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Abstract
Core testwrappers and testaccessmechanisms(TAMs) are im-

portant componentsof a system-on-chip (SOC) test architecture.
Wrapper/TAM co-optimizationis necessaryto minimizetheSOCtest-
ing time. Mostprior research in wrapper/TAM designhasaddressed
wrapperdesignandTAM optimizationasseparateproblems,thereby
leading to resultsthat are sub-optimal. We presenta fast heuris-
tic techniquefor wrapper/TAM co-optimization,anddemonstrate its
scalability for several industrial SOCs.Thisextendsrecentwork on
exactmethodsfor wrapper/TAM co-optimizationbasedoninteger lin-
earprogrammingandexhaustiveenumeration. WeshowthattheSOC
testingtimesobtainedusingthenew heuristicalgorithmare compa-
rable to the testingtimesobtainedusingexact methods.Moreover,
more thantwo orders of magnitudereductioncanbeobtainedin the
CPU time compared to exact methods. Furthermore, we are now
ableto designef�cient testaccessarchitectureswith a larger number
of TAMs.

1 Intr oduction

Thegeneralproblemof system-on-chip(SOC)testintegrationin-
cludesthe designand optimization of wrapper/TAM architectures
andtestscheduling.Testwrappersform theinterfacebetweencores
andTAMs, andTAMs transporttestdatabetweenSOCpinsandtest
wrappers[15]. Testschedulingdeterminesthe order in which tests
areapplied.We focushereon wrapper/TAM co-designto minimize
testingtime underTAM width constraints.Wrapper/TAM designis
challengingbecause(i) wrapperandTAM optimizationmustbecar-
ried out in conjunction[8], (ii) TAMs mustbedesignedto minimize
testingtime underthe constraintof limited chip I/Os available for
testing,and(iii) wrapper/TAM co-optimizationtechniquesmustbe
scalablefor industrialSOCscontainingnot only a large numberof
coreswith hundredsof I/O terminalsandscanchains,but alsoa large
numberof TAMs.

Most prior researchhaseitherstudiedwrapperdesignandTAM
optimizationasindependentproblems[1, 4, 5, 12], or not addressed
the issueof sizing the TAMs to minimize SOC testing time [14].
Alternative approachesthatcombineTAM designwith testschedul-
ing [9, 13] do not addresstheproblemof wrapperdesignandits re-
lationshipto TAM optimization. New techniquesfor wrapper/TAM
co-optimizationarethereforeneededto minimizetestingtime under
TAM width constraints.Suchtechniquesshouldbescalablefor SOCs
thatemploy a largenumberof TAMs.

The�rst integratedmethodfor wrapper/TAM co-optimizationwas
proposedin [8]. TAM optimizationwascarriedout by enumerating
over thedifferentpartitionsof TAM width aswell asover thenumber
of TAMs on theSOC.Integerlinearprogramming(ILP) wasusedto
calculatethe optimal coreassignmentandresultingtestingtime for

�
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eachpartition.A drawbackof thisapproachis thatthewrapper/TAM
designsconsideredin [8] arelimited to a small numberof TAMs in
orderto maintainfeasiblecomputetimes.However, if thetotal num-
berof TAM wireson theSOCis large,the testingtime canoftenbe
reducedby increasingthenumberof TAMs. This is becauseof two
reasons.Firstly, whentherearemultiple TAMs of differentwidths,a
largernumberof corescanbeassignedto TAMs whosewidthsmatch
the cores'own testdatarequirements;thusthe numberof unneces-
sary(idle) TAM wiresassignedto coresis reduced.Secondly, mul-
tiple TAMs provide greatertestparallelism,therebydecreasingtotal
testingtime. The methodsin [8] arethereforeinadequatefor large
industrialSOCs.

In [8], four problemsstructuredin orderof increasingcomplex-
ity were formulated,suchthat they serve assteppingstonesto the
problemof wrapper/TAM co-optimizationfor SOCs.We�rst review
thesefour problems.
1. �	� : Designa wrapperfor a givencore,suchthatthecoretesting
time is minimized,andtheTAM width requiredfor thecoreis mini-
mized.
2. ��


� : Determine(i) an assignmentof coresto TAMs of given
widths,and(ii) awrapperdesignfor eachcoresuchthatSOCtesting
time is minimized.(Item (ii) correspondsto ��� .)
3. ���



� : Determine(i) a partition of the total TAM width among
thegivennumberof TAMs, (ii) anassignmentof coresto theTAMs,
and(iii) awrapperdesignfor eachcoresuchthatSOCtestingtimeis
minimized.(Items(ii) and(iii) togethercorrespondto �



� .)

Thesethreeproblemsleadupto �����


� , themoregeneralproblem,

describedasfollows.
4. �

�	��

� : Determine(i) thenumberof TAMs for theSOC,(ii) a

partition of the total TAM width amongthe TAMs, (iii) an assign-
mentof coresto TAMs, and(iv) awrapperdesignfor eachcore,such
thatSOCtestingtime is minimized.(Items(ii), (iii) and(iv) together
correspondto �

��

� .)

The above four problemsareall ��� -hard[8]. Therefore,ef�cient
heuristicsareneededfor largeprobleminstances.

In this paper, we presentheuristicsto effectively solve thewrap-
per/TAM co-optimizationproblemsreviewed above for large SOCs
containingmultiple TAMs. As in [8], we usethe testbusmodelfor
TAMs. To solve �	� , we usethe Designwrapper algorithm pre-
sentedin [8]. We thendescribea new algorithmto solve problem

�	

� ef�ciently . The solutionto ��


� thusobtainedis a goodap-
proximationof the optimal solution for a given TAM width parti-
tion. An ef�cient techniquefor TAM partition enumerationusing
solution-spacepruningis usedto obtaintheTAM width partitionand
numberof TAMs with thelowesttestingtime (problems����


� and
�

�	��

� ). This yields an intermediatesolutionto �

����

� . In the

�nal step,anexactmathematicalprogrammingmodelis usedto op-
timize the �nal assignmentof coresandtheSOCtestingtime. This
two-stepapproachallows us to apply our methodsto designeffec-
tive wrapper/TAM architecturesfor largeindustrialSOCs.We show



that while the SOC testingtimes obtainedusing the new heuristic
algorithmarecomparableto the testingtimes obtainedusingexact
methods,over two ordersof magnitudereductionis obtainedin the
CPUtime needed.This is especiallyimportantsincein somecases,
the minimum SOC testingtime is obtainedfor a larger numberof
TAMs, which we couldnot computeearlierin a reasonableamount
of executiontime.

2 Newalgorithm for core assignment

The �rst problem �	� is that of designingan optimal wrapper
for the I/O terminalsand internal scanchainsof a core, suchthat
the coretestingtime is minimized. To solve �	� , we usean algo-
rithm basedon the BestFit Decreasing(BFD) heuristicfor the Bin
Packingproblem[6]. Our Designwrapperalgorithm(proposedear-
lier in [8]) hastwo priorities: (i) minimizing coretestingtime, and
(ii) minimizing theTAM width requiredfor the testwrapper. These
prioritiesareachieved by balancingthe lengthsof thewrapperscan
chainsdesigned,andidentifying thenumberof wrapperscanchains
that actually needto be createdto minimize testingtime. Priority
(ii) is addressedby thealgorithmsinceit hasa built-in reluctanceto
createa new wrapperscanchain,while assigningcore-internalscan
chainsto theexistingwrapperscanchains.

