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Abstract

Core testwrappes and testaccesamehanisms(TAMs) are im-
portant componentsof a system-ondtip (SOC) test architectuse.
Wrapper/TAM co-optimizatioris necessaryo minimizethe SOCtest-
ing time. Mostprior reseach in wrapper/TAM designhasaddressed
wrapperdesignand TAM optimizationassepaate problemsthereby
leading to resultsthat are sub-optimal. We presenta fast heuris-
tic techniquefor wrapper/TAM co-optimizationand demonstate its
scalability for several industrial SOCs.This extendsrecentwork on
exactmethodgor wrapper/TAM co-optimizatiorbasedninteger lin-
earprogrammingandexhaustiveenumeation. e showthattheSOC
testingtimesobtainedusingthe new heuristicalgorithm are compa-
rable to the testingtimesobtainedusing exact methods.Moreover,
mote thantwo orders of magnitudereductioncanbe obtainedin the
CPU time compaed to exact methods. Furthermoe, we are now
ableto designefcient testaccessarchitectueswith a larger number
of TAMs.

1 Intr oduction

Thegeneralproblemof system-on-chigSOC)testintegrationin-
cludesthe designand optimization of wrapper/BRM architectures
andtestscheduling.Testwrappersorm the interfacebetweencores
andTAMs, andTAMs transportestdatabetweenSOCpinsandtest
wrapperg15]. Testschedulingdetermineghe orderin which tests
areapplied. We focushereon wrapper/RM co-designto minimize
testingtime underTAM width constraints.Wrapper/RM designis
challengingbecausdi) wrapperandTAM optimizationmustbe car
ried outin conjunction[8], (ij) TAMs mustbe designedo minimize
testingtime underthe constraintof limited chip 1/Os available for
testing,and (i) wrapper/BRM co-optimizationtechniquesmustbe
scalablefor industrial SOCscontainingnot only a large numberof
coreswith hundredf I/0 terminalsandscanchains but alsoalarge
numberof TAMs.

Most prior researcthaseither studiedwrapperdesignand TAM
optimizationasindependenproblemg[1, 4, 5, 12], or notaddressed
the issueof sizing the TAMs to minimize SOC testingtime [14].
Alternative approacheghatcombineTAM designwith testschedul-
ing [9, 13] do not addresghe problemof wrapperdesignandits re-
lationshipto TAM optimization. New techniquegor wrapper/AM
co-optimizationarethereforeneededo minimize testingtime under
TAM width constraintsSuchtechniqueshouldbescalablgor SOCs
thatemploy alargenumberof TAMSs.

The rst integratedmethodfor wrapper/RM co-optimizatiorwas
proposedn [8]. TAM optimizationwas carriedout by enumerating
overthedifferentpartitionsof TAM width aswell asoverthenumber
of TAMs onthe SOC.Integerlinear programmingILP) wasusedto
calculatethe optimal core assignmenandresultingtestingtime for
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eachpartition. A dravbackof this approachs thatthewrapper/RM
designsconsideredn [8] arelimited to a smallnumberof TAMs in
orderto maintainfeasiblecomputetimes. However, if thetotal num-
berof TAM wiresonthe SOCis large, the testingtime canoftenbe
reducedby increasinghe numberof TAMs. Thisis becausef two
reasonsFirstly, whentherearemultiple TAMs of differentwidths,a
largernumberof corescanbeassignedo TAMs whosewidthsmatch
the cores' own testdatarequirementsthusthe numberof unneces-
sary(idle) TAM wires assignedo coresis reduced.Secondly mul-
tiple TAMs provide greatertestparallelism therebydecreasingdotal
testingtime. The methodsin [8] arethereforeinadequatdor large
industrialSOCs.

In [8], four problemsstructuredin orderof increasingcomplex-
ity were formulated,suchthat they sere as steppingstonesto the
problemof wrapper/BRM co-optimizatiorfor SOCs.We rst review
thesefour problems.

1. : Designawrapperfor agivencore,suchthatthe coretesting
time is minimized,andthe TAM width requiredfor the coreis mini-
mized.

