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Abstract
In this paperwe proposea new compressionalgorithm

gearedto reducethetimeneededto testscan-baseddesigns.
Our schemecompressesthetestvectorsetby encodingthe
bits that needto be flippedin the current testdataslice in
order to obtain themutatedsubsequenttestdataslice. Ex-
ploitation of the overlap in the encodeddata by effective
traversal search algorithmsresultsin drasticoverall com-
pression.Thetechniquewe proposecan be utilized asnot
only a stand-alonetechniquebut also can be utilized on
testdataalreadycompressed,extractingevenfurther com-
pression.Theperformanceof the algorithm is mathemati-
cally analyzedand its meritsexperimentallyconfirmedon
thelarger examplesof theISCAS’89benchmarkcircuits.

1 Introduction
As VLSI technologymoves to nanometertechnology,

fabricationfacilitieshavebeenableto crammorelogic into
digital devicesthaneverbefore.At thesametime,designers
havebeenutilizing advancementsin fabricationtechnology
to achievehigherlevelsof unprecedentedintegrationof dig-
ital circuits. Theability to manufacturewith suchhigh in-
tegrationhasalsoresultedin increasedtestvolume.Thein-
creasedtestvolumenecessitatesa testtime increasewhich
hindersvolumemanufacturingin a demandingmarket.

The problemof test time hasbeenexacerbatedby the
needto test multiple coresin System-on-Chip(SoC) de-
signs. The increasingnumberof cores,eachwith its own
testdata,haveresultedin adramaticincreasein theamounts
of storagein theAutomaticTestEquipment(ATE),well ex-
ceedingGigabit levels. TheATE not only hasto storesuch
amountsof databut alsoneedsto supplythemto the chip
in rapidsuccessionin orderto shortentesttime. Thesede-
mandshave resultedin dramaticincreasesin currentATE
prices.An ATE, at over $3.5million a piecefor a 512pin,

400-MHz version,constitutesa striking componentof test
costs.

The aforementionedfactorshave resultedin active re-
searchtowardsimproving test costs. Thereare two main
themesthatcouldbefollowedin orderto reducetestcosts.
The first approach,that of incorporatingBIST to the SoC,
attemptsto reducetheinvestmentin theATE anddecreases
test time as well. Yet frequentlypseudorandomresistant
faultslimit the fault coverageattainableby BIST andcon-
sequentlyits applicability. Thesecondapproach,thatof an
on-chipdecompressioncoupledwith compressingtestdata
at theATE, attemptsto reducememoryrequirementsandto
alleviatetiming constraintson theATE.

In orderto beableto compressthetestdata,researchers
have suggestedvarious compressiontechniquescoupled
with building on-chip decompressioncircuits to decom-
pressthetestdatastreaminto testslicesto be injectedinto
the scanchains[9], [1], [7], [3], [8]. The overridinggoals
in the designof compressiontechniquesarecomprisedof
a superiorcompressionratio andminimal hardwareover-
head.Theseoftenconflictinggoalsarebothsimultaneously
achieved in the techniquewe hereinproposethroughcost
effectiveencodingsof theflips in thetestdata.

In the proposedapproach,the test datastreamis used
to indicatewhich bits needto beflipped in thecurrenttest
slice to obtainthesubsequentone. In orderto decompress
the testdatastream,a decompressionhardwareconsisting
of a decoderwith its inputsforming a shift registeris con-
structed.Throughtheuseof a decoderanda shift register,
weareableto specifywhichbitsneedto beflippedin order
to obtainthenext mutatedtestslice.

In orderto obtainoptimalcompressionratios,weexplore
the problemof finding the minimal numberof bits needed
to traversea combinationof statesin thestatetransitiondi-
agramof the decompressioncircuit shift register. We also
develop the mathematicalmeansto analyzethe statetran-
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sition diagramandobtaina priori the possibleachievable
compressionratios. The mathematicalanalysisis backed
up by an extensive setof experimentalresultson practical
benchmarkcircuits.