The secondproblem �



� is that of assigningcoresto TAMs
of given widths. An ILP model wasdevelopedto solve ��


� ex-
actly in [8]. TheCPUtime for this ILP modelwasreasonablyshort
for a singleexecutionandoptimalsolutionsfor thecoreassignment
problemwereeasilyobtained.However, �



� is an � � -hardprob-

lem, andexecutiontimescanget high for probleminstanceslarger
than thoseencounteredin [8]. Furthermore,solutionsto the prob-
lems �

��

� and �

�	��

� were obtainedby enumeratingoptimal

ILP solutionsto �



� for eachTAM width partitionon theSOC.As
a result,CPUtimesfor ���



� and ���	��

� werefound to be pro-

hibitively large,especiallyfor an industrialSOC.Moreover, during
executionof the ILP modelof �



� , valuesof SOCtestingtime

�

arecalculatedonly at theendof eachILP iteration.Therefore,execu-
tion of theILP modelcannotbehaltedprematurelyif it is discovered
that thetestingtime of a TAM hasalreadyexceededthebest-known
value

�

calculatedearlier. Therefore,a fasteralgorithmfor �



�

thatproducesef�cient resultsin polynomialtime is clearlyneeded.
Here, we presenta new heuristicalgorithm for �



� basedon

the relationshipbetweenTAM width and core testingtimes calcu-
lated for �

� . The testing time of Core � when connectedto a
TAM � of width ��� is denotedby �	��
��
��� . We designthe heuris-
tic for �



� , basedon an approximationalgorithmfor the problem

of scheduling� independentjobs (tests)on � parallel, equalpro-
cessors(TAMs) [3]. The pseudocodefor our heuristicCore assign
is presentedin Figure1. Intuitively, in eachiterationthe algorithm
calculatesthe summedtestingtime on eachTAM by addingup the
testingtimes of all the coresassignedto that TAM. Then the core
with thelargesttestingtime(amongall unassignedcores)is assigned
to theTAM with theshortestcurrentsummedtestingtime. Further-
more,duringcoreassignment,if thetime ��� on any TAM � exceeds
the best-known value

�

computedearlier, the algorithmreturns
�

andhalts.Thisplaysasigni�cant role in reducingcomputationwhen
Core assignis executeda largenumberof times,aswill beshown in
Section3.

We illustrate the Core assignalgorithm using an exampleSOC
containing� ve coresandthreeTAMs. Thetestingtimesfor the � ve
coreswhenassignedto theTAMs of widths8, 16,and32 areshown
in Figure2 (a). Initially, the testingtime on all TAMs is 0 cycles;

Procedure Core assign(B,C, � )

1 Let C bethesetof cores;
2 Let B bethesetof TAMs;
3 Let � bethebest-known testingtime for (B,C);
4 For eachcore ��� C �

5 For eachTAM ��� B �

6 Find �

��� ���"!

usingDesignwrapper; #$#

7 For eachTAM �%� B �

8 Settestingtime �

�

onTAM � to 0;#

9 While C &

')(

�

10 SelectTAM �*� B, suchthat �

�

is minimum;
11 If therearetwo or moresuchTAMs �

12 SelectTAM � , suchthat
�+�

is maximum;#
13 SelectCore ��� C, suchthat �

���,���"!

is maximum;
14 If therearetwo or moresuchcores�

15 SelectTAM -.� B, suchthat(
�0/213�+�

AND
�0/

is maximum);
16 SelectCore � , suchthat �

��� �0/"!

is maximum;#
17 AssignCore � to TAM � ;
18 DetermineTAM 45� B, suchthat �6� is maximum;
19 If �6�578���

20 Return SOCtestingtime � ; #

21 C = C - �9�:# ; #

22 Return SOCtestingtime �6� ;

Figure 1. New algorithmfor coreassignment.

Testingtime (cycles)
TAM 1 TAM 2 TAM 3

Cores 32 bits 16 bits 8 bits

1 50 100 200
2 75 95 200
3 90 100 150
4 60 75 80
5 120 120 125

Testing
time

Core TAM (cycles)

1 2 100
2 3 200
3 2 100
4 1 60
5 1 120

(a) (b)
Figure 2. Coretestingtimesfor (a) theSOCusedto illustrate
Core assign, and(b) the�nal assignment.

thereforeTAM 1 of width 32, being the widest, is considered�rst.
Core5 hasthe highesttestingtime on TAM 1, thereforeCore5 is
assignedto TAM 1. Next, thereis a choicebetweenCores1 and3
to beassignedto TAM 2 of width 16. We chooseto assignCore1 to
TAM 2 herebecausethetestingtime for Core1 on TAM 3 is higher
thanthetestingtime for Core3 on TAM 3 (Line 14 of Core assign).
Next Core 2 is assignedto TAM 3. TAM 2 is now the minimally
loadedTAM; therefore,Core3 is assignedto TAM 2. Finally, Core4
is assignedto TAM 1. Figure2 (b) presentsthe �nal assignmentof
coresto TAMs. Thetestingtimeson TAMs 1, 2, and3 are180,200,
and200 clock cycles,respectively. The complexity of Core assign
is ;<
>=3?@� , where = is thenumberof coresin theSOC.Core assign
executestwo ordersof magnitudefasterthanthe ILP model in [8];
hence,a signi�cantly largernumberof Core assigniterationscanbe
executedin thetime takento executetheILP model.

3 TAM width partitioning

In this section,we describehow theCore assignheuristicis used
to developanalgorithmto quickly reachan intermediatesolutionto

�
�



� and �
�	��


� . We alsodemonstratehow, oncean approxi-
matesolutionfor �

���


� hasbeenreached,anexactmathematical

programmingmodelfor �



� canbeexecutedto performa �nal op-
timizationof thecoreassignment,thusachieving near-optimalresults
with little computationtime.



3.1 Fastalgorithm for ���	��
 �

In [8], it wasshown that the ��
 � ILP modeltakesa relatively
small time to executefor probleminstancesof resonablesize. This
canbe exploited to executethe model for eachuniqueTAM width
partition andrecordthe partition andcoreassignmentwith the best
testingtime. Solutionsto ���

 � and ���	��
 � canthusbeobtained.
Thismethodis applicablebecausethenumberof uniquepartitionsof
TAM width is relatively small for a small numberof TAMs. The
numberof uniquepartitions ���5
�� � for a given total TAM width

� , anda given number � of TAMs canbe estimatedusingparti-
tion theory in combinatorialmathematics[10]. In [10], � � 
�� � is
shown to be approximately �

�	��


�
� ���
�

���

�

for ��� ��� . For ����� ,

�

?


�� ���

�

�

?

�

. For ���! , thenumberof partitionscanbeshown

to be "$#&% ')(

�+*-,

�

�

�.��/ �10

���

?

�

[8]. From this formula, � / 
32&4 �5�6 &487 .
Therefore,theexecutiontimefor SOCshaving threeTAMs is reason-
able,evenfor large � . Thechallengeto effectivepartitionenumera-
tion lies in thefactthatfor �:9; , thereis no simpleandsystematic
methodto enumerateonly theuniquepartitions.In fact,noexactfor-
mula is available to calculatethe total numberof uniquepartitions
for a given valueof � and � . Thevalueof �

�

�� � canthusonly

be approximatedassuming�<� �=� . Oneway to ensurethat only
uniquepartitionsareevaluatedis to discard,prior to evaluation,each
new partition that appearsto be a cyclical isomorphismof a previ-
ouslyhandledpartition. However, thememoryrequirementsfor this
methodandthenumberof partitioncomparisonsrequiredto beper-
formedgrow exponentiallywith � andseverely limit thescalability
for large � . Furthermore,as � increases,the time requiredto enu-
merateuniquepartitionsandevaluatethemusingILP increasessig-
ni�cantly. This methodis thereforeinadequatefor industrialSOCs
having multiple TAMs.