2. . Determine(i) an assignmenbf coresto TAMs of given
widths,and(ii) awrapperdesignfor eachcoresuchthatSOCtesting
timeis minimized. (Item (ii) correspond$o )

3. : Determine(i) a partition of thetotal TAM width among
the givennumberof TAMs, (ii) anassignmenof coresto the TAMs,
and(iii) awrapperdesignfor eachcoresuchthatSOCtestingtimeis
minimized. (Items(ii) and(iii) togethercorrespondo )
Thesethreeproblemdeadupto , themoregeneraproblem,
describedasfollows.

4, . Determine(i) the numberof TAMs for the SOC, (ii) a
partition of the total TAM width amongthe TAMs, (iii)) anassign-
mentof coresto TAMs, and(iv) awrapperdesignfor eachcore,such
thatSOCtestingtime is minimized. (Items(ii), (iii) and(iv) together
correspondo J)

The abore four problemsareall -hard[8]. Therefore,efcient
heuristicsareneededor largeprobleminstances.

In this paper we presenteuristicsto effectively solve the wrap-
per/TAM co-optimizationproblemsreviewed above for large SOCs
containingmultiple TAMs. As in [8], we usethetestbus modelfor
TAMs. To solvwe , we usethe Designwrapper algorithm pre-
sentedin [8]. We thendescribea new algorithmto solve problem

efciently. The solutionto thusobtainedis a good ap-
proximationof the optimal solutionfor a given TAM width parti-
tion. An efcient techniquefor TAM partition enumeratiorusing
solution-spac@runingis usedto obtainthe TAM width partitionand
numberof TAMs with the lowesttestingtime (problems and
). Thisyields anintermediatesolutionto . In the

nal step,anexactmathematicaprogrammingmodelis usedto op-
timize the nal assignmenbf coresandthe SOCtestingtime. This
two-stepapproachallows us to apply our methodsto designeffec-
tive wrapper/AM architecturegor largeindustrial SOCs.We shav



that while the SOC testingtimes obtainedusing the nen heuristic
algorithm are comparablégo the testingtimes obtainedusing exact

methodsover two ordersof magnitudereductionis obtainedin the

CPUtime needed.This is especiallyimportantsincein somecases,
the minimum SOC testingtime is obtainedfor a larger numberof

TAMs, which we could not computeearlierin a reasonabl@mount
of executiontime.

2 Newalgorithm for core assignment

The rst problem is that of designingan optimal wrapper
for the /O terminalsand internal scanchainsof a core, suchthat
the coretestingtime is minimized. To solvwe , We usean algo-
rithm basedon the BestFit DecreasingBFD) heuristicfor the Bin
Packingproblem[6]. Our Designwrapperalgorithm(proposedear
lier in [8]) hastwo priorities: (i) minimizing coretestingtime, and
(ii) minimizing the TAM width requiredfor the testwrapper These
priorities areachieved by balancingthe lengthsof the wrapperscan
chainsdesignedandidentifying the numberof wrapperscanchains
that actually needto be createdto minimize testingtime. Priority
(ii) is addressethy the algorithmsinceit hasa built-in reluctanceo
createa henv wrapperscanchain,while assigningcore-internakcan
chainsto the existing wrapperscanchains.

The secondproblem is that of assigningcoresto TAMs
of given widths. An ILP modelwas developedto solve ex-
actlyin [8]. The CPUtime for this ILP modelwasreasonablyshort
for a single executionandoptimal solutionsfor the coreassignment
problemwereeasilyobtained.However, isan -hardprob-
lem, and executiontimes canget high for probleminstancedarger
thanthoseencounteredn [8]. Furthermore solutionsto the prob-
lems and were obtainedby enumeratingoptimal
ILP solutionsto for eachTAM width partitiononthe SOC.As
aresult, CPUtimesfor and werefoundto be pro-
hibitively large, especiallyfor anindustrial SOC.Moreover, during
executionof the ILP modelof , valuesof SOCtestingtime
arecalculatedbnly attheendof eachlLP iteration. Thereforeexecu-
tion of the ILP modelcannotbe haltedprematurelyif it is discovered
thatthetestingtime of a TAM hasalreadyexceededhe best-knavn
value calculatedearlier Therefore,a fasteralgorithm for
thatproducesf cient resultsin polynomialtime is clearlyneeded.

