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Abstract

This paper addresses the problem of compacting test re-
sponses in the presence of unknowns at the input of the
compactor by exploiting the capabilities of well-known er-
ror detection and correction codes. The technique, called
i-Compact, uses Saluja-Karpovsky Space Compactors, but
permits detection and location of errors in the presence of
unknown logic (X) values with help from the ATE. The ad-
vantages of i-Compact are: 1. Small number of output pins
from the compactorsfor a required error detection capabil-
ity; 2. Small tester memory for storing expected responses;
3. Flexibility of choosing several different combinations of
number of X values and number of bit errors for error de-
tection without altering the hardware compactor; 4. Same
hardware capable of identifying the line that produced an
error in presence of unknowns; 5. Use of non-proprietary
codes found in the literature of 1950s; and 6. Independent
of the circuit and the test generator.

1 Introduction

Full scanhasfound wide acceptancasa cost-efective
DesignFor Test (DFT) methodologyin circuits with mil-
lions or more gates. The scanchainis often broken up
into hundredsof smaller chainsto reducethe test time
through parallel loading and unloading of data. How-
ever, a large numberof parallel scanchainsimplies the
use of a large number of pins for scan-in and scan-
out operationsas well as a large numberof scanchan-
nels on testers. One DFT method—thelllinois Scan
Architecture[1999]—simultaneouslyaddresseghe prob-
lem of pins, testtime, and test datavolume. However,
the datacompactionsuggestedh lllinois Scanis the well-
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known multiple-inputshift register(MISR), which is most
suitablefor circuits that do not generatemary unknown
logic values(X’s). To getaroundthe problemof X's, mary
of the hardware-basedolutionsusemasksto block outthe
X’s, usetest point insertionto force X's to certain spe-
cific logic values,or readthe MISR out beforean X ar-
rivesandthenresetafterthe X is gone.Most of thesetech-
niguesrequirecircuit-specificandtest-vectorspecifichard-
ware modifications. Most recently Mitra and Kim [2002]
addressethis problemandgave anelegantsolution,called
X-Compact,to handleX’s with a compactorthat is inde-
pendentof the circuit andtestvectors. They gave a novel
coding techniqueto accountfor a limited numberof X's
in the input streamof a compactorwhile maintainingthe
desirederror detectioncapability In this paper we give
an alternatie solution to the sameproblem; our solution
doesnot requirethe creationof new codesandis alsoin-
dependenbf the circuit andthe testvectors. Our method,
i-Compact,requirescomparableestermemory but fewer
pins than X-Compact However, the biggestadvantageof
i-Compactis thatthe samecompactoicanbe usedfor vary-
ing degreesof error detectioncapabilityin the presencef
avaryingnumberof unknowns.

The first useof error codingin the contet of testre-
sponsecompactionwas proposecdby Benawitz [1975] and
his colleaguesOtherearly pioneersof compactiorby cod-
ing are Frohwerk[1977], who popularizedthe useof lin-
earfeedbaclshift registers(LFSRs)andKonemanrj1979],
who popularizedhe useof MISRs. All of thesetechniques
did compactionof testresponsef time andspace.Space
only compactionusing error codeswas first proposedby
Salujaand Karpovsky [1983]. In theseand mary other
compactiontechniquesthe problemof compactionin the
presencef unknavnswaslargely handledby ad-hoctech-
niguesof ignoring the unknowvns with masksprovided by
eitherthe testeror the storageon-chip. To the bestof our
knowledge,Mitra andKim werethefirst to provide a com-
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Figure 1. The i-Compact system model.

pactiontechniquethatdidn’t requirea maskbeforethe data
entershecompactor Their paperin ITC-2002givesan ex-
cellentbackgroundon mary othercompactiontechniques.
We follow their lead in exploring the problemof provid-
ing mask-freecompactionin the presenceof unknawns.
However, our work is primarily basedon Salujaand Kar-
povsky, thus we term our compactorsSaluja-Karp@sky
Compactors. We extend their technigueto accountfor a
variablenumberof unknovnsgoingin to a compactorand
to explore tradeofs betweentestermemory requirements
andtesttime.