Theflexibility of theproposedapproachallows its appli-
cability asa stand-alonetechniqueor asan extra layer of
compressionon top of existing techniques.Thesuccessful
applicationof theproposedapproachis attributedto thecor-
relationof thetestslicesin practicalcircuitswhichdecrease
thenumberof changesbetweenconsecutivetestslices.

Thepaperorganizationis asfollows. Section2 provides
a brief overview of thestate-of-the-arttestingcompression
techniques.Section3 illustratesour approachfor compres-
sion of test data through the useof decoders. Section4
analyzesthe compressionratio that could be achieved us-
ing ourmethodology. Section5 discusseshow to overcome
synchronizationproblems. Experimentalresultsaregiven
in section6, while Section7 briefly summarizesthecontri-
butionsof thepaper.

2 Previous Work
In responseto the increasingtestingtime of digital cir-

cuits,researchershave suggesteda varietyof techniquesto
compressthe test data [9], [1], [7], [3], [8]. One of the
suggestedtechniquesutilizesHuffmanencoding[7] to com-
pressthemostfrequentlyoccurringpatterns.Thepatternsto
becompressedareselectedsoasto minimizetheareaover-
headby theon-chipdecompressionnetwork. Thetechnique
deliversacceptablecompressionratiosbut suffersfrom syn-
chronizationproblems,sincethebit-outputfromthedecom-
pressionnetwork hasto be injectedinto the scan-chainat
a rate fasterthan the incoming testdatain order to avoid
buffer overruns.

LFSRshave beenutilized in the work of [9] and[1] to
build the requireddecompressionnetwork. The proposed
ideain [9] is to reducethescanchainlengthvisible to the
testerto well below theactualscanchainlengthby dividing
the original scanchaininto a numberof scanchains. The
testdatastreamis usedto initialize theseedsof all but one
of the LFSR generators.After the LFSRsare initialized,
they arerun in autonomousmodeto fill thescancellsof all
but oneof thescanchains.Theinputtestdatastreamis used
to initialize theremainingscanchain.

Runlengthencodinghasbeenproposedin [8] to reduce
thetestvolume.In thiswork, theauthorssuggestcompress-
ing thedifferencevectorsinsteadof thetestvectorsin order
to obtainlongerrunsof 0sandthusachieving highercom-
pression.Golombcodinghasbeenutilized in the work of
[3] to producethenecessarytestdatacompressionfor em-
beddedcoresin SoCs. In this work, the authorshave pro-
posedtheuseof variable-to-variable-lengthGolombcodes
andinterleavedcoretestingto achieveeffectiveresults.

A novel compressiontechniquehasbeenproposed[1]
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Figure 1. Hardware organization of the pro-
posed decompression technique

for reducingthenumberof scanchainsvisible to thetester
by building a decompressionnetwork basedon LFSR se-
quences.In this schemea testdatavectoris usedasa seed
to thedecompressionnetwork to producea testbit for each
scanchain.ThedecompressionXOR-basednetwork is con-
structedin a sucha way so asto reducethe linear depen-
denciesbetweenthe seedbits, enablingsuperiorencoding
of the testdatavectors. The experimentalresultsdemon-
strateconsiderablecompressionover themethodsuggested
by [9], but at the costof extra hardwareoverheadfor the
decompressionnetwork.

3 Compression using decoders
In this work we proposethe useof decodersto indicate

which bits needto beflippedin thecurrenttestsliceto ob-
tain the subsequentone. In our approachthe test datais
usedto indicatewhich bits needto be flipped in the out-
put registerof the decompressionnetwork, ratherthandi-
rectly loadingthescanchainwith the testdata.Underthis
schemethetechniquecanbeusedasastand-alonecompres-
sionschemeor asanaugmentationto existing compression
techniqueswith asmallhardwareoverhead,asmalldecoder
for mostpracticalcases.

