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Abstract

Reducingtestdatasizeis oneof themajor challengesin
testingsystems-on-a-chip. This problemcan be solvedby
testcompactionand/or compressiontechniques.Having a
partially specifiedor relaxedtestsetincreasestheeffective-
nessof testcompactionandcompressiontechniques.In this
paper, weproposea novelandefficienttestrelaxationtech-
nique for combinationaland full-scan sequentialcircuits.
Theproposedtechniqueis faster than the brute-force test
relaxationmethodby several orders of magnitude. Theap-
plication of the techniquein improving the effectivenessof
testcompactionandcompressionis illustrated.

1. Intr oduction

RecentVLSI technologyenablesus to implementvery
largesystemscontainingmillions of transistorson a single
chip. The large volume of testdatathat hasto be stored
in the memoryof the tester, and transferredbetweenthe
testerandthechip is oneof themajorchallengesin testing
Systems-on-a-Chip(SOC)[13].

The problemof large teststoragerequirementhasbeen
solvedby two techniquesin theliterature,namelytestcom-
pactionandtestcompression.Thegoalof testcompaction
is to reduce(or compact)thenumberof testvectorsinto a
smallernumberthatachievesthesamefault coverage.Two
typesof test compactionexist, static compactionand dy-
namiccompaction.In staticcompaction,thenumberof test
vectorsis reducedafter they aregenerated,whereasin dy-
namiccompaction,thenumberof testvectorsis minimized
during the automatictest patterngeneration(ATPG) pro-
cess.Examplesof staticcompactiontechniquesincludere-
verseorderfaultsimulation[9], forcedpairmerging[7], and
redundantvectorelimination(RVE) [5]. Examplesof dy-
namiccompactiontechniquesincludeCOMPACTEST[6],
andbottleneckremoval [11]. Theobjectiveof testsetcom-
pressionis to reducethenumberof bitsneededto represent
the test set. For testdatacompression,it is essentialthat

thecompressionis lossless.Severaltestcompressiontech-
niqueshavebeenproposed[1] [2] [3].

Compactionand compressiontechniquescan achieve
betterresultsif the testset is composedof testcubes,i.e.,
if the testsetis partially specifiedor relaxed. In fact,most
compressiontechniquesin the literatureassumea relaxed
testset. Without the dynamiccompactionoption, ATPGs
generallygeneratefully specifiedtestsets.Theproblemof
testrelaxationhasnot beensolvedeffectively in the litera-
ture. It canbe definedasfollows. Givena combinational
circuit and a fully specifiedtest set, generate a partially
specifiedtest set that maintainsthe samefault coverage
whilemaximizingthenumberof unspecifiedbits. Oneobvi-
ousway to solve this problemis to usea brute-forcetech-
nique,whereevery bit of the testvectorsis testedwhether
changingit to an � reducesthe fault coverageor not. This
techniquehas a complexity of �����	��
 fault simulation
runs,where� is thewidth of onevector, and � is thenum-
ber of vectors. In eachfault simulationrun, only the de-
tectedfaultsby a particularvectoraresimulated.It should
benotedthatthis techniquedoesnotproduceanoptimalso-
lution asit follows a particularorder. Obviously, this tech-
niqueis impracticalfor largecircuits.

A partially specifiedtestsetcanalsobe obtainedusing
dynamicATPG compaction. In dynamiccompaction,ev-
erypartiallyspecifiedvectoris processedimmediatelyafter
its generationby trying to specifyprimary inputs(PIs) that
areunspecifiedso that it will detectadditionalnew faults.
Generally, in dynamic ATPG compaction,the remaining
unspecifiedassignmentson primary inputs are filled with
randomvalues.However, this featurecanbedisabledto ob-
tain a compactandrelaxedtestset.This way of generating
a relaxedtestsetslowsdown thetestgenerationprocess.In
addition, dynamicATPG compactioncannotbenefitfrom
randomtest patterngeneration,becausethis techniqueis
fault oriented. Furthermore,this techniquedoesnot solve
the problemof relaxingan alreadyexisting testset. Thus,
effectively, theonly existing solutionto theproblemof re-
laxinga giventestsetis thebrute-forcemethod.