Our work relies on the coding theory results of Ep-
stein[1958] for error detectionand correctionin the pres-
enceof erasures. An erasurein the testing contet is a
known bit-line thatcarriesan unknawn logic value. Unlike
abit-error, the locationof the offendingbit-line is known a
priori at the time of decoding.We shaw thatthe unknawvn
logic valuescominginto a spacecompactorcanbe treated
identicallyto theclassicalkerasuralefinitionwith additional
supportfrom atester

In thenext sectionwe shav how ary linearbinary code
canbeusedto constructacompactor Thefollowing section
illustratesour hardwareimplementatiorwith an example.
Finally, we discusssomepracticalissuesnvolving testers.

2 Preiminaries

For the purposef this paper we consideronly binary
linearcodes A binarycode(n, k) is asetof 2¥ codewords
of lengthn bits. Generally a binary linear codeis repre-
sentedoy anm x n checkmatrix H (m = n — k), andthe
relation HD = 0 definesthe valid codewords (the code
word D is ann x 1 vector).For codeswith reasonablerror
controlcapabilitiesyn is a smallfactortimeslog, n.

Considerthe test systemdiagramin Figure 1, which
illustratesthe i-Compactapproachin the absenceof un-
knowns. As shavn by Salujaand Karpovsky [1983], in
the context of test compaction,ary n-bit dataword D
canbe enteredinto the compactor;the compactorapplies
the code matrix H to the dataword to producea check
word C = H D of m bits thatsenesasthe compactedest

response.The expectedtestresponseand checkword (as
producedby a logic simulator)are unprimedin the figure
(andtext), while the actualtestresponseand checkword
(asproducedby a chip undertest)are primed. The actual
responsenay containerrors,which areincludedby adding
(XOR’ing) anerrorterm E to the expectedresponseD, as
shavn in thefigure.
Theorem 1 (Saluja-Karpovsky) If a codeusedfor com-
pactionprovidesa Hammingdistanceof d betweenvalid
codewords,nodistincttestresponsesloserthandistancel
canproducethe samecheckwords.
Proof: A proof by contradictionis straightforvard. Let D
and D’ be separatedy a Hammingdistancesmallerthan
d but have the samecheckword C. As the codeis linear,
H(D+D')=C+C =0,implyingthatD + D' = E'is
avalid codeword with a Hammingdistanceof lessthand
from the codeword of all 0s, contradictingthe assumption
thattheoriginal codeprovidesdistanced.
Using a checkmatrix H with Hammingdistanced as

a compactor all distance-basedoding theory resultsare
directly applicable. The differencesbetweensuch appli-
cationsandthe useof i-Compactariseprimarily from the
factthati-Compactprovidesthe AutomaticTestEquipment
(ATE) with only the compactedorm of the actualchip re-
sponsdo atest;theresponséselfis notavailable.Informa-
tion suchasthe bit positionsof unknovns (erasuresjmust
thusbestoredexplicitly onthe ATE. Considetthefollowing
theoremanalogoudo thatof classicalkcodingtheory
Theorem 2 An i-Compactcompactomatrix with distance
d cando ary oneof thefollowing:

(1) detectupto d — 1 single-biterrors,

(2) detectup to e errorsin the presenceof up to = un-

knowns,wheree + = < d, or
(3) correctup to ¢ errorsandidentify up to 2 unknowns,
where2t + x < d.

Proof: Part(1) simply restates’heoreml. For theremain-
der of the proof, we usethe notationof Figurel, andwrite
A(D, D) for theHammingdistancebetweenD and D’.

For part(2), considerthe setS of correcttestresponses

generatedby replacingtheunknavnsin D with all possible



combinationf Osandls. Let R bethesetof all possible
testresponsesin this case,the setgeneratedy injecting
all membersf S with arbitrarycombinationof upto e er-
rors. To prove part(2), it sufficesto showv thatno response
in S hasthe samecheckword as a testresponsewith er
rors(in R\ S), allowing error detectionthroughcompatri-
sonwith the checkwordsof all correcttestresponsesLet
X € S beanarbitrary correcttestresponseand assume
that D’ € R\ S containsat leastoneerror. Let P € S
be the correcttestresponsdormed by correctingthe bits
of D’. As D’ canhave no morethane errors,we have
A(P,D’) < e. Similarly, asary two correctresponses
differ only in the valuesassignedo the unknawn bits in
D, we have A(X,P) < z. By the triangle inequality
A(X, D) < AX,P)+ A(P,D") < z+e < d. We
thenapply Theorem1l to seethat the checkwordsfor D’
and X cannotbethe same completingthe proof, sincethe
choicesof D’ and X werearbitrary As is the casewith
classicalcodingtheory the checkwords of two responses
with errorsarenot necessarilynique,andthevaluesof the
unknavnscannotbedeterminedinlesghenumberof errors
is furtherrestricted asin part(3).