The hardware decompressioncircuit consistsof a de-
coderthat receivesits inputsfrom a shift register, the De-
coderShift Register (DSR), anddelivers its outputsto an
output register, the DecoderOutput Register (DOR). The
hardwareorganizationof suchaschemeis illustratedin Fig-
ure1. As illustratedin thefigure, the DSR receivesits in-
putsfrom thetestdatainputstream,andacontrolsignalen-
ablestheflipping of theDOR bits. After loadingtheDSR
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Figure 2. State Transition Diagram of the DSR

with the positionof the DOR bit to be flipped, the control
signalis enabledto flip therequiredDOR bit. Theprocess
is repeateduntil all therequiredDOR bits areflipped. The
DOR result is then loadedinto the scancells by enabling
theclock.

The proposedschemeoperatesby loadingthe DSR in-
put with the binary representationof the bit positionsto
be flipped in the DOR. Typically, multiple positionswill
needto be flipped in order to attain the next mutatedtest
slice; however, no order in the mannerin which thesein-
dicesare loadedin the DSR is preordained.The number
of bits neededto beshiftedinto theDSRto encodethe in-
dicesof thebits to beflippeddependson theorderin which
theseindicesareloaded.In orderto calculatetheminimum
numberof bits, we constructthe StateTransitionDiagram
(STD) of theDSR.TheSTD consistsof 2d stateswhered
is thelengthof theDSR.Any statehasexactly two possible
next states,correspondingto shifting right andinsertingthe
bit “0” or “1”. 1 This STD is referredto commonlyin the
relevant literatureastheDeBruijn diagram[5]. Construct-
ing theSTD enablesthecalculationof theminimal number
of bits neededto traversefrom onestateto the other. The
minimal numberof bits neededto go from onestateto the
other is storedin a distancematrix with eachentry indi-
catingthe minimum numberof shifts neededto reachthe
columnstatefrom therow state.

Using the distancematrix, the problemof finding the
minimum numberof bits is transformedto calculatingthe
tour that hasthe leasttotal numberof bits. For practical
DSRsizes,this numberof bits canbecalculatedoptimally

1An analogousschemecanbeexploredthatreliesonleft shifting. How-
ever, in theaveragecase,bothschemesshouldproduceidenticalresults.

0 1 2 3 4 5 6 7

0 0 3 2 3 1 3 2 3
1 1 0 2 3 1 3 2 3
2 2 1 0 3 2 1 2 3
3 2 1 2 0 2 1 2 3
4 3 2 1 2 0 2 1 2
5 3 2 1 2 3 0 1 2
6 3 2 3 1 3 2 0 1
7 3 2 3 1 3 2 3 0

Table 1. Distance matrix for state transition
diagram in Figure 2

by using a brute-forceenumerationalgorithm [4]. The
following exampleillustratestheuseof thedistancematrix
in thecomputationof theoptimaltour.

Example 1 Assumethe STD given in Figure 2 with the
correspondingdistancematrix in Table 1. In order to
calculate the optimal trip for visiting the states(2, 6),
assumingthat the initial stateis (4), we calculatethe total
distancefor thetrips (4, 2, 6) and(4, 6, 2). Consultingthe
distancematrix, we find that the trip (4, 2, 6) resultsin a
total distanceof 3, while (4, 6, 2) resultsin a distanceof 4.
Evidently, theoptimaltrip is (4, 2, 6).

In the previous example, the enumerationwas computa-
tionally feasible since there were only 2 statesto visit.
However, if the number of flipped bits is exceedingly
large that attainingtheir optimal orderof flipping is com-
putationally infeasible, a greedymethodcan be utilized
to computethe order of flipping. The greedy strategy
is basedon moving to the neareststatefrom the current
state.Startingfrom the initial state,this greedystrategy is
repeatedlyapplieduntil all the requiredstatesarevisited.
The following example illustrates an application of the
proposedcompressionapproach.