In addition to improving the effectivenessof test com-
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Figure 1. Circuit of Example 1.

pactionandcompressiontechniques,testrelaxationcanalso
help in testpower reduction.Therelaxedbits canbespec-
ified in a way thatreducesthenumberof transitionsduring
scanandhencereducetestpowerdissipation[10].

In thispaper, weproposeanovel andefficient testrelax-
ation techniquefor combinationalandfull-scansequential
circuitsthatmaximizesthenumberof unspecifiedbitswhile
maintainingthesamefault coverageastheoneobtainedby
theoriginal testset. In brief words,thealgorithmdoesthe
following for everytestvector� of thetestset.First,it fault-
simulatesthecircuit underthetestvector � andgeneratesa
list of newly detectedfaults.Then,for everynewly detected
fault 
 , it marksall thelineswhosevaluesarerequiredfor 

to bedetected(i.e.,excitedandpropagatedto aprimaryout-
put). Obviously, theunmarkedinput linesarenot required
for fault detection,andthusthey arerelaxed. As compared
to thebrute-forcemethod,our techniqueis fasterby several
ordersof magnitude.

This paperis organizedasfollows. Section2 illustrates
our ideaby an example. Section3 formally describesour
testrelaxationalgorithm.Experimentalresultsaregivenin
section4. This sectionalsoshows theeffectivenessof our
techniquein improving test compactionand compression
techniques.Finally, thepaperendsby aconclusion.

2. An Illustrati veExample

In this section,we demonstrateour proposedtestrelax-
ationtechniqueby anexample.Thefollowing conventions
areassumed.To indicatethata line � is stuckatvalue � , we
usethe notation ����� . Thenotation ���������� is usedto in-
dicatethat thefault-freevalueof line � is � , andthefaulty
valueof line � is �� . Whenwesaythatline � is required,we
meanthatthevalueon line � is required.
Example 1: Considerthe circuit shown in Figure1. Sup-
posethatwe applythetestvector �������! "�$#%#&#%#&# . Un-
der this test, the faults ')(*�+# , '-,*�.# , '�/.�0/ , '�10�.# , ��2*�0/ ,
and ���0/ aredetected.Assumethatthenewly detectedfault
is only �3�4/ , i.e., otherfaultsareeitherpreviously detected
by an earlier test vector, or not part of the fault list. For
thefault �3�0/ to bedetected,it hasto beactivated(excited)

andpropagatedto theprimaryoutput ')( . Theassignment�5��# is requiredfor exciting the fault. The assignments')67�8# and '�/9�:# are requiredfor fault propagation.
The assignment')6;�<# canbe satisfiedby eitheroneof
the two assignments�=�<# , or �! 8�<#%# . If we choose
to satisfy ')6>�?# by the assignment�@�A# , thenthe as-
signment�! B�C#&# is no longernecessary, andthis implies
thatwe canrelax ���D to #%��� . Similarly, if we chooseto
satisfy ')6E�A# by the assignment�! F�A#%# , then ���! 
canberelaxedto �G#%# . This shows thata testvectorcanbe
relaxed in morethanoneway, andsomewaysmight have
morerelaxedbits thanothers.

The other requirementfor fault propagation,which is'�/H�I# , appearsto bealreadysatisfiedbecausewe already
have marked the assignment�J�@# asrequired,and this
assignmentproduces'�/C�K# . This resultsin an incor-
rect relaxationof the input � . To show this, assumethat
stem � is faulty, i.e., �8�L#*�0/ . In this case,if line � is
relaxed,thefault on thestemwill not propagateto theout-
put. It will bemaskedby the � valueon line � , producing
the value /��.� on the output ')( . The problemoccursbe-
causewejustifiedtherequirementon line '�/ from line �!/ ,
which is reachablefrom the fault on the stem � . Justify-
ing a requiredvaluefrom a reachableline guaranteesthat
the requiredvalueis satisfiedin the fault-freemachinebut
not in thefaulty machine.This problemcanbeavoidedby
justifying therequiredvaluefrom anunreachableline. This
guaranteesthatthevaluewill besatisfiedfor boththefault-
freeandthefaultymachines.For thisexample,therequired
valueon line '�/ hasto be satisfiedby marking line � as
required,resultingin the testvector �M�����D N�8/O#%#%��� ,
or �M�3���! <�L/P#%�Q#%# . This exampleshows thatwe need
to identify linesthatarereachablefrom faulty stemsbefore
justifying the requiredvalues. In Figure1, reachablelines
from stem � are �!/ , ��2 , '�1 , '-, , and ')( .