To prove part(3), we take anapproactanalogougo that
usedfor part(2). ThesetS is definedin the samemanner
asbefore,andthe set R in ananalogousnanner(with the
numberof bitsin errorlimited to t). Obsenethatit suffices
to shav thatnotwo responsem R producethe samecheck
words, allowing error correctionand uniqueidentification
of unknowvn values.Let D] € R and D} € R betwo arbi-
trary possibleresponsesvith up to ¢ errorsin each,andlet
P, € SandP, € S bethe correcttestresponse$ormed
by correctingthe errorsin D} and D), respectiely. We
applythetriangleinequalitytwice to obtain A(D}, D}) <
Theorem1 thus guaranteeshat the check words for D
and D}, areunique,allowing the ATE to matchtheobsened
checkword andto identify boththe obsenedvaluesof un-
knownsandthebitsin errorin the obsenedresponse)’.

Considerfor a momentthe natureof the comparatotin
the ATE in Figure 1. In the absenceof unknavnsin the
expectedresponsethis comparatosimply matchegshe pre-
calculatedexpectedcheckword storedin memoryagainst
the actualcheckword received from the circuit undertest.
When somenumberof unknowns are presentin the ex-
pectedresponsethe unknovn valuescantake eitherlogic
value (0 or 1) in the actualresponsetequiringthat several
possibleresultsbe considered. Towardsthis end, the two
checkwords are bitwise XOR’d to producean error syn-
drome. If we restrictthe actualresponse)’ to a Hamming
distanceof d from the expectedresponsethis syndrome
senesasthe startingpoint for mostof the errorcontrolap-
plicationssuggestedy Theorem2. The theoremprovides
only boundson the capabilityof a code,however. Thereis

no guaranteehatcost-efective practicalerror controltech-
niquesexist for compactiorwith anarbitrary codeof min-
imum distanced. We discussthe difficulty and practical
tradeofs of makinguseof the syndromdaterin the paper
afterproviding afew examples.

3 Examples

We now explorethe error control capabilitiesof Saluja-
Karpovsky compactorghrougha seriesof examples. We
usethecheckmatrix for the (7,4) HammingCodeextended
to the (8,4) SEC-DEDcodeby addinga parity bit over all
databits, givenby

1 0 000 1 1 1
01 0 0 1 0 11
H= 001 01 101
11111111
Denote the expected test response D by

didadsdydsdedrds, and the expected check word C
by c1cacseq. Thefollowing equationspecifyC:

cr = di®de Ddr Ddg
2 = do®ds Ddr Ddg
3 = ds®dsDde®dg
ca = diDdeDdzDdysDdsDde®dr ©ds

These bits are pre-computedand stored in ATE mem-
ory. The sameencoderis usedto compactthe actual
testresponseD’ on-chip, and only the actualcheckword
C' = HD' is deliveredto the ATE. The code usedis a
distance-4code,soit cancorrectupto = < 3 erasurespr
detectupto e errorsin the presencef uptoz < 3 — e era-
suresor correctoneerrorandoneerasure We demonstrate
thesecapabilitiesin thefollowing threeexamples.

3.1 Threeunknownsand noerrors

Let D = X;X5X301101 and D’ = 01101101. The
actualcheckwordis thenC’ = HD' = 0101. Keepingthe
symbolicnamedor X's, we find C' in termsof the X;. We
XOR C with €’ to find the error syndromewhich we then
equateo 0 andsolve for the X;. Theequationsn this case
are:
= Xl
-5
- X

X190 X2 @ X3

o O O O

The solutiongivesthe uniquevalues: X; = 0, X, =1,
and X3 = 1, but notethat someerrorscannotbe detected.
For example,changingd; to 0 doesnot preventthe equa-
tions from being solved. In general,for large codesand
large numberof erasurespneneedsto solve a setof linear
equationsasoriginally suggestedby Epstein[1958]. How-
ever, in our situation,the numberof X's is small andthe



codedistancds small. Sowe canuseeithertrial-and-error
or useanexhaustie searchor a solution,by trying all pos-
sible binary combinationsof X's. In the above case,for
example, we can generateall eight possiblecheckwords
C' and pick the combinationthat matchesC’. Other ap-
proachesre possible tradingtestermemoryfor testtime,
aswe discusdater.

