1, ty, = t1, andty, =tz, it is shavn thatthe
new value of nodetransitioncountis reducedfurtherto NTC = 251 (Table 1(c)). This high-
lights the importanceof combiningprimary input freezingwith simultaneouscanlatch and
testvectororderingfor NTC reductionandhencesarings in power dissipation.Note thatthe
proposedPICtestapplicationstrategy depend®nly on controllingprimaryinputchangdime,
andhencedoesnot requireextra designfor testhardware. This meansthat power dissipation
is minimized without an increasan gatecountor performance.Furthermoresinceno extra
testdatais necessarandthe completetestvectorcomputedby the ATPGtool is appliedto the
circuit undertestirrespectve of the primary input changetime, the proposedestapplication
strategy doesnot decreaseestefficiency andno penaltyin testapplicationtime or volume of
testdatais added.



4  Proposed Algorithmsfor Minimising Power Dissipation Dur-
ing Test Application

In section4.1 a new algorithmwhich computesbestprimary input changetime for eachtest
vector with respectto a given testvector and scanlatch orderis given. Section4.2 shovs
how combiningthe proposedechniquewith therecentlyintroducedscanlatch andtestvector
orderingusingasimulatedannealing-basedesignspacesxplorationleadsto furtherreductions
in power dissipationduringtestapplication.

4.1 Best Primary Input Change (BPIC) Algorithm

Spurioustransitionsanducedby fixed primaryinput changessoutlinedin section3 aresolved
by freezingthe primary inputsfor eachtestvector until the minimum numberof transitions
is achieved. For a given scanlatch orderwith m scanlatches,the total numberof primary
input changetimesis (m+ 1). Consideringn testvectors,in a giventestvectororder thetotal
numberof configurationsof primary input changingfor all the testvectorsis (m+ 1)". Best
PrimaryInput ChanggBPIC) algorithmcomputeghe bestprimaryinput changetime for each
testvectorfor agivenscanlatchorderandtestvectororder Figure2 illustratesthe pseudocode
of theproposedBPIC) algorithm. Thefunctionacceptasinput,atestsetSandacircuitC. The
outerloop representshetraversalof all thetestvectorsfrom testsetS. All the m+ 1 primary
input changetimesfor testvectorV; arethenconsideredn theinnerloop. For eachprimary
input changetime tj, circuit C is simulatedandthe nodetransitioncountNTGC; j is registered.
After thecompletionof theinnerloop the bestprimaryinputchangeimet;j,, for whichNTG,; j,
IS minimum, is retainedandthe outerloop continuesuntil the entiretestsetis examined.The
algorithmcomputeshebestsolutionin acomputationatimewhichis polynomialin thenumber
of testvectorsn, the numberof scanlatchesm, andthe circuit size|C|. Despitethereductions
which areachiaredby the BPIC algorithmasshavn in section5, all thefactorsaccountabléor
power dissipationduringtestapplicationmustbe combinedfor achieving bestresults whichis
describedhext.

4.2 Simulated Annealing Design Space Exploration for Simultaneous Test
Vector Ordering, Scan Latch Ordering and Primary I nput Freezing

High power dissipationproblemscausedoy aninadequateestvectororderingandscanlatch
orderingaresolvedby ansimulatedannealingalgorithmwhich canescapdocal minima. For a
testtestwhich consistf n testvectorstherearen! testvectororderings.Furthermordor each



testvectororderingtherearem! scanlatch orderings,wherem is the numberof scanlatches.
Finding the optimal testvectorandscanlatch orderis NP-hard[11]. The total compleity of
the designspaces n! x m! which evenfor small designproblemswith 15 testvectorsand15
scanlatchesis computationallyexpensve. We needto useefficient designspaceexploration
techniqueswvhich shouldtake accountof the discrete,degenerateand highly irregular design
space.