After this introductoryexample,we describeour tech-
niquein a formalway.

3. ProposedTechnique

Beforeexplainingtheproposedtechnique,let’s have the
following definitions.

Definition 1 A gate input is said to be sensitivein a test
vector � if complementingits valuechangesthevalueof the
gateoutputfrom � to �� where �DRESO#�TP/+U [8].

Definition 2 Let line � bean input of a gate ' . Theoutput
of line � is definedto betheoutputof G.

Definition 3 Let line � be an input of a gate ' . Theside
inputsof line � are definedto be the input linesof ' other
than � .



Algorithm 1 Main Algorithm
for every testvector � do

Fault simulatethecircuit underthetest �
for every newly detectedfault 
 do

BuildRequirementList(
 )
for every line � in V do

justify( � )
end for
Mark all linesasunreachable

end for
Outputrelaxedvector
Mark all Linesasnon-required

end for

Definition 4 Therequirementlist V of a givenfault is the
setof lineswhosevaluesare requiredto detect(i.e., excite
andpropagate)thatgivenfault.

Definition 5 A line � is said to bereachablefroma stemW
if thefault effectin stemW reachesline � .

Algorithm 1 showsanoutlineof theproposedtestrelax-
ationtechnique.For every testvector � , themainalgorithm
proceedsasfollows. It fault simulatesthecircuit to identify
newly detectedfaults.Then,for every newly detectedfault
 , it buildstherequirementlist V of 
 , andjustifiesthesere-
quirements.In what follows,we explain eachoneof these
tasks.

Algorithm 2 builds the requirementlist V for the fault
 . Assuming � is the faulty line, the algorithm works as
follows. It adds � to the requirementlist (fault activation).
After thewhile loop is over, � is eitheranoutputor a fanout
stem. In eithercase,the requirementfor propagating
 to� is storedin V . However, if � is an output, the algorithm
terminates,becausethe requirementsto detect 
 arecom-
pleted. This situationoccurswhen the propagationpath
of 
 doesnot containany fanoutstem. Otherwise,it calls
aneventdrivenprocedurefor markingreachablelinesfrom
thefanoutstem� , i.e., XZY*[+\4]�^�Y*_P`�Y4ab�c^OVedf�g^�W shown in Al-
gorithm 3. This procedurereturnsan output h in which
 propagatesto. The �jiQdk��l*]�^�m�iQdf[.^O�n^O�	�oVpdoWP� procedure
continuesby tracingthepropagationpathof 
 startingfrom
the output h . It addsall unreachableinputs in the propa-
gationpathof 
 to the requirementlist V (to ensurefault
propagation).

In the XZY*[+\4]�^�Y*_P`�Y4ab�c^OVedf�g^�W algorithm,onceanoutput
is reached,theloop is overandthatoutputwill bereturned.
Thefunction ]H^�Y0_q`QY4ab��^0���rT�s0
 in thealgorithmreturnstrue
if andonly if thefaulteffectin stems reachestheline � . The
following lemmasprovide the rules usedby the function]H^�Y0_q`QY4ab��^0���rT�s0
 .
Lemma 1 Let � be the outputof an AND, NAND, OR, or

Algorithm 2 BuildRequirementList(
 )
Let � betheline thathasthefault 

Add � to V
while � is not a fanoutstemnor aprimaryoutputdo

Add sideinputsof � to V�gt outputof �
endwhile
if � is aprimaryoutputthen

Return
end if
Let W��I�h)t MarkReachableLines(� )
Let  utwv
Add h to  
while  ?x�yv do

Let s beanelementin  
Remove s from  
for every input d of s do

if dzx�yW then
if d is reachablethen

Add d to  
else

Add d to V
end if

end if
end for

endwhile

NORgate. Then � is reachable from stem W iff oneof the
followingconditionsis satisfied:

1. Onlysensitiveinputsof � are reachablefromstemW .
2. Only the non-sensitiveinputs of � having controlling

valuearereachablefromstemW , andnoneof theother
gateinputshasan � value.