3.2 Two unknownsand oneerror

Whenonly two inputsareunknown, thesamedistance-4
codecandetectary singleerror Let D = 001X;01X50
and D’ = 00101110. The actual check word is then
C' = HD' = 0010. Computingall possiblevaluesfor
C by setting X; X> = 00,01, 10, 11, we find respectiely
C = 1000, 0101, 1001, 0100. As noneof thesematches
C’, we declareanerror.

3.3 Oneerror and one unknown

The samecodecanbe usedto identify a singleerrorin
thetestresponsén the presencef anunknown. Suchaca-
pability is usefulin failure analysisanddiagnosisof chips.

Let D = 0100100X; andD’ = 01011001. Theactual
checkwordis thenC’ = HD’ = 1100. Possiblevaluesfor
C'includeonly 0010 and1101, giving C+C’ = 1110 when
X; =0andC+C’" = 0001 whenX; = 1. Only thesecond
matchesa columnof H, andthe columnmatcheds that of
bit position4, indicatingthat X; = 1 andd, wasobsened
in error. Sincethe diagnosisis usuallya slow processpff
of themaintestfloor, storageandcomputationatomplexity
for errorcorrectionareusuallynot a seriousconcern.

4 Space-Time Tradeoffs

Theerroranalysisin the previous sectiondllustratesthe
capabilitiesof Saluja-Karp@sky compactorshut doesnot
provide ary insightasto apracticalimplementationIn this
sectionwe discusghreeapproachethroughwhich onecan
tradebetweenspacein the form of ATE memoryandtime
in theform of additionalcomputatiorto handleunknowns.

The first approachs the simplestandfavors the useof
additionalATE memoryin exchangeor fastandsimpleop-
erations. When an expectedtest responsecontainsz un-
knowns, this approachsimply storesall 2% checkwords,
allowing the ATE to comparethemoneby oneagainstthe
actualtestcheckword andto avoid any complexity.

The secondapproachreducegshe memoryrequirements
on the ATE by requiringthe ATE to producelinear com-
binationsof checkwords. We produceonly = + 1 check
wordsfor anexpectedestresponseontainingz unknowns:
onein which all unknown bits aresetto zero,anda com-
pactormatrix columnh for eachunknawn in the expected
testresponse.Checkwordsfor comparisonare then sim-
ply sumsof the checkwords provided. As an example,
with three unknowns, the checkwords Cyog, hoo1, ho1o,

andhgg arewritteninto the ATE memory Theremaining
checkwords—correspondintp all non-zerocombinations
for unknovns—arethen calculatedby the ATE for com-

parisonwith the actualtestcheckword usingthefollowing

equations:

Coor = Cooo @ hoo1

Coio = Cooo @ ho1o

Coir = Cooo @ ho1o D hoot

Cio0 = Cooo @ hioo

Cio1 = Cooo @ hioo ® hoo1

Ciio = Cooo @ hioo D ho1o

Ci11 = Cooo @ h1oo @ ho1o D hoot

A third option replacesthe checkword basiswith the
positionsof the unknavn valueswithin the expectedtest
response.Eachposition requires[log, n| bits to specify
whichis fewer thanm if d is large. The compactomatrix
is also storedon the ATE, allowing the checkword basis
usedin the last approachto be looked up using the posi-
tions of the unknavns as columnindices. More complex
approache$asedon error correctioncapabilitiesare also
possible,but cannotin generalprovide significantreduc-
tionsin storage.

The tradeofs betweenthesethreeapproachesre com-
paredin Tablel. The memoryrequiredto storethe actual
testcheckwordsareincludedasseparatéermsin eachen-
try in the table; in practice,only thosecheckwords cor-
respondingo expectedresponsesvith unknovns needbe
stored.Note thatthe unknonvn anderror detectioncapabili-
tiesof eachof theapproacheareequialent:x + e < d.