Figure3 illustratesthe basicstepsof simulatedannealing-basedptimisation. The optimi-
sationfunctionacceptsasinputatestsetS andacircuit C which aresetto initial configuration
SniT andCn T respectrely. Thecalculationof theinitial controlparametevalue[15] is based
on the assumptiorthat a sufficiently large numberof generatedsolutions(for example 95%)
shouldbe acceptedt the beginning of theannealingorocess.The outerloop modifiesthe con-
trol parameteof thesimulatedannealingalgorithmwhichis graduallyloweredastheannealing
procesgproceedsWithin theinnerloop a new sequencef solutionsis generatedt a constant
controlparametewalue. Thelengthof a sequencef solutionsis setto 20. The controlparam-
eteris decreaseth sucha way thatthe stationarydistributionsat the endof the sequencesf
solutionsarecloseto eachother By evaluatinginformationaboutthe costdistribution within
eachsequencef solutions,a fastdecreasef the control parameteis givenaccordingto the
coolingscheduldrom [15]. Eachnew solutionis generatedisingoneof thefollowing:

e randomlychooseawo scanlatchesS andS; from theactualscanlatchorder{S, ..., S, ...
Sj,...,Sn—1} andexchangeheir positiongeneratinginew scanlatchorder{S, ..., Sj,. ..
S,...,Sn-1}, wheremis the numberof scanlatchesin thecircuit.

e randomlychoosewo testvectorsv, andVy, from theactualtestvectororder{Vp, ..., Va,...
Vb, - - -, Vn_1} andexchangeheir positiongeneratinginew testvectororder{Vp, . . ., \p, - . -
Va,...,Vn_1}, wheren is thenumberof testvectorsin thetestset.

The alternatve applicationof exchangedetweenrandomlychosentestvectorsand scan
latchesprovesto be efficient in exploring the discretedesignspace. For eachnew solution
the proposedbestprimary input changealgorithm BPIC(Syew, Cnew) is calledto determine
the bestprimary input changetimesfor all the testvectorsfrom Sygw accordingto the scan
latchorderin Cnew. New solutionsareeitheracceptear rejecteddependingntheacceptance
criteriondefinedin thesimulatedannealingalgorithm[16]. If thebestsolutionsofaris reached
thenit is savedin {Ssesr, Caesr } whichis returnedatthe endof the optimisationprocessThe
optimisationprocesss terminatedafterthevariationin theaveragecostover a selectechumber
of sequencesf solutionsfalls bellow a givenvalue asdescribedn [15]. It is importantto
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notethatall the factorsaccountabldor power dissipationduring testapplicationasdescribed
in section® and3 areincludedin the optimisationprocessThisleadsto high savingsin power
dissipationasoutlinedin the experimentakesultssection.