In thissubsection,weuseCore assignto developafastmethodto
evaluatewidth partitions;this effectively addressestheproblemsin-
herentto the ILP modeland“enumeration-comparison”methodde-
scribedabove. The new heuristicemploys extensive solution-space
pruning,andis thusapplicableto wrapper/TAM designfor industrial
SOCshaving a largenumberof TAMs. In our experimentswith in-
dustrialSOCs,we wereableto evaluatewidth partitionsandtesting
timesfor wrapper/TAM architectureshaving uptotenTAMs within a
few minutes. Testaccessarchitectureshaving morethanten TAMs
couldalsobe evaluated,but werefound to be lessusefulfor testing
time minimizationbecausetestingtime increasessigni�cantly asthe
relativewidth of eachTAM decreasesbeyonda threshold.

The new algorithm Partition evaluatefor problems�
�



� and
�

�	��

� is presentedin Figure3. This algorithmemploys threelev-

els of solution-spacepruning. Firstly, thenumberof partitionsenu-
meratedis signi�cantly limited by the restriction in Line 1 of the
recursive function Increment. To enumeratepartitionsof � over

� TAMs, Incrementdynamicallycreates� nestedloopswith loop
variables�

�	>?>?>

�@� . Without the restrictionin Line 1, enumeration
wouldbeasfollows:

�

�

�BA
>?>?>

A

�
�

� =
�

7

A
>C>?>

A

7

A


��EDF�

A

7@� � ,
�

7

A
>G>?>

A

�

A


��HDF� � � , >C>?> ,
�


��IDF�

A

7 �

A

7

A
>B>?>

A

7 � . However,
a sizeablenumberof repeatedpartitionsis preventedby establishing

an upperbound J

�

�

"LK

��


MONQP�R

M

�S�.�
�

�

���=T on eachvariable ��� during enu-

meration.For example,for �U�WVYXZ�:�[4 , the�rst threepartitions
enumeratedare

�

7

A

7

A

7

A]\

� ,
�

7

A

7

A

�

A

4�� , and
�

7

A

7

A

 

A

 �� ,
respectively. If therestrictionof Line 1 werenotpresent,therepeated
partition 7

A

 

A

7

A

 would also subsequentlybe enumerated.

Procedure Partition evaluate( ^ )

1 Let ^ = totalTAM width;
2 Let C = setof cores;
3 Let _�`baGc = upperlimit onnumberof TAMs;
4 For _ = 1 to _ `ba?c �

5 Let setof TAMs B = �

�

�Gd

�

?

dfeZeZefd

�

�

# ;
6 SetSOCtestingtime � = g ;
7 For TAM � = 1 to ( _ihkj ), set

�+�

= 1;
8 Set

�

�
�

� = 0; Set lnm1oqp

'sr ;
9 While lnmto&p &

'vu

�

10 Increment(B, _vh

u

d

^ );
11 New SOCtestingtime �nwBx

R

= Core assign(B,C, � );
12 If �ywBx

R

1

�%�

13 Set �

'

� wzx

R

; SetB {

x}|}~

= B; #

14OutputB {

x•|}~

, � ;

Procedure Increment(B, �

d

^ )

1 If
�+��1€J

�

�

" K

��


MZN8PQR

M

�
�.� � �

��� T

�

2 Set
���

'

���b•

u ;

3 Set
�

�

'

^$h

"

�
�

�

/

*

�

��/

;
4 Return; #

5 Else�

6 If �

'‚u

�

7 Set lYmtoqp

'vu ; Return; #

8 ElseIncrement(B, �ƒh

u

d

^ ); #

Figure 3. Fastalgorithmfor partitionevaluation.

However, Line 1 establishesan upperboundof 2 on �

?

; thus,par-
tition 7

A

 

A

7

A

 is not enumerated.Secondly, Lines18 to 20 in
Core assignterminatethe evaluationof any partition for which the
testingtime �	� of any TAM � hasalreadyexceededthebest-known
valueof testingtime

�

calculatedpreviously. The numberof such
partitions,whoseevaluationcanbeterminatedwasfoundto belarge
in ourexperiments;thereforetheexecutiontimeof Partition evaluate
is reducedsigni�cantly. Finally, Partition evaluateusesheuristical-
gorithm Core assignto evaluatepartitions. This ; 
>=

?
� algorithm

signi�cantly reducesthecomputationperformed.

Table1 presentssomeexperimentaldataon theef�ciency of Par-
tition evaluatefor partition-spacepruning. The numberof possible
uniquepartitions �

�

�� � (estimatedusing �

�

�� �5�

�

�	��


�
� �t�
�

���

�

) is
presentedfor several valuesof � and � . We presentresultsfor

�„9…4z4 , becausetheformula �
�


�� �)� �

�	��


�
� �t�
�

���

�

is accurateonly
for largervaluesof � . Thenumberof partitions †

x}‡ZaGˆ
thatareac-

tually evaluatedto completion(prunedby Line 1 of the Increment
functionandby lines18to 20of Core assign) is presentedfor anex-
ampleSOCp21241from Philips. (The relevant detailsof this SOC
arepresentedin Section4.) Finally, the ef�ciency ‰ of our heuris-
tics is calculatedusing ‰!�„Šz‹�ŒZ•OŽ

•

�

. Here, ‰!��•

>

•Q7 implies that
approximately1% of the numberof uniquepartitionsareevaluated
to completionby Partition evaluate. We choosep21241to illustrate
the ef�ciency of our heuristics,becausethe exhaustive method[8]
wasfoundto beinadequatefor wrapper/TAM co-designfor p21241;
themethoddid not completeeven for �6�� . FromTable1, it can
beseenthat Partition evaluateevaluateson averageonly 2% of the
uniquepartitions.Thusthereis a signi�cant reductionin theexecu-
tion timeusingthisheuristiccomparedto theexhaustive method.



����� �����

� �

�
	

��� 


‹�ŒZ•OŽ �

�

�
	

��� 


‹�ŒZ•ZŽ �

44 1909 46 0.02 1571 170 0.1
48 2949 46 0.02 2889 48 0.02
52 4401 65 0.01 5059 100 0.02
56 6374 111 0.02 8499 110 0.01
60 9000 278 0.03 13776 172 0.01
64 12428 708 0.06 21643 256 0.01

Table 1. Ef�ciency of thePartition evaluateheuristic.

3.2 Final optimization step

Partition evaluateprovides a fast approximationof the optimal
valuesof TAM width partitionandtestingtime. We further improve
on this resultby performinga �nal optimizationstepusingthe ILP
model for � 
 � [8]. Sincethis �nal stepis performedonly once,
andsincethe executiontime for a singleiterationof the ILP model
for ��
 � is relatively small,this resultsin a near-optimalsolutionto

���	��
 � in a shortexecutiontime. Here,we repeatthe ILP model
for � 
 � from [8] for reasonsof completeness,andto commenton
its complexity.

To model � 
 � , consideran SOCconsistingof = coresand �

TAMs of widths �

�

X	�

?