5 Implementation of i-Compact

In this section,we presentthe overall organizationof
i-Compact including the encoder(compactor),the mem-
ory organizationon the ATE side,andthe basicoperations
necessaryo performerrordetection.Sincetheencodercost
mustbe smallin ary practicalapplicationof i-Compactwe
mentionhereonly two typesof codesamongmary. The
first is the distance-4HammingCode[1950] and the sec-
ond is the BCH codeby Boseand Ray-Chaudhur[1960]
and independentlyby Hocquenghampf distancefive or
highet More powerful codesare unlikely to be necessary
for mostchip testingapplications.A distance-4Hamming
codenotonly detectaupto threeerrors,but alsodetectsary
odd numberof errorsandseveralevennumbersof errorsas
well. Theerrorescapgrobabilityin thechiptestingcontext
is extremely small. The defectescapeprobability is even
smaller asa defectmay produceerror bits severaldifferent
timesin the testsessionandis unlikely to produceerror
patternghatall escapaletectionby the Hammingcode.So
it is unlikely thata userof i-Compactneedsa larger Ham-
ming distancecodesuchasa BCH code.We mentionthem



Table 1. ATE storage requirements for an n-to-m compactor using a distance d code, ¢ test cycles,
and z; unkno wns in test cycle i. The rightmost terms account for stora ge of actual responses.

bits stored bits stored computational
approach pertest persession compleity
[
chst;t(cjlz\?vacl)llr ds m2% +m my 2% 4+ ml word-by-word comparison
i=1
storebasisfor (25 +1) + 0y XZ: it calculate2®i — 1 linear
checkwords T m mem — Limmm combinationsn ATE
1=
storeindicesof 4 look up matrix columns then
unknovnsand | m + a;[logy n] +m | ml+ [logyn] Y i +mn +ml calculate2”: — 1 linear
compactomatrix i=1 combinationsn ATE asabove

only for thosewho needa guarante®f minimumdetection
of errorsgreaterthanthree.

The overall organizationof i-Compactappearedn Fig-
ure 1. Testresponsesre madeup of n bits, which are
compactednto m bits. With a distance-dHammingcode,
n < 2m~! _ 1, Implementationof the encoderas XOR
treesandits testabilityis coveredby Reddy SalujaandKar-
povsky [1985]. If the delaythroughXOR treeexceedshe
maximumallowabledelayfor a specifiedscan-outate,one
caneasilypipelinethe XOR treeto meetthe specifiedrate.

On the ATE side a suggestedlatastructurefor storing
the expectedresponsesre shavn as(m + 2)-bit memory
words.Eachword hasa 2-bit tagandanm-bit checkword,
with tagvaluesassignedhefollowing meanings:

00: (No X) One Expected response.

01: (OneX) Two Alternate Correct responses.

10: (Two X’s) Four Alternate Correct responses.

11: (Toomary X's) Ignore some hits of the response.

With the last entry above, the ATE ignoresthosebits
of the checkword affectedby the unknawns, eitherby us-
ing existing maskingtechnique®r by explicitly storingone
maskword andonecomparisorcheckword.

If we wereto usea distance-8CH code,we candetect
an error in the presenceof 4 unknowvns. Sucha scheme
requiresthe ATE to compareagainst2, 4, 8 or 16 possible
correctcheckwords. An arbitrary numberof thesecheck
words can be storedas a contiguouslist in memoryusing
2-bit tags,with list structureencodedn the tag as shavn
below.

Ox:  Null list (Ignore some bits of the response.)
10: Startlist
11: Endlist

6 HandlingMoreX’s

Supposave facea situationwherea particularchip pro-
ducesmorethantwo X’sonmary morescan-outyclesthat