5 Experimental Results

This sectiondemonstratethrougha setof benchmarlexampleghatthe proposedestprimary
inputchanggBPIC) algorithmoutlinedin sectiord. lyieldssavingsin powerdissipatiorduring
testapplication.FurthermorehesavingscanbesubstantiallymprovedwhenBPIC is integrated
with testvectororderingandscanlatch orderingasdescribedn the algorithmin section4.2.
Thesealgorithmshave beenimplementedwithin the framevork of alow power testingsystem
ona350MHz Pentiumll PCwith 64 MB RAM runningLinux andusingGNU CC version2.7.
Table 2 shaws the resultswhenthe BPIC algorithmis appliedby itself (i.e. without scan
latch andtestvectorordering)for 24 commonlyacceptedSCAS89benchmarkcircuits [13].
The first and secondcolumnsgive the circuit nameand the numberof scanlatches(SL) re-
spectvely. The third column givesthe numberof testvectors(TV) generatedy the ATPG
tool ATOM [17]. The averagevalueof nodetransitioncount(NTC), which is the total value
of NTC divided by the total numberof clock cycles,for assoonaspossible(ASAP), aslateas
possible(ALAP), andthe proposedestprimaryinputchanggBPIC)testapplicationstrataies
outlinedin section3, aregivenin columns4, 5 and6 respectrely. Theaveragevalueof NTC is
calculatedunderthe assumptiorof the zerodelaymodel. The power minimisationtechniques
describedn this paperalsoapply to other delay models,suchas unit delay model[18] and
variabledelay model[19]. It canbeenclearly seenfrom Table 2 that BPIC testapplication
stratgy hasthe leastaveragevalueof NTC for all the benchmarikcircuits whencomparedo
ASAP and ALAP testapplicationstrategies. To give anindicationof the reductionsin aver
agevalueof NTC, columns?7 and 8 show the percentageeductionof BPIC over ASAP and
ALAP testapplicationstrateyies. The reductionvariesfrom approximatelyl0% asin the case
of 641 down to under1% asin the caseof s526. Table2 hasshavn the reductionsin node
transitioncountusing a non compacttestset. In orderto reducetestapplicationtime while
maintainingthe sametest quality, compacttestsetsare used. Compacttestsetsmay leadto
higherpower dissipationbecausef anincreasechumberof sensitisegathsby eachtestvec-
tor. However, usingthe propose®PIC algorithmsimilar averagevaluesof NTC areachieved
for all thebenchmarlcircuitswhencomparingcompactestsetsto noncompactestsets.Table
3 shaws experimentakesultsfor compactiestsetgeneratedy MINTEST [20] whenapplying
the proposedPIC algorithmwithout scanlatch andtestvectorordering. For example,in the
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caseof s298 theaveragevalueof NTC for noncompactestsetis 114.73(Table2), whereagor
compactestsettheaveragevalueof NTC is 107.85(Table3) despitea considerableeduction
in thenumberof testvectorsfrom 52 asin the caseof noncompactestsetto 23 asin thecaseof
thecompactestset. Thesimilarvaluesof NT C aredueto findingthe bestprimaryinputchange
time for reducingspurioustransitionsduring shifting in testvectorsandshifting outresponses.
This clearly shavs that usingcompacttestsetsandhencedecreasinghe testapplicationtime
will not increaseahe power dissipationduringtestapplicationin full scansequentiatircuits.
While theapplicationof the BPIC algorithmreducesveragevalueof NTC whencompared
to ASAP andALAP testapplicationstrateies,asshovn in Tables2 and3 for noncompactand
compacttestsetsrespectiely, further savings canbe achiezed when BPIC is combinedwith
testvectororderingandscanlatch ordering. The resultsof the proposedsimulatedannealing-
basedlesignspaceaxploration(sectiord.2)for solving simultaneousestvectorordering,scan
latch orderingand primary input freezingfor non compacttestsetis shovn in Table4. In
orderto assesheimpactof all thefactorsaccountabléor power dissipatiorthefollowing three
experimentswere carriedout. In the first experimentthe averagevalueof NTC is computed
usingscanlatchandtestvectororderingunderASAP testapplicationstratg)y. Theresultsare
givenin columns2 and 3. The reductionin column 3 is computedover the nodetransition
countof theinitial scanlatch andtestvector In the secondexperimentthe testapplication
strategyy hasbeenchangedo ALAP, andtheresultsareshavn in columns4 and5. In thethird
experimentthe proposedBPIC testapplicationstratey is combinedwith scanlatch andtest
vectororderingandthe resultsaregivenin columns6 and7. NotethatBPIC alwaysproduces
betterresultsthanASAP andALAP dueto highercorrelationbetweensuccessie statesduring
shifting in testvectorsand shifting out testresponses.This clearly showvs the importanceof
integratingall the factorsaccountabldor power dissipationin the optimisationprocess.The
reductionvaluedependsn thetype of the circuit andthe averagevalueof NTC for theinitial
scanlatchandtestvectororder For examplein thecaseof s713 thereductionis 34%andit goes
down to 4% asin thecaseof s838. However, this still presentanimprovementwhencompared
to ASAP andALAP which yield reductionsonly of 3%. Table5 shaws the resultsfor ASAPR,
ALAP andBPIC testapplicationstratgieswhenusingcompactiestsets. Again the proposed
BPIC providesbetterresultsthan ASAP and ALAP, for all the circuits from the benchmark
set.lt is interestingto notethatNTC valuesfor BPIC testapplicationstratgy whenusingnon-
compactndcompactestsetsaresimilar. Thisindicateghattestsetsizehasnoinfluenceonthe
averagevalueof NTC confirmingthatthe only threeaccountabldéactorsfor power dissipation
during testapplicationin full scancircuits are testvector ordering, scanlatch orderingand
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primary input freezing. For someof the examplesthe computationatime for completingthe
optimisationmay increaseover 40,000susinga Pentiumll processomat 350 MHz, asshowvn
in Table4. Thisis dueto the hugesize of the designspaceandthe low numberof solutions
with identicalNTC which clearlyleadsto longertimesfor explorationandcornvergenceof the
simulatedannealingalgorithm. However, whenusingcompacttestsasshovn in Table5, due
to smallernumberof testvectorvectorsand consequentiythe size designspace lower time
for completionis requiredwhich leadsto the conclusionthat compacttest setshave benefits
in bothtestapplicationtime aswell asin computationatime with similar reductionsn power

dissipation.