Here, we presenta new heuristicalgorithm for basedon
the relationshipbetweenTAM width and core testingtimes calcu-

lated for The testingtime of Core when connectedto a
TAM  of width is denotedby . We designthe heuris-
tic for , basedon an approximationalgorithmfor the problem

of scheduling independenjobs (tests)on  parallel, equalpro-
cessor{TAMSs) [3]. The pseudocodéor our heuristicCore_assign
is presentedn Figure 1. Intuitively, in eachiterationthe algorithm
calculateghe summedtestingtime on eachTAM by addingup the
testingtimes of all the coresassignedo that TAM. Thenthe core
with thelargesttestingtime (amongall unassignedores)is assigned
to the TAM with the shortestturrentsummedestingtime. Further
more,during coreassignmentif thetime  onary TAM exceeds
the best-knavn value  computedearliet the algorithmreturns
andhalts. This playsasigni cant role in reducingcomputatiorwhen
Core_assignis executeda large numberof times,aswill beshavnin
Section3.

We illustrate the Core_assignalgorithm using an example SOC
containing ve coresandthreeTAMs. Thetestingtimesfor the ve
coreswhenassignedo the TAMs of widths 8, 16, and32 areshavn
in Figure 2 (a). Initially, the testingtime on all TAMs is 0 cycles;

Procedure Core_assigrfB,C, )

1 Let C bethesetof cores;

2 Let B bethesetof TAMs;

3Let bethebest-knavn testingtime for (B,C);
4 For eachcore C

5 For eachTAM B

6 Find usingDesignwrapper,

7 For eachTAM B

8 Settestingtime onTAM to0;

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( AND is maximum);
16 SelectCore , suchthat is maximum;
17 AssignCore to TAM ;

18 DetermineTAM B, suchthat is maximum;
19 |If

20 Return SOCtestingtime

21 C=C- ;

22 Return SOCtestingtime

Figure 1. New algorithmfor coreassignment.

Testingtime (cycles) Testing
TAM1 | TAM2 | TAM 3 time

Cores || 32bits | 16bits 8 bits Core || TAM | (cycles)
1 50 100 200 1 2 100
2 75 95 200 2 3 200
3 90 100 150 3 2 100
4 60 75 80 4 1 60
5 120 120 125 5 1 120

@ (b)

Figure 2. Coretestingtimesfor (a) the SOCusedto illustrate
Core_assign and(b) the nal assignment.

thereforeTAM 1 of width 32, beingthe widest, is consideredrst.
Core5 hasthe highesttestingtime on TAM 1, thereforeCore5 is
assignedo TAM 1. Next, thereis a choicebetweenCoresl and3
to beassignedo TAM 2 of width 16. We chooseto assignCorel to
TAM 2 herebecausehetestingtime for Core1l on TAM 3 is higher
thanthetestingtime for Core3 on TAM 3 (Line 14 of Core_assigp.
Next Core 2 is assignedo TAM 3. TAM 2 is now the minimally
loadedTAM; therefore Core3 is assignedo TAM 2. Finally, Core4
is assignedo TAM 1. Figure2 (b) presentghe nal assignmenbf
coresto TAMs. Thetestingtimeson TAMs 1, 2, and3 are180, 200,
and 200 clock cycles, respectiely. The compleity of Core_assign
is , where is thenumberof coresin the SOC.Core_assign
executestwo ordersof magnitudefasterthanthe ILP modelin [8];
hencea signi cantly largernumberof Core_assigniterationscanbe
executedn thetime takento executethe ILP model.

3 TAM width partitioning

In this sectionwe describehow the Core_assignheuristicis used
to develop analgorithmto quickly reachanintermediatesolutionto
and . We also demonstratédhow, oncean approxi-
matesolutionfor hasbeenreachedan exact mathematical
programmingmodelfor canbeexecutedo performa nal op-
timizationof thecoreassignmenthusachie/ing nearoptimalresults
with little computatiortime.



3.1 Fastalgorithm for

In [8], it wasshawn thatthe ILP modeltakes a relatively
smalltime to executefor probleminstancef resonablesize. This
canbe exploited to executethe modelfor eachunique TAM width
partition andrecordthe partition and core assignmentvith the best
testingtime. Solutionsto and canthusbeobtained.
This methodis applicablebecaus¢he numberof uniquepartitionsof
TAM width is relatively small for a small numberof TAMs. The
numberof unique partitions for a given total TAM width

, anda given number of TAMs canbe estimatedusing parti-

tion theoryin combinatorialmathematic§10]. In [10], is
shavn to be approximately——— for . For ,
— . For , thenumberof partitionscanbe shavn

to be [8]. Fromthis formula, .