we cannotignore. Or thatcertainfaultscannotbe detected
withoutproducingseveral X’ sattheoutputs.Do we needto
usemoreexpensie codes?Theshortansweris, not neces-
sarily. We cancontinueto useHammingdistance-4odeto
detecterrorsin presenc®f morethantwo unknovns. How-
ever, we cannofguarante¢hatwe alwaysdetectsucherrors.
We couldfor examplestore32 alternatecheckwordsin the
ATE for aresponsawith five X's. Let us take the exam-
ple of circuit with 500 scanoutputs. The Hammingcheck
word width m is 10, resultingin compactionby a factorof
50. Thereare 1024 possiblecheckwords. The probability
of arandomerror mappingin to the 32 storedresponsess
just32/1024 providing a 96.8%detectionprobability of an
errorin thepresencef five X's. We canimprovethis cover-
ageby usinglessefficientcompaction For example,wecan
usel2 insteadof 10 bits for the checkword width, which
still compactgesponsedy a factorgreaterthan40. With
a 12-bit checkword, we increasethe randomerror detec-
tion probabilityto (1- 32/4096)= 99.2%. Similarly, we can
store64 or 128 responseo handlesix or seven X's, with
a detectionprobabilitiesof 98.4%and96.8%,respectiely.
Thereis notmuchimpactonthe ATE memoryrequirement,
sincewe needto storemultiple responsesnly a few times
outof severalhundredthousandscancycles.
Anothermethodfor handlingmoreX’sis by finding the
relationbetweenvariousX’'s. Sayfor example,duringlogic
simulation of a testvector we find that a bus is produc-
ing unknonns but no otherlogic gateis producingary un-
knowns. If we do a logic simulationwith the X atthe bus
asa Booleanvariable,all outputswill now be0, 1, X or
X’. No matterhow mary fan-outsthe bus has,the output
containsonly onetrue unknonn from the point of view of
our decoder If we have two nodesin the circuits produc-
ing unknavns,we cancarrytwo logic symbolsX; and X,
throughlogic simulation. If thesetwo variablescorverge
at an AND gate, for example,we can declarethe output
X1 X5. However, to simplify thelogic simulationcode,one
canalsodeclarethe outputas X, atrue unknown. In either



case fewer true unknovnsreachthe outputswhenexpres-
sionsbasedn X; andX; arepropagatedLogic simulation
with mary unknownsis coveredby Carter Rosen,Smith
andPitchumani1989].

7 ATE Considerations

Mostof today's ATE architecturefiave adedicatedcon-
troller perpin. Eachpinis monitoredndependentlyf other
pins. During atestsessionan ATE cannotmake animme-
diatedecisionon seseralalternatepossibleresponsesA pin
monitorcanonly decideif theexpectedesponsésOor1,or
it canignoretheresponsegsin thecaseof anexpectedX. It
cannotfor example processacommandhatsaysthatboth
0000and111larecorrectresponsesMitra andKim'’s X-
Compact{2002], which requiresabouttwice asmary out-
put pins as i-Compact, has an advantageover i-Compact
methodin this regard.Eachbit from the X-Compactcanbe
independentlynonitored sincethe constructiorof thecode
guaranteeshatan error reachesomepin while otherpins
areignoring X's. In i-Compact,thereis no conceptof an
X reachingthe compactoroutputpins. Therefore,with i-
Compactthe ATE mustfirst collectthe responseandthen
analyzethemlater. For all testresponseshatdo not have
ary X’'s, thei-Compactapproactpermitspin-by-pincheck-
ing, andafailing responseanbedeclaredmmediately For
all otherresponseshe ATE mustrespondater However,
thisaspects notreally adisadwantageor goodchips,since
mosttest sessionsnvolve someprocessingafter the ATE
hascollectedthedata.In otherwords,adie undertestis not
instantlydeclared'go” immediatelyafterit haspassedhe
Booleantest. Therearea numberof parametricmeasure-
mentsthatareanalyzedater. In somedefect-basetesting,
for example,the die position with respectto the wafer is
partof the decision-makingprocessin this casethego/no
go decisionis postponeduntil after all dieson the wafer
have beentested.ln summarythe needsof i-Compactdata
processingrecompatiblewith moderntestpractices.

8 Concluding Remarks

We presented-Compact,a spacecompactionorganiza-
tion thatis effective in reducingsay500outputsby afactor
of 50, or 1,0000utputsby a factorof 90, while detecting
errorsin the presencef unknovns. The compactoitself is
basedn well-known codessuchasHammingor BCH.

We shaved that the erasure and error detection-
correctionpropertiesarepreseredin our ATE-baseccom-
pactor We did so by using Saluja-Karp@sky compactors
and classicalcoding theory to createi-Compact,a com-
pactorassistedby ATE. In the process,we also demon-
stratedthat an erasureis equivalentto an X in the testing
domainwith the appropriateassistancérom an ATE. We
alsoconsideredereralpossibleapproacheso tradeoff be-

tweentesttime and ATE memoryrequirements.The pro-
posedtechniquei-Compactis circuit and ATPG indepen-
dent.
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