X

>?>?>

X	� � . The time taken to test Core �

assignedto TAM � , givenby �
�


��
�

� clockcycles,is calculatedusing
Designwrapper. We introducebinaryvariables�

� � (where 7�� ���

= and 7�� ���6� ), which areusedto determinethe assignment
of coresto TAMs in the SOC.Let �	� � be a 0-1 variablede�ned as
follows:

�
� �

�

�

7BX if Core � is assignedto TAM �

•YX otherwise

Thetimeneededto testall coresonTAM � is givenby "��

�1*

�

�	� 
��
� ���

� � � . Sinceall theTAMs canbeusedsimultaneouslyfor testing,the
systemtestingtime equals�����

� �

�

�

�

"

�

�1*

�

�	� 
��
�"�!�"� � � . The ILP
modelfor ��


� canbeformulatedasfollows.
Objective: Minimize testingtime

�

, subjectto
1.

�

96"
�

�+*

�

�	� 
��
���#�$� � �nXG7�� �%� � , i.e.,
�

is the maximum
testingtimeonany TAM
2. "

�

�C*

�

�
� �

�L7 , 7&� �#� = , i.e.,every coreis assignedto exactly
oneTAM
Thenumberof variablesandconstraintsfor thismodel(ameasureof
its complexity) is givenby ='�t� , whichis ; 
>=

?
� , and =

A

� , which
is ; 
>= � , respectively. This ILP modelusesthebestwidth partition
obtainedfrom Partition evaluateto optimizethecoreassignmentand
obtaina near-optimal wrapper/TAM architecturein the �nal stepof
ourco-optimizationmethodology.

4 Experimental results

In this section, we presentexperimentalresultson our wrap-
per/TAM co-optimizationmethodologyfor four exampleSOCs.The
�rst, d695, is an academicbenchmarkSOCfrom Duke University.
TheotherthreeSOCsp93791,p21241,andp31108arefrom Philips.
Thenumber(e.g.,93791)in eachSOCnameis a measureof its test
complexity. We calculatetheSOCtestcomplexity numberusingthe
formulapresentedin [8].

Theexperimentalresultspresentedin this paperwereobtainedat
Duke UniversityusingaSunUltra 10with a333MHz processorand
256 MB memory. The resultsin [8] were obtainedat Philips Re-
searchLaboratoriesusinga SunUltra 80 with a 450MHz processor
and4096MB memory. For theproblemsin thispaper, we foundthat
theSunUltra 80 leadsto � ve timesfasterexecutioncomparedto the
SunUltra 10. Therefore,the CPU timesreportedin [8] have been

multipliedby a factorof � ve to facilitatea comparisonwith theCPU
timesreportedhere.Notethatwe achieve anorderof magnitudeim-
provementin CPUtimeover [8] evenwithout the5 ( adjustmentfac-
tor. Notealsothatall SOCtestingtimesin this sectionareexpressed
in clock cycles.

4.1 Resultsfor SOC d695

In thissubsection,wepresentexperimentalresultsfor SOCd695.
SOCd695consistsof two ISCAS'85andeightISCAS'89benchmark
circuits[8].

Resultsin [8] for
����)

Core Testingtime Exec. time
� *


,+

*.-

assignment /10

Ž32

(cycles) 4�0

Ž32

(sec)

16 6+10 (1,2,1,1,2,2,1,1,2,1) 45055 5
24 6+18 (2,1,1,1,2,2,1,1,1,2) 29501 5
32 11+21 (1,2,1,1,2,2,2,1,1,1) 25442 5
40 8+32 (2,1,1,1,2,2,1,1,2,2) 21359 10
48 16+32 (2,1,1,1,2,1,2,2,2,2) 19938 10
56 19+37 (1,2,1,1,2,1,2,2,1,2) 18434 10
64 20+44 (1,2,1,1,2,1,2,2,1,2) 18205 15

(a)

New co-optimizationmethodfor
����)

Core /�5

‹76

4"5

‹86 9

/ Ratio
� *


:+

*.-

assignment (cycles) (sec) (%) ;

5

‹76

;

0

Ž32

16 8+8 (2,1,2,1,1,2,1,2,1,2) 45055 1 +0.00 0.2
24 12+12 (2,2,1,1,1,2,1,1,2,2) 34455 1 +16.79 0.2
32 16+16 (2,1,2,1,2,1,1,2,1,2) 25828 1 +1.52 0.2
40 20+20 (2,1,1,1,1,2,1,2,1,2) 22848 1 +6.97 0.1
48 20+28 (1,2,1,2,1,1,2,2,1,2) 22804 1 +14.37 0.1
56 23+33 (2,2,2,2,2,1,1,1,2,2) 18940 1 +2.74 0.1
64 32+32 (1,1,1,2,1,1,2,2,1,2) 18869 1 +3.65 0.08

(b)

Resultsin [8] for
����<

*



+ Core /=0

Ž32

4�0

Ž32

� *.-

+

*

'

assignment (cycles) (sec)

16 3+5+8 (2,2,1,1,2,3,1,1,3,3) 42568 20
24 2+5+17 (2,2,2,1,3,3,3,1,3,2) 28292 50
32 4+10+18 (1,2,2,1,2,3,3,1,1,3) 21566 80
40 4+17+19 (2,1,2,1,2,3,2,1,2,3) 17901 120
48 4+19+25 (3,3,3,2,3,2,3,1,3,1) 16975 200
56 5+18+33 (3,2,1,1,3,2,3,1,2,3) 13207 265
64 5+17+42 (2,2,2,1,3,2,3,1,2,3) 12941 420

(c)

New co-optimizationmethodfor
����<

*



+ Core /

5

‹76

4
5

‹86
9

/ Ratio
� *.-

+

*

'

assignment (cycles) (sec) (%) ;

5

‹76

;

0

Ž32

16 5+5+6 (1,1,1,2,1,3,3,2,2,2) 42952 1 +0.9 0.06
24 8+8+8 (3,1,3,2,3,1,2,3,1,2) 30032 1 +6.15 0.03
32 8+12+12 (2,2,2,2,2,1,3,3,3,3) 24851 1 +15.23 0.02
40 7+16+17 (2,2,2,1,2,3,2,1,1,3) 18448 1 +3.06 0.01
48 16+16+16 (3,2,3,2,3,1,3,1,2,2) 17581 1 +3.57 0.01
56 17+19+20 (2,2,2,1,3,2,2,3,1,1) 15510 1 +17.44 0.004
64 18+20+26 (2,2,1,1,2,3,2,3,1,1) 15442 1 +19.33 0.003

(d)
Table 2. Resultsfor d695(Problem�

�


� ).

Table2 comparesthe resultsobtainedin [8] with the resultsof
thenew wrapper/TAM co-optimizationmethodfor d695for �I�€�

and � �H (Problem ����

� ). The testingtimes

�

wBx

R

of the new
methodarecomparableto thetestingtimes

�?>

ˆ @

in [8]. However, the
CPU times A

wzx

R

of the new methodare at leastan order of mag-
nitude lessthan the CPU times A

>

ˆ @
in [8] for larger valuesof � .

The core assignmentvector follows the notation introducedin [5]
andfurtherusedin [8]. Eachpositionin thevectorrefersto thecore
numberand the entry in eachposition refersto the TAM to which
thecorrespondingcoreis assigned.Thepercentagechangein testing
time usingthenew methodis calculatedusingthe formula B

�

(%)
�DC

5

‹86

�

C

0

Ž32

C

0

Ž32

( 7G•z• .