6 Conclusions

This paperhasproposeda new techniquefor minimising power dissipationin full scanse-
guentialcircuits during testapplication. The techniqueis basedon increasingthe correlation
betweersuccessie statesluringshiftingin testvectorsandshifting out testresponseby freez-
ing the primary inputsuntil the smallestnumberof transitionsis achieved. A new algorithm
whichcomputedestprimaryinputchanggBPIC) time for eachtestvectorhasbeenpresented.
It hasbeenshowvn thatcombiningthe describedechniquewith therecentlyreportedscanlatch
andtestvectororderingusinga simulatedannealing-basedesignspacexplorationyieldssub-
stantialreductionsn power dissipationduringtestapplication.Exhaustve experimentaresults
usingboth compactandnon compacttestsetshave shavn that compacttestsetshave similar
power dissipationduringtestapplicationwith substantiafeductionin testapplicationtime and
computationatime whencomparedo noncompactestsets.

While this paperhasshovn how BPIC minimisespower dissipationin full scansequential
circuits, currentresearchundervay by the authorsinvestigateshe applicability of BPIC to
partialscanandtheidentificationof thebestdesignfor testmethodn termsof powerdissipation
duringtestapplication.
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Tables

Cycle | Vector| Op | Sl [ xo | X1 | X2 [ X3 | Yo | Vi | Yo || NTC
0(to) | Vo S| o[ 11| 0l 1] 0]0]0| 14
1(t) | Vo S| 11| 1|0l 1] 1]0| 0| 10
2(t) | Vo S| 11| 1|0 1| 1]1| 0| 19
3(t) | Vo L| -| 2/ 12| 0]12|0|o0|1| 18
4(t) | Vo S| o[ olo0|1[0]0[0]0] 15
5(ty) \Z) S|1,0] 0|10} 1]0]O0 10
6 (t2) \Z) S| 0] 0] 0] 1]0]0]1]O0 14
7(t) | Vo L| -|olo0|1]0| 1| 1|0]| 19
8 (to) V3 S|1]0} 111111 11
9(t) | Va S| 1] 0| 1| 21|1] 11| 1| 10
10(ty) | Va S| 1] 0| 1| 1|1|1]1|1 6
11(t3) | Vs L| -|o[1| 1] 1| 0| o0|O0]| 18
12(to) | Va S o1/ 1/0l0]0[0|0] 16
13(t1) Vy S|1 11,00} 1]0]O0 10
14 (to) Vy S| 0110, 0]0]1]O0 24
15(t3) Vy L -{1|1{ 0] 0] 0] 1]O0 16
16 (to) V1 S| 0] 0] 0] 0] 0] 0] 01 18
17(t1) V1 S| 0] 0] 0] 0] 0] 0]0] O 18
18(t) | Wi S| o/o0|0|0|l0O]O|O|O 6
19(ts) | Wi L| -| o]l olo|o0|0OlO|O 6
20(to) | - S| olo0|0]0l0[0]0O|O 6
21(t) | - S| o/o0|0|0|l0O]O|O|O 6
22(ty) | - S| o]l ol o|olo|O|]O|O 6
TOTAL 296

(a) As SoonAs Possiblg ASAP) testapplicationstratey

Tablel: Theflow of testdatafor thecircuitin Figurel duringthe entiretestapplicationperiod
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Cycle | Vector| Op | Sl [ xo | X1 | X2 [ X3 | Yo | Vi | Yo || NTC
0(to) | Vo S| o[ ol0|o0l0]O0]O0]O 6
1(t) | Vo S| 1/ 0/ 0/0|0]1/0|0| 10
2(t) | Vo | S| 11 1[0[1] 1| 1| 0| 17
3(ts) | Vo L| - 1 1] 0] 1| 0| 0| 1| 18
4 (to) \Z) S| O \ 0] 0| 1|0 \ 0| 0] O 15
5(ty) \Z) S|1,0] 0|10} 1]0]O0 10
6 (t2) \Z) S| 0] 0] 0] 1]0]0]1]O0 14
7(t) | Vo L| -|olo0|1]0| 1| 1|0]| 19
8 (to) V3 S| 1 \ 0| 1] 1|1 \ 1111 11
9(t) | Va S| 1[of 1] 1[1]1]1| 1| 10
10(ty) | Va S| 1] 0| 1| 1|1|1]1|1 6
11(t3) V3 L -{0] 111 0] 0] O0 18
12(to) | Va S[ol0| 1|1l 1[ 0[O0 10
13(t1) Vy S|1/0] 111100 10
14 (to) Vy S| 00} 1|1} 1,0]1]0 14
15(t3) Vy L| - \ 111,00 \ 0| 1] 0 16
16 (to) V1 S| 0] 11,0 0]0]01 14
17(ty) V1 S| O \ 0] 0] 0|0 \ 0| 0] O 18
18(t) | Wi S| of0[0[0[0|]0|O0O|O 6
19(ts) | Wi L| -| o]l olo|o0|0OlO|O 6
20(to) | - S| o/lo0|0]0|0]0]0O|]O 6
21(t)) | - S| o/0|0|0|l0O]O|O|O 6
22(ty) | - S| o]l ol o|olo|0O|]O|O 6