Lemma 2 Let � betheoutputof a 2-inputXOR/XNORgate.
Then � is reachablefromstemW iff only oneinput is reach-
able from stem W , and the other input doesnot havean �
value.

Algorithm 4 is the justificationalgorithmthat is usedin
the main algorithmto justify the requirements.Assuming
that line � is to be justified, the algorithmproceedsasfol-
lows. If � is a primary input (PI), thealgorithmmarksit as
requiredandreturns.If � is a single-input,XOR or XNOR
gate,all thevalueson � ’s inputshave to be justified. Simi-
larly, all thevalueson theinputsof � haveto bejustifiedif �
hasa non-controllingvalue(assuming0-inversion). How-
ever, if � hasacontrollingvalue,thenwe needto checkif it
hasanunreachableinput with a controllingvalue.If it has,
thenit is sufficient to justify the valueusingthat unreach-
ableinput. Otherwise,all the valueson the inputswill be



Algorithm 3 MarkReachableLines(� )
Let  {t8v
Let s3t:�
Add � to  
while  Ax�|v do

Let �}t elementin  with minimal level
remove � from  
if ]�^�Y*_P`�Y4ab�c^*�c�oTfs*
 then

if � is a primaryoutputthen
Mark � asreachablefrom s
Return�

elseif � is not a fanoutstemthen
Mark � asreachablefrom s
Add outputof � to  

else
for every fanoutbrancha of � do

Mark a asreachablefrom s
Add outputof a to  

end for
end if

end if
endwhile

justified. This situationoccurswhen � canonly bejustified
from areachableline.

Notethatin justifying a requiredcontrollingvalue,there
couldbeseveralunreachableinputswith controllingvalue.
In this case,priority is given to an input that is already
markedasrequired. Otherwise,costfunctionsareusedto
guidetheselection.Our objective from costfunctionsis to
justify therequiredvaluesby thesmallestnumberof assign-
mentson theprimary inputs. This will resultin increasing
thenumberof � ’sextractedfrom relaxingatestvector. Cost
functionsareusedto provide a relative measureon the se-
lectionthatreducesthenumberof requiredassignmentson
thePIs.

The well-known recursive controllability cost func-
tions[8] canbeusedfor this purposeasthey givea relative
measureof the numberof PI assignmentsrequiredto jus-
tify a requiredvalue.For every line � , wecomputetwo cost
functions ��~0���c
 and ���%����
 . For example,for anAND gate
whoseoutput is � andthat has d inputs, the cost functions
arecomputedas:

��~*���c
p�|������ ��~0��do

� � ���c
p�y� � � � ��do


Thecostis computedfor othergatesin a similar way. Ini-
tially, � ~ ���c
 and � � �c�c
 areassigneda valueof 1 for PIs. In
ourwork, wecall thesecostfunctionstheregularcostfunc-
tions. Regular cost functionsare accuratefor fanout-free

Algorithm 4 justify( � )
if if � is a PI then

mark � asrequired
elseif � is anoutputof aoneinput,XOR, or XNOR gate,
or � hasa non-controllingvaluethen

for every input s of � do
justify(s )

end for
elseif thereis anunreachableinput line s of � with con-
trolling valuethen

justify(s )
else

for every input s of � do
justify(s )

end for
end if
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Figure 2. Illustration of selection criteria.

circuits. However, when fanoutsexist, regular cost func-
tionsdonottakeadvantageof thefactthatastemcanjustify
severalrequiredvalues.

To take advantageof that, we proposenew cost func-
tions,calledthefanout-basedcostfunctions.Notethatthese
costfunctionsaredifferentfrom thefanout-basedcostfunc-
tions given in [8]. Thesefunctionsare computedfor an
AND gateasfollows. Let � be the outputof anAND gate
with � inputs. Let ���c�c� denotethe fanout(i.e., thenumber
of fanoutbranches)of line � . Then, the fanout-basedcost
functionsarecomputedas:

��� ���c�e�"�����Q� ��� ���k����c�c��z� �����e��� �
�z� ���k����c�c�

Theadvantageof theproposedfanout-basedcostfunctions
over theregularcostfunctionsgivenin [8] is illustratedby
thefollowing example.
Example 2: Considerthe circuit shown in Figure2. The
detectedfaultsunderthe shown test vectorare �)�0��� and� �.� . The value0 on �-� is required. Note that this value
can be justified either through �)� or ��  . If the regular
costfunctions,givenin [8], areusedthen

��� �c�)�&�¡�$¢ and
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Figure 3. Another illustration of selection cri-
teria.