Example 2 Assumingwe have an 8-bit DOR feeding 8
scanchains,we would requirea 3x8 decoder. The state
transitiondiagramof the 3-bit shift register acting as the
decoderinput is illustrated in Figure 2. The minimal
numberof shift bits neededto transition from one state
to the other is given by the distancematrix in Table 1.
Assumethat the initial stateof the shift register is “100”
andthat we would like to flip bits 2 and6. Using a brute
force enumerationalgorithmto calculatethe optimumtrip
yields the sequence4 � 2 � 5 � 6 with the control signal
for flipping the LFSR enabledfor all statesexcept state
5. In this casethe datashifted in would be “011”. This
constitutesa reductionof 62.5%in time comparedto the
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0 1 x

0 0 NULL 0
1 NULL 1 1
x 0 1 x

Table 2. Semantics of the inter section opera-
tor

original8 shiftsbits. 2

An interestingspecialcaseof ourapproachoccursin the
caseof compressingincompletelyspecifiedslices. In this
case,the don’t care valuesare initialized to minimize the
numberof flips betweentwo consecutive slices. However,
this doesnot result in the minimal numberof shift bits,
since it is possible to flip positions correspondingto
intermediatestateswhile traversingfrom an initial stateto
a final state.This flipping is usedto specifya binaryvalue
for adon’t carepositionin anticipationfor a futurechange.
This anticipationsaves a shift bit or possibly more later
on. Thisspecialcaseis illustratedin thefollowing example.

Example 3 Assumethat we aregiven the following three
test slices to compress“11100110”, “x0xxx0xx” and
“0x0xxxxx”, where the leftmost bit (bit 7) is the most
significantbit. A straightforward don’t careinitialization
yields the following test slices“11100110”, “10100010”,
“00000010”.Example2 hasshown that thetrip (4, 2, 5, 6)
is theoptimaloneto mutatetestslice1 into 2. In example
2, we haddisabledtheflipping of bit number5, but in this
examplethis is not a goodchoicesincethis flipping canbe
achievedat no extra costandat the sametime saves2 bits
in mutatingtestslice“10100010”to “00000010”.

Thepotentialof theproposedcompressionapproachis that
it couldbealsousedto furtheraugmentmostcurrentlypro-
posedcompressionapproaches.In theworstcase,wewould
needto tourall theSTDstatesto flip all thebits. Thiswould
require2d bits which is equivalent to directly loading the
existingdecompressionnetworkswith thecompresseddata.
However, in thecommoncasethenumberof bits thatneed
to be flipped is apparentlylow. Fromthis perspective, our
approachis ableto achieve largecompressionratiosasan-
alyzedin thenext section.

4 Compression Ratio Analysis
In this sectionwe derive therelationbetweenthelength

of theDORcorrespondingto thenumberof scanchainsand

2Thoughthecontrolsignalconstitutesanadditionalincreasein thetest
volume,this is not of muchrelevancein our casesincewe focuson test
timereductionandthecontrolsignalis shiftedin parallelto thetestdata.

i j ci
j New

ReachableStates
000 0 000 1

1 x00 1
2 xx0 2
3 xxx 4

001 0 001 1
1 x00 2
2 xx0 2
3 xxx 3

Table 3. New reachable states calculation

themaximumcompressionratio σ thatcanbeachievedus-
ing the proposedapproach.Assumingν vectorsof n bits
to becompressed,with theaveragenumberof changedbits
in two consecutivevectorsdenotedby s, wecalculateη, the
averagenumberof inputbitsneededto invertschangedbits
in a DORof lengthn.

Let d ��� log2n� representthenumberof bits neededby
the decoderto specifyan inversionon any of the n bits of
the DOR, andlet the numberof bits shifted into the DSR
be denotedby j wheres � 1 � j � 2d � 1. These j bits
shallbeusedto flip therequiredspositions.

Let’s assumethattheinitial statein theDSRregisteris i
andthatci

j denotesthecubethat resultsfrom shifting right
by j-bits thebinarypatternof i. Usingk shift bits, thecube
ci

k is ableto reach2k states;however, someof thesestates
couldhave beenvisitedby j � k bits. In orderto calculate
the exact numberof new statesthat could be visited using
k bits, we take the intersection,accordingto thesemantics
definedin Table2, of ci

k with all thecubesci
j where j � k.