New co-optimizationmethod
TAM Core / 5

‹86

4 5

‹76
9

/ Ratio
� �

partition assignment (cycles) (sec) (%) ;

5

‹86

;

0

Ž32

16 4 3+3+ (3,3,4,1,3, 42644 1 +0.18 0.06
5+5 4,1,4,1,2)

24 3 8+ (3,1,3,2,3, 30032 1 +6.15 0.03
8+8 1,2,3,1,2)

32 4 7+6+ (3,4,3,2,4, 22268 1 +3.26 0.02
9+10 3,2,2,1,1)

40 3 7+16+ (2,2,2,1,2, 18448 1 +3.06 0.01
17 3,2,1,1,3)

48 5 5+2+8+ (3,4,3,2,4, 15300 2 -9.86 0.01
16+17 5,5,1,4,3)

56 5 5+8+11+ (5,3,5,1,5, 12941 2 -2.01 0.009
16+16 4,2,1,2,3)

64 6 5+3+8+ (4,3,4,1,6, 12941 7 +0.00 0.02
12+18+18 5,3,1,2,4)

Table 3. New resultsfor d695( ���	��
 � ).

While themethodsof [8] arelimited to � �! dueto high com-
putationcost,theheuristicproposedin this papercanevaluatemore
ef�cient TAM designswith highervaluesof � . Table3 presentsthe
resultsobtainedwith thenew wrapper/TAM co-optimizationmethod-
ology for d695over a larger numberof TAMs (Problem ���	��
 � ,

� �[7G• ). ThetestingtimesandCPUtimesin [8] have alreadybeen
presentedin Table2. Thebestresultsin [8] wereobtainedfor �[�! .
The testingtimesobtainedusingthenew co-optimizationtechnique
arebetterthanor equalto thebesttestingtimesin [8] for largervalues
of � . For � �L4y• , thenew testingtimesareon averageonly 3%
largerthanthosereportedin [8]. We improve uponthetestingtimes
comparedto [8] for larger valuesof � becausethe exhaustive ap-
proachof [8] did not terminatewithin a reasonableCPU time for
thesevaluesof � for larger � . Only the bestresultsfor � �  

werereportedin [8]. Sincetheexhaustive methoddid not terminate
within a reasonableCPU time for � 9I , the ratio

�

5

‹76

�

0

Ž32

reported
in Table3 is obtainedusingthe valueof A

>

ˆ @

for � �I . Thereis
an improvementof two ordersof magnitudein theCPUtimesin all
cases.The new techniqueis thereforescalablefor industrialSOCs
having multiple TAMs, asillustratedin thefollowing subsections.

4.2 Resultsfor SOC p21241

SOC p21241contains28 cores. Of these,6 are memorycores
and 22 are scan-testablelogic cores. Table 4 presentsa summary
of the datafor the 28 cores. Test datafor this SOC hasnot been
publishedbefore.

Numberrange Scanchain
Circuit Test Functional Scan lengths
(core) patterns I/Os chains Min Max

Logic
cores 1–785 37–1197 1–31 1 400

Memory
cores 222–12324 52–148 0 – –

Table 4. Rangesin testdatafor the28coresin p21241.

Tables5 and6 presentexperimentalresultsfor p21241for �[� � .
The exhaustive method[8] did not run to completionfor � �� ,
even after two daysof execution. The resultsfor �

�	��

� over a

largernumberof TAMs ( 7 � ���…7G• ) usingthenew co-optimization
methodarepresentedin Table7. For � 9!�q4 , thetestingtimesob-
tainedusingthenew co-optimizationtechniqueareon average25%
lower thanthoseobtainedusingtheExhaustivemethodin [8]. This is
becauseusingPartition evaluate, wewereableto partition � among
a larger numberof TAMs thanwaspossibleusingExhaustive. The
valuesof A

>

ˆ @

in Table7 are for � �$� . The new CPU timesare

Exhaustivemethod
Core Testingtime Exec. time

� *


 +

* -

assignment / 0

Ž32

(cycles) 4 0

Ž32

(sec)

16 6+10 (2,1,2,2,2,1,1,1,1,1,1,1,1,1, 462210 11
1,2,1,1,1,1,1,1,1,1,2,2,2,1)

24 8+16 (2,2,2,1,1,2,1,1,1,1,1,1,2,1, 361571 24
1,1,1,1,1,1,1,1,1,1,2,2,2,1)

32 10+22 (1,2,2,2,1,2,2,2,2,1,1,2,2,2, 312659 49
1,1,2,1,2,1,1,2,2,1,2,2,1,2)

40 10+30 (1,2,2,2,2,2,2,2,2,1,1,2,1,2, 278359 60
1,1,1,1,2,1,1,1,1,1,2,2,2,1)

48 10+38 (1,2,2,2,2,2,2,2,2,2,2,2,1,1 268472 84
1,1,1,1,2,1,1,1,1,2,2,2,2,2)

56 10+46 (1,2,2,2,2,2,2,2,2,2,2,2,2,1, 266800 80
1,1,1,1,1,1,1,2,1,1,2,2,1,2)

64 10+54 (1,2,2,2,2,2,2,2,2,1,1,2,1,2, 260638 122
2,1,2,1,2,1,1,2,2,2,2,2,2,1)

Table 5. Exhaustive resultsfor p21241for �[�…� ( � ��
 � ).

New co-optimizationmethod
Core /�5

‹76

4"5

‹86 9

/ Ratio
� *


 +

* -

assignment (cycles) (sec) (%) ;

5

‹86

;

0

Ž32

16 6+10 (2,1,2,2,2,1,1,1,1,1, 462210 1 +0.00 0.1
1,1,1,1,1,2,1,1,1,
1,1,1,1,1,2,2,2,1)

24 10+14 (1,2,1,1,2,2,2,2,2,1, 365947 2 +1.21 0.08
1,2,2,1,1,1,1,1,1,
1,1,1,1,1,1,2,2,1)

32 10+22 (1,2,2,2,1,2,2,2,2,1, 312659 9 +0.00 0.18
1,2,2,2,1,1,2,1,2
1,1,2,2,1,2,2,1,2)

40 12+28 (1,2,2,2,1,2,2,2,2,1, 290644 2 +4.41 0.03
1,1,2,1,1,1,2,2,1
1,1,1,1,2,2,2,1,1)

48 20+28 (1,2,1,2,1,2,2,1,2, 290644 1 +8.25 0.01
1,1,1,1,2,1,1,2,1,

1,1,2,2,2,2,1,2,2,2)
56 28+28 (1,2,1,1,1,1,1,2,1,1 290644 1 +8.97 0.01

1,1,1,1,2,1,2,1,2
1,2,1,1,1,2,2,1,1,1)

64 29+35 (1,2,1,1,1,1,1,2,1,1, 271330 6 +4.10 0.05
1,1,1,1,2,1,x,1,2,
1,2,1,1,1,2,2,1,1)

Table 6. New resultsfor p21241for �L�…� ( �
�



� ).

comparableto the CPU timesof the Exhaustive method. The �nal
optimizationsteptook between10 and 20 secondsto completein
all cases.This wasbecausethe ILP modelsfor this SOCwerepar-
ticularly intractable.This alsoexplainswhy theExhaustive method
from [8] did not terminatewithin a reasonableCPUtime for ��� �

for p21241.
For �

�	��

� and � � 7?2 , the Partition evaluateheuristicre-

turnsa partitionof 1+1+4+10.This yieldsa testingtime of 468011
cyclesafter the �nal optimizationstep(Table7). However, a lower
testing time of 462210cycles is actually achievable using only 2
TAMs (Table6). This is becausethe testingtime for four TAMs re-
turnedby Partition evaluateis lower thanthat for two TAMs before
the�nal optimizationstep.Similarly, for � �;2B4 , Partition evaluate
obtainsa partition of 13+10+10+10+21(� ve TAMs), which gives
a lower (heuristic)testingtime thandoesthe partition obtainedfor

� �

\

2 : 5+4+10+10+10+17(six TAMs). However, after the �nal
optimizationstep,the partition for � �

\

2 is able to achieve the
sametestingtime asthat for � �€2B4 . This anomalousbehavior of
ouralgorithmis dueto thefactthatPartition evaluateusesheuristics
to quickly approximatethe �nal result. Therefore,thepartition that
actuallyprovidesthelowesttestingtime after �nal (exact)optimiza-
tion mightnotbereturnedby Partition evaluate.