�e~*��'�10
3�<2 . If '�1 is selectedthis will result in the two
requiredvalues A��# and £A��# andthe testvectorwill
be relaxed to �������! j£¤�¥/q���Q�Q#&# . If ')6 is selected,
thenthis may result in eitherof the following assignmentsSO�?��#�T¦�"�§#4U , SO�?�§#�T¦�=�§#4U , S����§#�T¦�=�§#4U , orS��y�I#4U . Accordingto thisselectioncriterion,any of these
choicesis possiblesincethey havethesamecost.However,
if thefanout-basedcriterionis used,then � ~ ��')6*
z�"/ and� ~ ��'�10
e�|2 , whichwill select')6 to justify thevalue.Now
in justifying '�/��C# , theassignment�u�|# will beselected
since��~0�c�)
e�{/��%2 while ��~0���3
p�u/ . Similarly, in justify-
ing therequirement'-23�I# , theassignment�{�y# will be
selectedfor thesamereason.Thus,thetestin thiscasewill
berelaxedto /P�Q#+�Q��� .

While thefanout-basedcostfunctionsprovidebetterse-
lection criteria than the regular cost functions in general,
therearesomecaseswherethis is not trueasillustratedby
thefollowing example.
Example3: Considerthecircuit shown in Figure3. Thede-
tectedfault undertheshown testvectoris ')¨0�0/ . To justify
therequiredvalueon ')¨ , we couldeitherselect'j©-�I# or'Z�I# . Usingthefanout-basedcostfunctions,� ~ ��'j©+
p�{/
and � ~ ��'-
9�ª/ . If 'j©Z�¤# is selected,then this will
result in two primary input assignments,namely �ª�N#
and  «�¬# . However, using the regular cost functions�e~*��'j©%
­�$2 and ��~*�c'-
­�B/ . Thus,theassignment'B�$#
will be selectedresultingin a morerelaxed vector. Thus,
in this exampleusingthe regular cost functionsleadsto a
bettersolution.

To take advantageof bothcostfunctions,we proposea
weightedsumcostfunction of the two costfunctions. Let� ~®� �c�c
M�c� �¯� ����
r
 denote� ~ ����
z�c� � ���c
¯
 basedon theregular
costfunctions,while � ~±° �c�c
­�c� �r° �c�c
r
 denote� ~ �c�c
­�c� � ���c
¯

basedon the fanout-basedcost functions. Then, the pro-
posedcostfunctionsareasfollows:

��~*���c
p�I�C²P��~®�+�c�c
g³´�u²P��~±°&�c�c

�¡�+���c
p�I�C²P�¡�¦�+�c�c
g³´�u²P�¡�r°&�c�c


As will beshown in thenext section,aweightof �I�{/ and�B�|( seemsto bea goodheuristic.

4. Experimental Results

In orderto demonstratetheeffectivenessof ourproposed
test relaxationtechnique,we have performedexperiments
on a numberof the largestISCAS85andfull-scannedver-
sionsof ISCAS89benchmarkcircuits. The experiments
wererun on a SUN Ultra60(UltraSparcII-450 MHZ) with
a RAM of 512 MB. We have usedthe testsetsgenerated
by MinTest[5], which arehighly compactedtestsetsthat
achieve100%faultcoverageof thedetectablefaultsin each
circuit.

In Table1, we comparetheproposedtestsetrelaxation
techniquewith thebrute-forcerelaxationmethod.Thefirst,
second,andthird columnsin the table indicatethe circuit
name,the numberof primary inputs, and the numberof
testvectorsin eachcircuit, respectively. We comparethe
two techniquesin termsof thepercentageof � ’s extracted,
andthe CPU time taken for relaxation. We have usedthe
fault simulatorHOPE[4] for fault simulationpurposes.It
is importantto point out herethat thefault coverageof the
relaxed test setsbasedon the brute-forcemethodand the
proposedtechniqueis thesameasthefault coverageof the
original testset,i.e. exacttestsetrelaxationandno dropin
thefault coverage.