A NULL intersectionin Table2 indicatesno commoncube
betweenthe two cubesbeingintersected.We demonstrate
the operationof the intersectionoperatorby the following
examplefor thesimplecasewheres � 1.

Example 4 Let n � 8 asin Example2 ands � 1. In orderto
calculatetheaveragenumberof bitsneededin transitioning
from onestateto theother, we calculatethenumberof the
new statesthatcanbereachedusing j bitswhere0 � j � 7.
Assumingthat the initial stateis “001”, we canconstruct
the numberof new reachablestatesusing j bits by means
of the intersectionoperator. The correspondingresultsare
given in Table3. In orderto calculatethe averagenumber
of bits η whens � 1, werepeatthepreviouscalculationfor
eachinitial stateandaveragethe total numberof bits. The
variousvaluesof η for eachinitial statearegivenin Table4.

The previous example illustratesan important key point.
The numberof shift bits neededto reachs statesfrom an
initial i is not only a function of the initial statebut also
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Figure 3. Overall hardware organization
scheme of the proposed appr oach

of the particularcombinationof the s statesto be visited.
For the generalcasewheres 	 1, thereare 
 ns� possibles
changedpositionsin theDOR.Theaveragenumberof bits
neededto visit theses positionscan be calculatedby the
following formula,

η � d 
 s��� 2d � 1

∑
i � 0

2d � 1

∑
j � s� 1

j � m� i 
 j 
 s�
2d � 
 2d

s �
(1)

where the function m� i 
 j 
 s� gives the numberof s-state
combinationsthatcouldbereachedfrom statei using j bits.
Table5 givestheaveragenumberof shift bitsneededto flip
s positionsfor practicalvaluesof n ands. In this table,we
have usedbrute force enumerationto calculatethe values
for thefunctionm. Theaveragenumberof shift bits in the
last 4 columnsof the last row areapproximatevaluescal-
culatedby averagingthe shift bits for the first 100,000s
combinations.

Using the datain Table5 andcalculatingthe compres-
sionratioasgivenby equation(2),

σ � n
η � n 
 s� (2)

wederivetheexpectedcompressionratiofor sometypically
encounteredvaluesof n ands in practicalcircuits. Thecal-
culatedresults,given in Table6, demonstratethat the ap-
proachis capableof achieving high compressionratiosfor
smallvaluesof s; theexperimentalresultsin Section6 con-
firm thismathematicalanalysis.

i 0 1 2 3 4 5 6 7
ηi 2.125 1.875 1.75 1.625 1.625 1.75 1.875 2.125

Table 4. Average number of shift bits in the
case of s � 1

s
n 1 2 3 4 5 6 7 8
4 1.13 1.92 2.50 3.00
8 1.84 3.13 4.14 4.95 5.62 6.17 6.63 7.00
16 2.66 4.55 6.09 7.36 8.49 9.51 10.43 11.26
32 2.53 6.15 8.31 10.19 11.71 12.39 13.63 15.37

Table 5. Average number of shift bits needed

5 Synchronization of the Test and the Enable
Signals

In this sectionwe devisea methodfor the synchroniza-
tion of theTestDataInput (TDI) andtheEnablesignal.To
avoid an extra pin for the Enablesignal,we configurethe
TestDataOutput(TDO) pin asa bidirectionalinput/output
pin. During the input mode,thepin is usedasa sourcefor
theEnabledata,andduringtheoutputmode,thepin is used
asameansto extractthesignaturefrom theMISR.

In a typical testenvironment,a largenumberof testpat-
ternsareappliedto thecircuit undertestin orderto achieve
the requiredfault coverage.After the conductionof these
tests,thesignatureis readyto beshiftedout from theMISR
throughthe TDO pin. During the test session,the TDO
pin is of no practicaluseandcanbeconfiguredasthe En-
ablepin. In orderto configurethemodeof operationof the
TDO/Enablepin, a simplecontrolcircuitry is devised. Ini-
tially, the control circuit configuresthe TDO/Enableasan
Enablepin, andtheEnablesignalis shiftedin parallelwith
thetestdata.After therequiredDORbitsareflippedandthe
mutatedtestsliceis attained,theclock is enabledto capture
theDOR into thescancells. This processis repeateduntil
all thescancellsareloadedwith therequiredtestpatterns.