Thereforetheexecutiontime for SOCshaving threeTAMs is reason-
able,evenfor large . Thechallengeo effective partitionenumera-
tion liesin thefactthatfor , thereis no simpleandsystematic
methodto enumerat®nly the uniquepartitions.In fact, no exactfor-

mulais availableto calculatethe total numberof unique partitions
for agivenvalueof and . Thevalueof canthusonly

be approximatedassuming . Oneway to ensurethatonly

uniquepartitionsareevaluatedis to discard prior to evaluation,each
new partition that appeargo be a cyclical isomorphismof a previ-

ously handledpartition. However, the memoryrequirementgor this

methodandthe numberof partition comparisonsequiredto be per

formedgrow exponentiallywith  andseverely limit the scalability
for large . Furthermoreas increasesthetime requiredto enu-
merateuniquepartitionsand evaluatethemusingILP increasesig-

ni cantly. This methodis thereforeinadequatdor industrial SOCs
having multiple TAMs.

In this subsectionwe useCore_assignto develop afastmethodto
evaluatewidth partitions;this effectively addressethe problemsin-
herentto the ILP modeland“enumeration-comparisorthethodde-
scribedabore. The new heuristicemplgys extensve solution-space
pruning,andis thusapplicableto wrapper/RM designfor industrial
SOCshaving alarge numberof TAMs. In our experimentswith in-
dustrial SOCs,we wereableto evaluatewidth partitionsandtesting
timesfor wrapper/AM architecturehaving uptoten TAMs within a
few minutes. Testaccesarchitecturesiaving morethanten TAMs
could alsobe evaluated but werefoundto be lessusefulfor testing
time minimizationbecauséestingtime increasesigni cantly asthe
relative width of eachTAM decreasebeyondathreshold.

The new algorithm Partition_evaluate for problems and

is presentedn Figure3. This algorithmemplagys threelev-
els of solution-spaceruning. Firstly, the numberof partitionsenu-
meratedis signi cantly limited by the restrictionin Line 1 of the
recursve function Increment To enumeratepartitions of over

TAMs, Incrementdynamicallycreates nestedoopswith loop
variables . Without the restrictionin Line 1, enumeration
wouldbeasfollows: = ,

., . However,
asizeablenumberof repeatedgartitionsis preventedby establishing

an upperbound on eachvariable  during enu-

meration.For example,for , the rst threepartitions
enumeratedre , ,and ,
respectiely. If therestrictionof Line 1 werenotpresenttherepeate
partition

would also subsequentlype enumerated.

Procedure Partition_evaluaté )

lLet =total TAM width;

2 Let C = setof cores;

3lLet = upperlimit on numberof TAMs;
4For =1to

5 Letsetof TAMsB = ;
6 SetSOCtestingtime =

7 ForTAM =1to( ),set =1;

8 Set =0; Set ;
9 While

10 IncrementB, );
11 New SOCtestingtime

12 If

13 Set

14 OutputB .

= Core_assigr{B,C, );

; SetB =B;

Procedure Incremen(B, )

11If

2 Set ;

3 Set

4 Return;

5Else

6 If

7 Set ; Return;

8 ElselncrementB, );

Figure 3. Fastalgorithmfor partitionevaluation.

However, Line 1 establishesn upperboundof 2 on  ; thus, par
tition is notenumeratedSecondlyLines18to 20in
Core_assignterminatethe evaluationof ary partition for which the
testingtime  of any TAM hasalreadyexceededhe best-knavn
value of testingtime  calculatedpreviously. The numberof such
partitions,whoseevaluationcanbeterminatedvasfoundto belarge
in ourexperimentsthereforeheexecutiontime of Partition_evaluate
is reducedsigni cantly. Finally, Partition_evaluateusesheuristical-
gorithm Core_assignto evaluatepartitions. This algorithm
signi cantly reduceshe computatiorperformed.