4.3 Resultsfor SOC p31108

SOCp31108contains19 cores. Of these,15 arememorycores
and 4 are scan-testablelogic cores. Table 8 presentsthe datafor



New co-optimizationmethod
TAM Core / 5

‹76

4 5

‹86
9

/ Ratio
� �

partition assignment (cycles) (sec) (%) ;

5

‹86

;

0

Ž32

16 4 1+1+ (4,3,4,4,4,4,3,2,3,2, 468011 10 +1.25 0.9
4+10 2,1,4,2,4,2,2,1,1,

2,1,1,3,1,1,1,4,1)
24 3 4+10+ (2,2,2,1,3,3,3,1,2,1, 313607 41 -13.27 1.71

10 1,2,1,1,1,1,1,1,1,
1,1,1,1,1,2,3,2,1)

32 4 1+10+ (4,4,3,2,2,2,2,2,2,1, 246332 192 -21.21 3.92
10+11 1,3,4,2,1,1,2,2,1,

3,4,1,2,4,2,3,1,1)
40 5 5+5+ (4,4,3,5,3,1,1,1,3,1, 232049 60 -16.64 1.00

10+10+ 1,5,3,2,1,3,5,3,1
10 4,3,1,1,4,4,5,3,5)

48 6 5+3+ (5,5,2,2,3,2,3,2,3,2, 232049 15 -13.57 0.18
10+10+ 2,2,2,2,2,2,2,3,2,
10+10 2,4,2,2,2,3,6,2,1)

56 6 5+4+ (5,5,2,2,3,2,3,2,3,2, 153990 69 -42.28 0.86
10+10+ 2,2,2,2,2,2,2,3,2,
10+17 2,4,2,2,2,3,6,2,1)

64 5 13+10+ (6,4,4,3,2,4,4,5,4,2, 153990 138 -40.92 1.31
10+10+ 4,6,5,4,3,5,4,4,3,

21 5,6,4,5,1,6,5,5,2)

Table 7. New resultsfor p21241( ���	��
 � ).

the19cores.Testdatafor thisSOChasnotbeenpublishedbefore.

Numberrange Scanchain
Circuit Test Functional Scan lengths
(core) patterns I/Os chains Min Max

Logic
cores 210–745 109–428 1–29 8 806

Memory
cores 128–12236 11–87 0 – –

Table 8. Rangesin testdatafor the23coresin p31108.

Exhaustivemethod
Core Testingtime 4

0

Ž32

� *


:+

* -

assignment /10

Ž32

(cycles) (sec)

16 8+8 (1,2,2,2,2,1,1,1,1,2, 1080940 5
1,1,2,2,1,1,1,1,1)

24 9+15 (1,2,2,2,2,2,1,2,1,2, 820870 7
2,1,1,2,1,1,2,1,2)

32 11+21 (1,2,2,2,2,1,1,2,2,2, 733394 9
2,2,2,2,1,1,2,1,2)

40 15+25 (1,2,2,2,2,1,2,2,2,2, 721564 10
2,2,2,1,2,1,1,1,2)

48 16+32 (1,1,2,2,2,2,1,2,2,1, 709262 14
2,1,1,2,2,1,1,2,2)

56 16+40 (1,1,2,2,2,2,1,2,2,1, 704659 18
2,2,2,1,2,1,1,2,2)

64 16+48 (1,1,2,2,2,2,2,2,2,1 700939 18
2,2,2,2,2,2,2,2,2)

Table 9. Exhaustive resultsfor p31108for �W�!� ( ���


� ).

Tables9, 10, 11, and12 comparethe resultsobtainedby theex-
haustivemethodwith theresultsobtainedby thenew co-optimization
methodfor p31108for � �H� and � �H (Problem ����


� ). For
� �…4 , theexhaustive methodof [8] did not provide a solutioneven
after two daysof CPU time. Table13 presentsthe new experimen-
tal resultsfor p31108(Problem���	��


� ). For � �  y� , thetesting
timesobtainedusing the new co-optimizationtechniqueareon av-
erage15%higherthanthoseobtainedusingtheExhaustive method.
For � 9[4y• , we reachtheoptimumtestingtime of 544579cycles.
The testingtime of this SOCdoesnot decreasebeyond 544579cy-
clesas � is increasedbeyond40 and � is increasedbeyond3. This
is becausethe testingtime for Core 18 in p31108reachesa mini-
mum valueof 544579cycleswhenthe width of the TAM to which
it is assignedreaches10 bits. Note that in Tables11, 12 and 13,
for ��964y• , Core18 is alwaysassignedto a TAM, whosewidth

New co-optimizationmethod
*


 + Core / 5

‹86

4 5

‹86
9

/ Ratio
� *.-

assignment (cycles) (sec) (%) ;

5

‹86

;

0

Ž32

16 8+8 (1,2,2,2,2,1,1,1,1,2, 1080940 1 +0.00 0.2
1,1,2,2,1,1,1,1,1)

24 10+14 (2,1,2,2,2,1,1,2,1,1, 928782 1 +13.15 0.14
2,1,1,2,1,1,1,2,2)

32 16+16 (1,2,1,2,2,2,1,2,1,2, 750490 1 +2.33 0.11
2,1,1,1,1,2,1,1,2)

40 16+24 (1,2,2,2,2,2,2,2,2,2, 721566 1 +0.0002 0.1
2,2,1,2,2,2,1,1,2)

48 16+32 (1,1,2,2,2,2,1,2,2,1, 709262 1 +0.00 0.07
2,1,1,2,2,1,1,2,2)

56 16+40 (1,1,2,2,2,2,1,2,2,1, 704659 1 +0.00 0.06
2,2,2,1,2,1,1,2,2)

64 16+48 (1,1,2,2,2,2,2,2,2,1 700939 1 +0.00 0.06
2,2,2,2,2,2,2,2,2)

Table 10. New resultsfor p31108for �W�…� ( ����
 � ).