It is very interestingto observe that, for all thecircuits,
theCPUtime takenby our proposedtechniqueis lessthan
thebrute-forcemethodby severalordersof magnitude.The
brute-forcemethodrequiresastronomicalCPU times for
largecircuitsandhenceis impractical.

Thepercentageof � ’s obtainedby our techniqueis also
closeto the percentageof � ’s obtainedby the brute-force
methodfor mostof thecircuits. Thedifferencein the per-
centageof � ’s obtainedrangesbetween1% and8%. The
averagedifferenceis about3%. For nineof thetencircuits,
thedifferenceis lessthan4%. It shouldbeobservedthatthe
brute-forcemethodimplicitly choosestheoutputfor detect-
ing a fault that maximizesthe numberof � ’s accordingto
theorderused.However, our techniquedoesnotdoany op-
timization in selectingthebestoutputfor detectinga fault.
Thiscanbeinvestigatedin futurework.

In Table2, we show theeffectof thecostfunctionsused
in justifying requiredvalueson the percentageof � ’s ex-
tracted.Resultsareshown for severalcombinationsof the
two costfunctions,namelytheregularandthefanout-based
cost functions, usedin our work by varying the weights
given to each. Note that weight � is for the regular cost
functionandweight � is for thefanout-basedcostfunction.
As canbeseenfrom thetable,for all thecircuitstheuseof
costfunctionsresultsin higherpercentageof � ’s extracted
thanwithout using the cost functions. A differenceof up



Table 1. Test relaxation comparison between the proposed technique and the brute-f orce method.

Percentageof � ’s CPUTime(seconds)
No. No. Brute-Force Proposed Brute-Force Proposed

Circuit Inp. Vec. Technique Technique Technique Technique
c5315 178 37 54.37 52.080 1192 1.1
c7552 207 73 55.45 52.075 6645 5.9
c2670 233 44 69.63 68.767 2757 1.0
s5378 214 97 74.14 70.753 7451 1.0

s9234.1 247 105 70.29 66.408 19837 3.0
s15850.1 611 94 80.96 78.830 87120 6.0
s13207.1 700 233 93.36 92.928 629100 5.0
s38584.1 1464 110 80.72 77.951 715000 14.0
s38417 1664 68 67.36 66.171 374000 10.1
s35932 1763 12 36.68 28.238 20358 10.0

Table 2. Cost function effect on the extracted percenta ge of � ’s.

A=0 A=0 A=1 A=1 A=1 A=1 A=1 A=1 A=1
Circuit B=0 B=1 B=0 B=1 B=2 B=3 B=4 B=5 B=6
c5315 48.527 52.065 50.076 52.080 52.080 52.080 52.080 52.080 52.080
c7552 48.091 52.068 48.329 52.075 52.075 52.075 52.075 52.075 52.075
c2670 65.899 68.377 66.407 68.748 68.748 68.757 68.767 68.767 68.767
s5378 68.422 71.057 69.891 70.484 70.484 70.647 70.652 70.753 70.753

s9234.1 63.621 65.949 64.372 66.046 66.046 66.030 66.189 66.377 66.408
s15850.1 77.693 78.971 77.855 78.391 78.448 78.791 78.823 78.830 78.830
s13207.1 92.457 92.920 92.485 92.920 92.925 92.928 92.928 92.929 92.928
s38584.1 75.328 78.072 75.839 77.794 77.795 77.795 77.827 77.933 77.951
s38417 65.518 66.467 65.865 66.162 66.164 66.163 66.171 66.171 66.171
s35932 22.986 27.415 28.120 28.238 28.238 28.238 28.238 28.238 28.238
Average 62.854 65.336 63.924 65.294 65.300 65.350 65.375 65.415 65.420

to 5%is observed.Furthermore,it is clearlyindicatedfrom
thetablethattheproposedfanout-basedcostfunctionspro-
ducebetterresultsthantheregularcostfunctions.However,
a combinedcostfunctionwith a weightof 1 for theregular
cost function anda weight of 6 for the fanout-basedcost
functionseemsto bea goodcostmeasureasit providesthe
highestpercentageof extracted� ’s on average.