After theapplicationof all therequiredtestpatterns,the
TDO/Enablepin shouldremainidle for a numberof clock
cyclesequalto thewidth of theDSRof thedecompression
network; this idle period indicatesthat thereare no more
bits to be flipped andsignalsthat the testsessionis com-
pleted.Upondetectingthis, thecontrolcircuitry configures
the TDO/Enablepin asTDO andstartsshifting the MISR
outputfor a numberof cyclesasdictatedby the lengthof

s
n d 0 1 2 3
4 2 4 3.54 2.08 1.60
8 3 8 4.35 2.56 1.93
16 4 16 6.02 3.52 2.63
32 5 32 12.64 5.2 3.85

Table 6. Achieved compression ratio
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the MISR. The hardwareorganizationof sucha schemeis
illustratedin Figure3.

6 Experimental Results
After calculatingtheexpectedcompressionratio in sec-

tion 4, we now experimentallyevaluatethe achievedcom-
pressionratio for the larger circuits of the ISCAS’89 [2]
benchmarks.For all thegivenexperiments,it is requiredto
calculatetheoptimalnumberof shift bits neededto flip the
requiredpositions.To achieve sucha goal,we usea brute
forceenumerationalgorithm[4] to pick thebesttour, unless
thenumberof bits to beflippedexceeds10, in which case
thegreedystrategy previously discussedis usedto tour the
requiredstates.Thegreedystrategy applicationmayresult
in a slight reductionin compressioncomparedto the one
derivedin theSection4.

In thefirst seriesof experimentswe setup our compres-
siontechniqueastheonly compressionhardware.Thepur-
poseof this experimentis to assessthe compressionratio
thatcouldbeattainedby our approachasa stand-alonede-
compressiontechnique.In this experiment,the scanchain
is dividedinto 4 smallerscanchains,with its inputsdriven
from the decompressionhardware. The inputs to the de-
compressionnetwork form theboundaryscanchaindriven
by theTestDataInput (TDI) input pin. Figure4 illustrates
the organizationof suchhardware. We compressthe test
vectorsgeneratedby MinTest[6], andcompareour results
to MinTest,Virtual ScanChains[9] andthe resultsof ap-
plying GolombCodingto MinTest[3]. Table7 presentsthe
experimentalresults. Columns1 and2 provide the circuit
nameand the numberof primary inputs (PI) respectively.
Columns3 and4 list thePatternCount(PC)andShift Clock
Cycles(SCC) [6] neededto transferthe testdatainto the
chip. Columns5 and6 list the PC andSCCin [9], while
columns7 and8 list theresultsof [3]. Our resultsarepre-
sentedin columns9 and10. Finally, column11 lists the

2x4 decoder

scan chain 1/4

TDI

Enable

M
IS

R
S

ig
na

tu
re

scan chain 2/4

scan chain 3/4

scan chain 4/4

DSR

Figure 4. The proposed appr oach as the sole
decompression hardware

achievedcompressionratiooverMinTest.
In a secondseriesof experiments,we compressincom-

pletelyspecifiedtestvectors.Thesevectorswereobtained
usingAtalanta[10] andfurthercompacted.Thesetestvec-
tors shouldprovide an ideal casefor our approachsince
unspecifiedbits in the testvectorsdramaticallyreducethe
numberof bits to beflippedfrom onetestsliceto theother.
However, as shouldbe expected,the numberof test vec-
tors in this caseshouldbe slightly higher thanthe caseof
completelyspecifiedvectors. In this experiment,we com-
pareour resultsagainstresultsof both[6] and[9] . A 4x16
decoderis usedto derive the inputsof thescanchains.Ta-
ble 8 givesthecompressionresults.Thecompressionratio
is calculatedfrom the valuesof SCCbeforeandafter the
compression.