Exhaustivemethod
*


 + Core Testingtime Exec. time
� *.-

+

*

'

assignment /10

Ž32

(cycles) 4=0

Ž32

(sec)

16 1+7+8 (1,3,2,3,2,1,1,2,3,3, 998733 222
3,1,2,2,3,1,2,2,1)

24 9+7+8 (2,3,2,2,1,2,2,3,2,2, 720858 325
3,3,3,2,3,3,2,1,2)

32 17+5+ (2,1,3,3,2,2,2,1,2,1, 591027 1576
10 2,2,1,2,1,2,2,3,2)

40 9+10+ (1,3,1,1,3,3,1,3,1,1, 544579 1081
21 3,1,1,1,3,1,3,2,3)

48 9+10 (1,3,1,1,3,3,1,3,1,1, 544579 6198
29 3,1,1,1,3,1,3,2,3)

56 9+10 (1,3,1,1,3,3,1,3,1,1, 544579 11331
37 3,1,1,1,3,1,3,2,3)

64 17+15+ (3,3,1,1,3,1,3,3,3,1, 544579 1125
32 1,1,1,3,3,3,3,2,1)

Table 11. Exhaustive resultsfor p31108: �W�; ( ����

� ).

is always10 bits or moreandwhich doesnot have any othercores
assignedto it; thusour methodachievesthe theoreticallower bound
on testingtime for this SOC.For �„�

\

2 and � � 2B4 , TAM 1 is
notusedsincethealgorithmis ableto assignthecoresto theremain-
ing TAMs, while achieving the lower boundof 544579cycles. Re-
sultsareshown for six TAMs, however, sincethePartition evaluate
heuristicobtainsalowertestingtimefor six TAMs thanfor � veTAMs
beforethe�nal optimizationstep.Thevaluesof A

>

ˆ @
in Table13 are

for �€�W . Thenew CPUtimesareon averagebetween1 and2 or-
dersof magnitudelessthantheCPUtimesof theexhaustive method.
This is becausethe individual �



� Exhaustive modelsfor p31108

took particularlylong to solve. This signi�cantly affectedthe CPU
timeof theexhaustive methodfor �

�


� and �

�	��

� .

New co-optimizationmethod
*


 + Core /�5

‹76

4"5

‹76 9

/ Ratio
� *.-

+

*

'

assignment (cycles) (sec) (%) ;

5

‹76

;

0

Ž32

16 4+6+ (3,2,1,3,1,1,1,1,1,1, 1174710 10 +17.62 0.04
6 3,3,1,3,3,3,1,3,1)

24 6+9+ (1,2,1,2,3,2,2,1,3,1, 729872 10 +1.25 0.03
9 1,2,3,1,1,3,2,3,2)

32 6+12+ (1,3,1,1,3,3,3,2,3,1, 680591 13 +15.15 0.008
14 1,3,1,3,3,3,3,2,2)

40 9+15+ (1,3,3,3,3,3,1,3,3,1, 544579 12 +0.00 0.01
16 1,1,1,3,1,1,3,2,3)

48 9+16+ (1,3,3,3,3,3,1,3,3,1, 544579 12 +0.00 0.002
23 1,1,1,3,1,1,3,2,3)

56 9+16+ (1,3,3,3,3,3,1,3,3,1, 544579 12 +0.00 0.001
31 1,1,1,3,1,1,3,2,3)

64 9+16+ (1,3,3,3,3,3,1,3,3,1, 544579 11 +0.00 0.0.01
39 1,1,1,3,1,1,3,2,3)

Table 12. New resultsfor p31108for �W�; ( ����

� ).



New co-optimizationmethod
TAM Core / 5

‹86

4 5

‹86
9

/ Ratio
� �

partition assignment (cycles) (sec) (%) ;

5

‹86

;

0

Ž32

16 4 3+3+ (1,3,3,3,2,2,3,1,3,2, 1033210 27 +3.45 0.12
5+5+ 1,3,1,2,1,3,3,4,1)

24 4 5+5+ (2,3,2,1,4,2,1,4,3,2, 882182 27 +22.38 0.08
6+8+ 4,3,1,4,2,1,3,4,2)

32 5 5+4+ (3,5,3,5,2,2,3,3,5,3, 663193 51 +12.21 0.03
6+8+9 5,3,1,3,2,3,5,4,1)

40 4 3+7+ (2,3,1,1,3,1,2,3,1,2, 544579 39 +0.00 0.04
15+15 1,1,2,2,1,1,1,4,1)

48 5 5+3+8+ (5,5,2,3,5,5,5,2,5,3, 544579 205 +0.00 0.03
15+17 1,2,2,2,2,5,5,4,2)

56 6 5+3+5+ (6,6,6,6,4,6,6,6,6,4, 544579 109 +0.00 0.01
8+15+20 3,4,6,2,3,4,6,5,4)

64 6 5+3+5+ (6,6,6,6,4,6,6,6,6,4, 544579 288 +0.00 0.26
8+15+28 3,4,6,2,3,4,6,5,4)

Table 13. New resultsfor p31108( ������
 � ).

4.4 Resultsfor SOC p93791

Numberrange Scanchain
Circuit Test Functional Scan lengths
(core) patterns I/Os chains Min Max

Logic
cores 11–6127 109–813 11–46 1 521

Memory
cores 42–3085 21–396 0 – –

Table 14. Rangesin testdatafor the32coresin p93791.

Exhaustivemethod
Core Testingtime Exec.time

� *



+

*
-

assignment /
0

Ž32

(cycles) 4
0

Ž32

(sec)

16 4+12 (2,2,1,2,1,2,2,2,2,1,1,2, 1798740 6
2,2,2,2,1,2,2,1,2,2,2,1,

1,1,2,2,2,2,2,1)
24 1+23 (2,1,1,1,2,2,1,1,1,2,1,2, 1211740 24

2,2,1,2,2,1,2,2,1,1,2,1,
1,1,2,2,2,1)

32 9+23 (1,2,1,2,1,2,1,1,1,2,1,2, 894342 33
2,2,1,1,1,1,2,2,1,2,2,1,

1,1,2,1,1,1,1,1)
40 17+23 (1,2,2,1,1,2,1,1,2,1,1,1, 747378 30

2,2,2,2,2,1,1,1,1,2,2,1,
1,1,2,2,2,2,1,1)

48 2+46 (2,1,1,2,2,2,1,1,1,2,1,2, 622199 85
2,2,1,2,2,2,2,2,2,2,2,1,

1,1,2,2,2,1,1,1)
56 10+46 (2,1,1,1,1,2,1,1,1,1,1,2, 524203 66

2,2,1,1,2,1,1,2,1,1,2,1,
1,1,2,1,1,1,1,1)

64 18+46 (1,2,1,2,1,2,1,1,2,2,1,2, 467424 71
2,2,1,2,2,2,1,2,2,2,2,1

1,2,2,1,1,2,2,1)

Table 15. Exhaustive resultsfor p93791: �W�…� ( �
��


� ).

SOC p93791contains32 cores[8]. Of these32 cores,18 are
memorycoresand14 arescan-testablelogic cores. A summaryof
the32coresis presentedin Table14.