TOTAL 266

(b) ProposedestPrimarylnput ChanggBPIC)testapplicationstrat-
egy

Tablel: Theflow of testdatafor thecircuit in Figurel duringtheentiretestapplicationperiod
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Cycle | Vector| Op | Sl [ xo | X1 | X [ X3 | Yy | Y5 | Yo || NTC
Oft)| V» | S| oo o] o]o] o]o0]oO 6
1(t) | Wi S| of0[0[0[0|]O0|0O|O 6
2(t) | Wi S| o/o0|0|0l0O]0O|O|O 6
3(ts) | Wi L| -| ol 0| 0]o0|O0|]oO|oO 6
4 (to) Vo S| O \ 1101 \ 0| 0] O 14
5(ty) Vo S|1} 1101100 10
6 (t2) Vo S(1} 1101110 10
7(t) | Vo L| -| 12[ 1| 0] 10| 01| 27
8 (to) Vy S| 0} 110 1,0]0]O0 14
9)| Va | S| OJT[1[0[0] 0|00 11
10(ty) | Va S| 1/ 1[1[0[0]1|0|0| 10
11(t3) | Va L| -| 12( 12|/ 0]0|1]|0]|0 6
12(to) | Va S| 1] 1| 1] ol o] 1] 1] 0] 10
13(t1) V3 S| 1 \ 0| 1|1 \ 17111 16
14 (to) V3 S|1]0} 11 1]1]11 10
15(t3) V3 L -{0] 1211 0] 0] O0 18
16 (to) \Z) S| 00} 1|1 1,0]0]O0 10
17(ty) \2) S| 00} 1|1 1,0]0]O0 6
18(tp) Vo S|1/0] 111100 10
19(ts) | Vo L| -Joj o[ 1[0 1| 1] 0f 19
20(to) | - S| 1] olo0| 1|0 1] 1] 1] 10
21(t) | - S| 1/ 0|0 1|0] 11| 1| 10
22(ty) | - S| 1] 0l0| 1|0 1|11 6

TOTAL 251

(c) ProposedestPrimarylnput ChanggBPIC) testapplicationstrat-
egy combinedwith simultaneouscanlatchandtestvectorordering

Tablel: Theflow of testdatafor thecircuit in Figurel duringtheentiretestapplicationperiod
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aircuit | sL | Tv ASAP | ALAP pré)g?éed %reduction | %reduction ;:rzg
NTC NTC over ASAP | over ALAP
NTC (s)