Table1 presentsomeexperimentadataon the ef ciency of Par-
tition_evaluatefor partition-spaceruning. The numberof possible
uniquepartitions (estimatedusing —)is
presentedor several valuesof and . We presentresultsfor

, becausegheformula is accurateonly
for largervaluesof . The numberof partitions thatareac-
tually evaluatedto completion(prunedby Line 1 of the Increment
functionandby lines 18to 20 of Core_assign) is presentedor anex-
ampleSOCp21241from Philips. (The relevant detailsof this SOC
arepresentedn Section4.) Finally, the efciency of our heuris-
tics is calculatedusing . Here, implies that
approximatelyl% of the numberof uniquepartitionsare evaluated
to completionby Partition_evaluate We choosep21241to illustrate
the efciency of our heuristics,becausehe exhaustve method[8]
wasfoundto beinadequatdor wrapper/AM co-desigrfor p21241;
the methoddid not completeeven for . FromTablel, it can
be seenthat Partition_evaluateevaluateson averageonly 2% of the
uniquepartitions. Thusthereis a signi cant reductionin the execu-
tion time usingthis heuristiccomparedo the exhaustve method.



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 the Partition_evaluateheuristic.

3.2 Final optimization step

Partition_evaluate provides a fast approximationof the optimal
valuesof TAM width partition andtestingtime. We furtherimprove
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 nearoptimalsolutionto

in a shortexecutiontime. Here,we repeatthe ILP model
for from [8] for reason®f completenessandto commenton
its compleity.

To model , consideran SOCconsistingof  coresand
TAMs of widths . The time taken to test Core
assignedo TAM , givenby clockcycles,is calculatedusing
Designwrapper We introducebinaryvariables  (where

and ), which are usedto determinethe assignment
of coresto TAMs in the SOC. Let be a 0-1 variablede ned as
follows:

if Core is assignedo TAM
otherwise

Thetimeneededo testall coreson TAM  is givenby
. Sinceall the TAMs canbe usedsimultaneouslyor testing,the
systenmtestingtime equals . ThelLP

modelfor canbeformulatedasfollows.

Objective: Minimize testingtime , subjectto

1. , i.e., is the maximum
testingtime onary TAM

2. , , i.e.,every coreis assignedo exactly
oneTAM

Thenumberof variablesandconstraintgor this model(a measuref
its compleity) is givenby , whichis ,and , Which
is , respectrely. This ILP modelusesthe bestwidth partition
obtainedrom Partition_evaluateto optimizethecoreassignmenand
obtaina nearoptimal wrapper/RM architecturen the nal stepof
our co-optimizationmethodology

4 Experimental results

In this section, we presentexperimentalresultson our wrap-

per/TAM co-optimizationmethodologyfor four exampleSOCs.The

rst, d695,is an academicoenchmarkSOC from Duke University.
TheotherthreeSOCsp93791,p21241 andp31108arefrom Philips.
Thenumber(e.g.,93791)in eachSOCnameis a measureof its test
compleity. We calculatethe SOCtestcompleity numberusingthe
formulapresentedn [8].

The experimentakesultspresentedn this paperwereobtainedat
Duke Universityusinga SunUItra 10 with a333MHz processoand
256 MB memory The resultsin [8] were obtainedat Philips Re-
searchLaboratorieausinga SunUltra 80 with a 450 MHz processor
and4096MB memory For the problemsn this paperwe foundthat
theSunUltra 80 leadsto ve timesfasterexecutioncomparedo the
SunUltra 10. Therefore,the CPU timesreportedin [8] have been

multiplied by afactorof veto facilitatea comparisorwith the CPU
timesreportechere.Notethatwe achieze anorderof magnitudem-
provementin CPUtime over [8] evenwithoutthe5 adjustmentac-
tor. Note alsothatall SOCtestingtimesin this sectionareexpressed
in clock cycles.

4.1 Resultsfor SOC d695

In this subsectionwe presenexperimentaresultsfor SOCd695.
SOCd695consistof two ISCAS'85andeightISCAS'89benchmark
circuits[8].

Resultsin [8] for
Core Testingtime Exec.time
assignment (cycles) (sec)
16 6+10 1.211,221,1,2,1) 45055 5
24 6+18 (2,1,11,2,2,1,1,1,2) 29501 5
32 11+21 1,2,1,1,2,2,2,1,1,1) 25442 5
40 8+32 (21,1,1,22,1,1,2,2) 21359 10
48 16+32 (2,1,1,1,21,2,2,2,2) 19938 10
56 19+37 (1,2,1,1,21,2,2,1,2) 18434 10
64 20+44 1,2,1,1,2,1,2,2,1,2) 18205 15
€Y
New co-optimizationmethodfor
Core Ratio
assignment (cycles) | (sec) (%)
16 8+8 (2,1,2,1,1,2,1,2,1,2)) 45055 1 +0.00 0.2
24 12+12 (2,2,1,1,1,21,1,2,2)) 34455 1 +16.79 0.2
32 16+16 (2,1,2,1,21,1,2,1,2)| 25828 1 +1.52 0.2
40 20+20 (2,1,1,1,1,21,2,1,2)| 22848 1 +6.97 0.1
48 20+28 1,2,1,21,1,2,2,1,2)| 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
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 Ratio
assignment (cycles) | (sec) (%)
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 ).