In a third seriesof experiments,weaugmentexistingde-
compressiontechniqueswith our decompressionhardware.
We build our hardwareasanextra layerof compressionon
top of thetechniquein [1]. We assumethat theexisting in-
putsto thedecompressionhardwareform a boundaryscan
chain,andafteraddingourhardware,theDSRbecomesthe
boundaryscanchaindriven by the TDI pin. Table9 pro-
videsthecomparativecompressionresultsfor theproposed
approach.

From the experimentalresults,we concludethat com-
pressingincompletelyspecifiedvectorsattainsthe bestre-
sults. In orderto utilize this, thecoreprovider shouldpro-
vide thecompressedtestdatato thesystemintegrator, and
integrate the decompressionhardware to the core. This
wouldmakethecompressionschemetransparentto thesys-
temintegrator.

Theexperimentalresultshave clearlydemonstratedthat
our techniqueresultsin a decreasein the numberof bits
shifted throughthe TDI input, and thus reducesthe time
neededto testthechip. Furthermore,weareableto achieve
suchadecreasewith averysmalloverheadin hardware,i.e.,
2x4,4x16,5x32decodersfor theexperimentscitedabove.

7 Conclusions
As the complexity of chips keepson increasing,the

difficulty andamountof testingdataneededfor suchchips
keep on escalating. In this paper, we have proposeda
new compressionalgorithmfor reducingtestdatavolume
and time. The proposedmethodencodesthe changesin
the testvectorsandutilizes decodersandshift registersto
provide the necessaryon-chip decompression.We have
proposedtheconstructionof thestatetransitiondiagramof
the shift register in orderto calculatethe minimal number
of shift bitsneededto flip therequiredbits in thetestslices.
We have also analyzedthe performanceof the proposed
technique,andproved that its usewould be advantageous
both as a stand-alonetechniqueor as an augmentationto
currentcompressiontechniquesat thecostof anadditional
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Circuit PIs MinTest Virtual ScanChains GolombCoding ProposedApproach σ
PC SCC PC SCC PC SCC PC SCC

s38584 1464 110 161,040 343 101,185 110 104,111 110 73,464 2.19
s38417 1664 68 113,152 547 154,254 68 92,054 68 45,003 2.51
s35932 1763 12 21,156 NA NA 12 59,573 12 7,222 2.93
s15850 611 94 57,434 210 38,010 94 40,717 94 26,021 2.21
s13207 700 233 163,100 199 60,894 233 41,658 233 74,423 2.19

Table 7. Compressing the MinTest test vector s

Circuit PIs MinTest Virtual ScanChains ProposedApproach σ
PC SCC PC SCC PC SCCBefore SCCAfter

s38584 1464 110 161,040 343 101,185 220 322,080 47,886 6.11
s38417 1664 68 113,152 547 154,254 231 384,384 55,848 6.88
s35932 1763 12 21,156 NA NA 25 19,075 11,298 1.69
s15850 611 94 57,434 210 38,010 185 113,035 14,676 7.70
s13207 700 233 163,100 199 60,894 274 191,800 16,913 11.30

Table 8. Compressing incompletel y specified test vector s

Circuit PIs ChainConcealment ProposedApproach σ
PC SCC PC SCC

s38584 1464 203 38,976 186 22,636 1.72
s38417 1664 312 89,856 307 42,264 2.13
s35932 1763 33 7,128 29 3,972 1.79
s15850 611 178 22,784 176 10,798 2.11
s13207 700 264 25,344 259 15,783 1.61

Table 9. Results of proposed appr oach augmenting [1] on ISCAS’89 benc hmarks

smallamountof hardware.We have furthermoreillustrated
the effectivenessof the approachon the larger ISCAS-89
benchmarkcircuits. The resultsconfirm the mathematical
treatment.The low hardwareoverheadandthe high com-
pressionratiosattainedby theproposedapproachestablish
it asaneffectivetechniquefor testtime reduction.
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