s208 8| 65 55.39 55.73 53.48 3.45 4.03 0.17
s298 14| 52| 115.39| 115.59| 114.73 0.56 0.74 0.28
s344 15| 62| 131.43| 131.45| 130.54 0.67 0.69 0.48
s349 15| 65| 132.46| 132.45| 131.47 0.75 0.74 0.50
s382 21| 72| 145.12| 145.54| 143.91 0.83 1.12 0.80
s386 6| 109 86.61 86.20 84.22 2.76 2.29 0.38
s400 21| 71| 146.32| 146.35| 144.78 1.05 1.07 0.81
s420 16| 98| 107.19| 107.17| 104.46 2.53 2.52 1.00
s444 21| 77| 149.08| 149.93| 148.05 0.69 1.25 0.97
s510 6| 90| 115.50| 115.04, 114.13 1.17 0.79 0.40
s526 211|107 185.83| 186.17| 184.79 0.55 0.73 1.45
s641 19| 99| 186.74| 184.03| 168.71 9.65 8.32 2.19
s713 19| 100| 198.88| 196.83| 180.42 9.28 8.33 2.29
s820 51190| 139.22| 138.89| 136.79 1.74 151 1.02
s832 51200| 138.46] 137.96| 136.05 1.73 1.37 1.07
s838 321|183 199.81| 199.84| 195.00 2.40 2.42 14.72
s953 29| 138| 169.93| 169.66] 167.20 1.60 1.44 4.71
s1196| 18| 227| 105.18| 105.35| 100.43 451 4.67 6.38
s1238| 18| 240| 106.85| 107.43| 102.06 4.48 5.00 6.69
s1423| 74| 135| 508.09| 509.91| 502.78 1.04 1.39 56.48
s1488 6| 196 346.62| 346.92| 342.76 111 1.19 2.68
s1494 6| 191 351.92| 352.85| 348.54 0.95 1.22 2.62
s5378| 179 | 358 || 1786.44| 1786.58| 1774.36 0.67 0.68 3113.87
s9234| 211 | 660 || 3123.16| 3123.33| 3098.91 0.77 0.78 16395.37

Table2: Experimentalesultsfor noncompactestsetgeneratedhy ATOM [17] whenapplying
the propose®PIC algorithmwithout scanlatchandtestvectorordering
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o ASAP | ALAP | Proposed| o.cqiction | %reduction | SPY
cireutt| SLT TV ‘Nre | NTe | BPIC | over ASAP | over ALAP | TME
NTC (s)
s208 | 8] 27| 54.80] 54.72] 5242| 435 4.20 0.07
5208 | 14| 23| 108.25| 10857 107.85] 036 0.66 0.12
s344 | 15| 13| 124.36] 124.21| 123.48] 0.70 058 0.10
s349 | 15| 13| 128.35| 128.33| 127.62| 057 0.55 0.10
5382 | 21| 25| 147.01| 148.14| 146.75|  0.78 0.03 0.28
s386 | 6| 63| 8577 8526] 83.38] 278 219 0.21
s400 | 21| 24| 154.04] 154.44] 152.76] 083 1.08 0.28
s420 | 16| 43| 100.73| 100.46| 98.12] 259 233 0.48
s444 | 21| 24| 155.46| 156.30] 154.19] 081 135 0.32
s510 | 6| 54| 114.03| 113.75| 11253 131 1.06 0.24
s526 | 21| 49| 182.74| 182.98] 182.17| 031 0.44 0.68
s641 | 10| 21| 172.88] 17655 161.08]  6.82 8.75 0.47
s713 | 19| 21| 19545 192.38| 181.10| 734 5.86 0.49
s820 | 5| 93| 138.03| 137.65] 13555] 179 151 051
s832 | 5| 94| 138.83| 138.37| 136.33] 179 147 0.50
s838 | 32| 75| 187.95| 187.56] 185.14] 149 1.29 6.35
s953 | 20| 76| 169.64| 169.02| 166.64]  1.76 1.40 2.66
s1106| 18| 113| 10567 10542 10043  4.95 473 3.39
s1238| 18| 121| 103.92] 103.83| 98.91| 482 474 3.40
s1423| 74| 20| 506.10] 506.89] 501.14] 0.8 113 8.73
s1488| 6| 101] 36547| 36566 36140 1.1l 116 1.45
s1494| 6] 100] 369.59] 370.63| 365.89]  1.00 1.28 1.40
s5378| 179| 97 1808.88| 1809.32| 1791.68]  0.95 0.97 826.89
s9234 | 211 | 105 || 3045.30| 304551 3014.90]  0.99 101 2637.05

Table3: Experimentatesultsfor compactestsetgeneratedy MINTEST [20] whenapplying
the propose®BPIC algorithmwithout scanlatchandtestvectorordering
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Test application strategy targeted during optimisation CPU

circuit | ASAP ) ALAP ) BPIC ) time
%r reduction %r reduction % reduction

NTC NTC NTC (s)