Tables15, 16, 17, and 18 comparethe exhaustive results for
p93791with thenew resultsfor �W�…� and �W�; (Problem����


� ).
Note that for both � � � and � �  , the new co-optimization
methodresultsin optimum testing times for several valuesof � .
Heretoo, we did not achieve a solutionwith theexhaustive method
aftertwo daysof executionfor �:�[4 . Table19 presentsresultsfor

�
�	��


� . The testingtimesobtainedusingthenew co-optimization
techniquearecomparableto thebesttestingtimesusingtheexhaus-
tive methodfor all valuesof � , andequalto the resultsin [8] for

� �I4yV and56. The testingtimesareon average3% larger than
thosereportedin [8]. TheCPUtimesof thenew Partition evaluate

New co-optimizationmethod
*


 + Core / 5

‹76

4 5

‹76
9

/ Ratio
� * -

assignment (cycles) (sec) (%) ;

5

‹86

;

0

Ž32

16 1+15 (2,1,1,1,2,2,1,1,1,1,1, 1952800 1 +8.56 0.17
2,2,2,1,1,2,1,2,2,1,1,
2,1,1,1,2,1,1,1,2,2)

24 8+16 (2,1,1,1,1,2,1,1,1,2,1, 1217980 1 +0.51 0.04
2,1,2,1,1,1,1,2,1,1,1,
2,1,1,1,2,2,1,1,1,2)

32 9+23 (1,2,1,2,1,2,1,1,1,2,1, 894342 1 +0.00 0.03
2,2,2,1,1,1,1,2,2,1,2,
2,1,1,1,2,1,1,1,1,1)

40 16+24 (1,2,2,2,2,2,1,1,2,1,1, 750311 1 +0.39 0.033
2,1,1,2,2,2,2,2,1,2,2,
2,2,1,2,2,2,2,2,2,1)

48 23+25 (1,1,2,2,2,2,1,1,1,2,2, 632474 1 +1.65 0.01
2,2,1,1,2,2,1,2,1,2,2,
1,2,2,2,1,2,1,1,2,2)

56 10+46 (2,1,1,1,1,2,1,1,1,1,1, 524203 1 +0.00 0.02
2,2,2,1,1,2,1,1,2,1,1,
2,1,1,1,2,1,1,1,1,1)

64 18+46 (1,2,1,2,1,2,1,1,2,2,1, 467424 1 +0.00 0.01
2,2,2,1,2,2,2,1,2,2,2,
2,2,1,2,2,1,1,2,2,1)

Table 16. New resultsfor p93791for �W�…� ( ����
 � ).
Exhaustivemethod

*


 + Core Testingtime Exec. time
� * -

+

*

'

assignment /
0

Ž32

(cycles) 4
0

Ž32

(sec)

16 5+3+8 (3,1,1,3,1,2,1,1,3,3,2, 1771720 25
3,3,2,1,3,1,1,1,3,1,2,
3,2,1,1,3,2,1,3,2,1)

24 7+8+9 (3,1,2,1,1,2,2,2,3,3,1, 1187990 50
1,2,2,1,1,3,2,1,3,2,1,
3,3,2,1,1,1,1,1,2,3)

32 4+5+23 (1,1,1,1,2,3,1,2,1,2,1, 887751 85
3,3,3,1,1,3,1,2,3,1,1,
3,1,1,1,3,2,2,1,1,2)

40 6+12+23 (3,1,1,1,2,3,1,1,1,2,1, 698583 130
3,2,2,1,1,1,1,2,3,2,1,
1,1,1,1,3,1,2,1,1,2)

48 9+16+23 (3,2,2,2,2,3,2,2,1,2,1, 599373 210
2,1,2,2,2,2,2,2,3,2,2,
3,2,2,1,1,2,2,2,2,3)

56 10+23+23 (1,3,2,3,2,3,3,3,3,3,1, 514688 270
2,2,2,2,3,2,1,2,3,3,3,
2,1,1,3,3,3,2,2,2,2)

64 18+23+23 (3,2,3,2,2,3,2,2,2,3,3, 460328 440
2,2,2,2,3,2,1,1,1,3,2,
3,1,1,2,1,3,2,2,3,2)

Table 17. ILP resultsfor p93791: �L�; ( �
��


� ).

algorithm are betweentwo and threeordersof magnitudesmaller
thantheCPUtimesof theexhaustive method.This is becauseParti-
tion evaluateis ableto effectively prunethesolutionspaceby halting
evaluationof unnecessarypartitions,for which the testingtime of a
TAM exceedstheprevious minimum valuefor the SOC.For exam-
ple, of the 341 uniquepartitionsfor ��� 2B4 and �$�I , only 23
wereevaluatedto completion.Furthermore,thenew heuristicalgo-
rithm Core assignmakesit possibleto evaluatewrapper/TAM archi-
tecturesfor industrialSOCshaving multiple TAMs, which wasnot
feasibleusingthemethodsin [8].

5 Conclusion

We have presenteda new ef�cient techniquefor co-optimization
of the wrapper/TAM architecturefor industrial SOCs. The gen-
eralwrapper/TAM co-optimizationproblemhasbeenformulatedas
a progressionof four problems. The �rst problem ��� relating to
wrapperdesignis solved usinganef�cient algorithmpresentedear-
lier. For the secondproblem �



� , relating to core assignment

amongTAMs of �x ed widths, we have presentedan ef�cient pro-
cedurecalledCore assignthat executessigni�cantly fasterthanan



New co-optimizationmethod
*


 + Core /=5

‹86

4"5

‹86 9

/ Ratio
� *.-

+

*

'

assignment (cycles) (sec) (%) ;

5

‹76

;

0

Ž32

16 5+5+6 (2,1,2,1,3,3,1,1, 1786200 2 +0.82 0.08
1,2,1,2,3,3,3,1,
1,1,2,2,1,3,2,1,
1,1,3,3,1,3,1,1)

24 8+8+8 (2,1,1,3,1,3,1,1, 1209420 3 +1.80 0.06
2,1,1,2,1,1,2,1,
1,1,1,3,3,1,2,1,
1,3,2,1,1,2,3,3)

32 4+5+23 (1,1,1,1,2,3,1,2, 887751 2 +0.00 0.02
1,2,1,3,3,3,1,1,
3,1,2,3,1,1,3,1,
1,1,3,2,2,1,1,2)

40 6+10+24 (3,1,1,1,2,3,1,2, 741965 1 +4.60 0.01
2,1,1,3,1,1,2,2,
2,1,1,3,1,1,2,2,
1,2,3,1,1,1,1,3)

48 9+16+23 (3,2,2,2,2,3,2,2, 599373 3 +0.00 +0.01
1,2,1,2,1,2,2,2,
2,2,2,3,2,2,3,2,
2,1,1,2,2,2,2,3)

56 10+23+23 (1,3,2,3,2,3,3,3, 514688 3 +0.00 0.01
3,3,1,1,2,2,2,3,
2,1,2,3,3,3,2,1,
1,3,3,3,2,2,2,2)

64 15+23+26 (2,1,2,1,3,3,1,1, 473997 2 +2.96 0.004
1,3,1,3,1,1,3,2,
2,2,1,2,1,2,2,1,
1,3,3,2,2,1,1,1)

Table 18. New resultsfor p93791for �W�; ( �
��


� ).

ILP model for the sameproblempresentedearlier. The third and
fourth problemsin the progression,����


� and ������

� relateto

determininga partition of TAM width and an effective numberof
TAMs for theSOC,suchthat testingtime is minimized. Thesetwo
problemshave beensolved using a new heuristicprocedurecalled
Partition evaluatethat quickly reacheswithin the neighborhoodof
theoptimalsolutionto �

�


� and �

�	��

� . Partition evaluateuses

extensive solution-spacepruningto identify aneffective TAM parti-
tion for the SOC.Finally, the existing ILP model for ��


� is used
to optimizethecoreassignmentandtestingtime for thewidth parti-
tion producedby Partition evaluate. Experimentalresultsfor several
industrialSOCsdemonstratethatwrapper/TAM co-optimizationcan
beeffectively carriedout in overanorderof magnitudelesstimethan
exact methodsbasedon ILP andexhaustive enumerationpresented
earlier.

Thedrawbackof theheuristicmethodspresentedin thispaperare
that they exhibit anomalousbehavior at times. The width partition
andnumberof TAMs returnedby Partition evaluatedo not always
provide the lowest testing time after the �nal (exact) optimization
stepis performed.
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