To illustrate the application of test relaxation in im-
proving theeffectivenessof testcompression,we have ap-
plied theFrequency-DirectedRun-Length(FDR) compres-
siontechniquein [1] ontheusedtestsets.Table3 showsthe
testcompressionresults.Thefirst columnshowsthecircuit
name,andthelastthreecolumnsshow thecompressionra-
tio for the original test setwithout relaxation,the relaxed
test set basedon the brute-forcemethod,and the relaxed
testsetbasedon the proposedtechnique,respectively. As
is shown in thetable,for all thecircuits,theFDRtechnique
achievesnegativecompressionratios.(i.e.,compressedtest

set is larger than original test set). However, significant
compressionis achievedbasedontherelaxedtestsets.Both
thebrute-forcerelaxationandourproposedrelaxationtech-
niqueachievecomparablecompressionratiofor mostof the
circuits. In general,the higher the percentageof � ’s ex-
tractedthe higherthe compressionratio. However, the lo-
cationof � ’s andtheir distribution certainlyhaveanimpact
on the results. From thoseresults,it is clear that in order
to haveeffective testcompression,it is crucialto havea re-
laxedtestsetandanefficient testrelaxationtechnique.

In order to demonstratethe impact of test relaxation
on test compaction,we have usedHITEC [12] to gener-
ate test setsthat detectall the detectablefaults on some
of thebenchmarkcircuitsused.Thesecondcolumnin Ta-
ble4 shows thenumberof testvectorsobtainedby HITEC.
Then,we compactedthetestvectorsbasedon applyingthe
reverse-orderandrandomorder fault simulationfor 20 it-
erations. The compactedtest setsare shown in the third



Table 3. Effect of relaxation on test compres-
sion ratio.

CompressionRatio
Fully RelaxedTests

Circuit SpecifiedTests Brute-Force Proposed
c5315 -25.63 20.47 20.06
c7552 -19.48 37.13 34.18
c2670 -24.93 43.84 43.46
s5378 -27.86 46.85 43.67

s9234.1 -25.52 34.80 31.99
s15850.1 -23.41 56.49 56.77
s13207.1 -25.97 78.78 79.51
s38417 -29.08 37.66 35.92

Table 4. Effect of relaxation on test com-
paction.

Numberof TestVectors
Circuit Original ROF Brute-Force Proposed
c5315 193 119 100 103
c2670 154 106 98 101
s5378 359 252 136 140

s9234.1 620 376 200 214
s13207.1 633 478 252 257
s35932 80 63 37 33

columnof the table. Next, we relaxed the compactedtest
setsbasedon boththebrute-forcetestrelaxationtechnique
andourproposedtechnique.To achievefurthercompaction
on therelaxedtestsets,we mergedcompatibletestvectors.
Two test vectorsareconsideredcompatibleif their corre-
spondingbits areeitherequalor oneof themis an � . The
fourth andfifth columnsshow the numberof mergedtest
vectorsbasedon the brute-forcerelaxed test set and the
relaxed test set basedon our technique,respectively. As
canbe seenfrom the results,over 1&#0µ testcompactionis
achievedfor mostof thecircuitsbasedon mergingcompat-
ible vectors. Due to the larger percentageof � ’s achieved
by the brute-forcemethod,more compactedtest setsare
obtainedexcept for circuit s35932. As demonstratedby
the results,startingwith a compactedtestset,significantly
highercompactioncanbeachievedby relaxingthe testset
andmergingcompatiblevectors.

5. Conclusion

In this paper, we have presenteda novel and efficient
testrelaxationtechniquefor combinationalandfull-scanse-
quentialcircuits. While achieving slightly lesstest relax-

ationquality thanbrute-forcetestrelaxation,the technique
is fasterbyseveralordersof magnitude.Basedoncostfunc-
tions,thetechniquemaximizesthenumberof � ’s extracted
without any drop in the fault coverage.Theapplicationof
theproposedtestrelaxationtechniquein achieving moreef-
fective testcompactionandcompressionhasbeendemon-
strated.
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