s208 48.39 12.64 49.19 11.19 45.35 18.13 24390
s298 97.97 15.09 92.49 19.84 92.09 20.19 33960
s344 | 115.55 12.08 119.68 8.93 114.85 12.61 34270
s349 | 118.62 10.45 121.01 8.64 117.87 11.01 35040
s382 | 125.93 13.22 125.98 13.18 124.47 14.23 40430
s386 70.50 18.60 71.86 17.03 69.74 19.48 41550
s400 | 128.97 11.85 132.12 9.70 125.30 14.36 34550
s420 93.94 12.35 94.51 11.82 92.41 13.78 43410
s444 | 130.27 12.61 134.33 9.89 129.27 13.28 42940
s510 98.91 14.35 101.60 12.02 97.98 15.16 36920
s526 | 162.13 12.75 160.96 13.37 160.52 13.61 37340
s641 | 142.19 23.85 141.44 24.25 132.42 29.08 42470
s713 | 146.91 26.13 144.98 27.09 130.34 34.46 44630
s820 | 111.71 19.75 112.10 19.47 110.83 20.39 43710
s832 | 115.19 16.80 114.07 17.61 113.19 18.24 36520
s838 | 193.50 3.16 193.80 3.01 190.29 4.76 45970
s953 | 128.24 24.53 128.61 24.31 127.26 25.10 46470

Table4: Experimentalesultsfor noncompactestsetgeneratedhy ATOM [17] whenapplying
the proposedPIC algorithmintegratedwith testvectororderingandscanlatchordering
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Test application strategy targeted during optimisation CPU

ircuit | ASAP ) ALAP ) BPI ) im
circuit S %r reduction %r reduction C % reduction time
NTC NTC NTC (s)
s208 47.85 12.68 47.90 12.59 44.02 19.67 8399

s298 91.48 15.49 96.22 11.11 91.13 15.81 12980
s344 94.92 23.66 100.27 19.37 94.02 24.39 15550
s349 | 104.62 18.48 110.23 14.11 104.14 18.85 13560
s382 | 120.37 18.61 124.09 16.10 118.49 19.88 29020
s386 70.33 18.00 69.72 18.71 68.54 20.09 24500
s400 | 120.51 21.76 123.36 19.92 119.51 22.41 29380
s420 90.97 9.69 87.61 13.02 83.13 17.47 28940
s444 | 129.44 16.73 132.04 15.06 120.07 22.76 29040
s510 95.79 15.99 97.68 14.33 94.80 16.86 22940
s526 | 151.31 17.19 158.35 13.34 150.87 17.44 29310
s641 | 143.36 17.07 130.56 24.48 120.16 30.49 29210
s713 | 152.77 21.83 144.71 25.96 133.49 31.69 24920
s820 | 110.61 19.86 111.23 19.41 109.71 20.51 28870
s832 | 112.39 19.04 112.30 19.10 111.40 19.75 28950
s838 | 170.01 9.54 170.75 9.15 168.36 10.42 30220
s953 | 128.15 24.45 128.70 24.13 127.06 25.09 30040

Table5: Experimentalesultsfor compactestsetgeneratedy MINTEST [20] whenapplying
the proposedPIC algorithmintegratedwith testvectororderingandscanlatchordering
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Scan In
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(c) Primaryinputschangeaslateaspossible(ALAP) atts3

Figurel: Examplecircuit (s27 from [13]) illustratingfactorswhich leadto spuriougransitions
duringtestapplication
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function BPIC(Test Set S, Circuit C)
{
for everyV; from Swithi=0,...,n—1
for everyty =tj with j =0,...,m
computeNTGC; j by simulatingC
gettj;, suchthatNTG; j, is minimum
return {tj,,tj,,...,tj, ,
}

Figure2: Proposedlgorithmfor determininghe BestPrimarylnput Changedime for eachtest
vector

function OPTIMISE(Test Set S, Circuit C)
{
SniT issetto S
CiniT issetto C
repeat
repeat
Generate new solution{ Syew,Cnew } asdescribedn sectior4.2
Computethe numberof transitionsusingBPIC(Syew, Cnew)
asdescribedn section4.1
Acceptor rejectthe new solutionaccording
to the SA acceptanceriterion[16]
if the bestsolutionsofaris reached
Sgegr IS setto Syew
Cgesr Is setto Cnew
until thenumberof solutionsequalgthe solutionsequencéength
decreas¢he controlparameteralue
until thesystemis frozen
return {Sgesr,Ceesr }

}

Figure 3: Proposedimulatedannealing-basedesignspaceexplorationfor simultaneougest
vectorordering,scanlatchorderingandprimaryinput freezing
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