Table 2 compareghe resultsobtainedin [8] with the resultsof
the new wrapper/BM co-optimizationmethodfor d695for
and (Problem ). Thetestingtimes of the new
methodarecomparabléo thetestingtimes in [8]. However, the
CPU times of the new methodare at leastan order of mag-
nitude lessthanthe CPU times in [8] for larger valuesof
The core assignment/ector follows the notationintroducedin [5]
andfurtherusedin [8]. Eachpositionin thevectorrefersto thecore
numberandthe entry in eachpositionrefersto the TAM to which
thecorrespondingoreis assignedThe percentagehangen testing
time usingthe new methodis calculatedusingthe formula (%)



New co-optimizatiormethod
TAM Core Ratio
partition assignment| (cycles) (sec) (%)
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 3,2,2,11)
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 the methodsof [8] arelimited to dueto high com-
putationcost,the heuristicproposedn this papercanevaluatemore
ef cient TAM designswith highervaluesof . Table3 presentshe
resultsobtainedwith thenew wrapper/BRM co-optimizatiormethod-
ology for d695 over a larger numberof TAMs (Problem ,

). ThetestingtimesandCPUtimesin [8] have alreadybeen
presentedh Table2. Thebestresultsin [8] wereobtainedor
Thetestingtimes obtainedusingthe new co-optimizationtechnique
arebetterthanor equalto thebesttestingtimesin [8] for largervalues
of . For , the new testingtimesare on averageonly 3%
largerthanthosereportedin [8]. We improve uponthetestingtimes
comparedo [8] for largervaluesof  becausdhe exhaustve ap-
proachof [8] did not terminatewithin a reasonableCPU time for
thesevaluesof  for larger . Only the bestresultsfor
werereportedin [8]. Sincethe exhaustve methoddid not terminate
within a reasonabléCPU time for , theratio —— reported
in Table 3 is obtainedusingthe value of for . Thereis
animprovementof two ordersof magnitudein the CPU timesin all
cases.The new techniqueis thereforescalablefor industrial SOCs
having multiple TAMs, asillustratedin thefollowing subsections.

4.2 Resultsfor SOCp21241

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

Numberrange Scanchain
Circuit Test Functional | Scan lengths
(core) patterns 1/0s chains [ Min [ Max
Logic
cores 1-785 37-1197 1-31 1 400
Memory
cores 222-12324 52-148 0 - -

Table 4. Rangesn testdatafor the 28 coresin p21241.

Tables5 and6 presenexperimentatesultsfor p21241ifor
The exhaustve method[8] did not run to completionfor ,
even after two daysof execution. The resultsfor over a
largernumberof TAMs ( ) usingthenew co-optimization
methodarepresentedn Table7. For , thetestingtimesob-
tainedusingthe new co-optimizationtechniqueare on average25%
lowerthanthoseobtainedusingthe Exhaustve methodin [8]. Thisis
becauseisingPartition_evaluate wewereableto partition  among
a larger numberof TAMs thanwas possibleusingExhaustve. The
valuesof in Table7 arefor . Thenew CPUtimesare

Exhaustve method
Core Testingtime Exec.time
assignment (cycles) (sec)
16 6+10 2,122,2,11,111,1,11,3, 462210 11
1,2,14,1,1,1,1,1,1,1,2,2,2,1
24 8+16 2,22112111,11,1,21 361571 24
1,1,1,1,1,1,1,1,1,1,22,2,1
32 10+22 1,2,2,2,1,2,2,2,2,1,1,2,2,2, 312659 49
1,1,2,1,21,1,2,2,1,2,2,1,2
40 10+30 1,2,2,2,2,2,2,2,2,1,1,2,1,2, 278359 60
1,1,1,1,21,1,1,1,1,22,2,1
48 10+38 (1.2,2,2,2,2,2,2,2,2,2,2,1,] 268472 84
11,1,1,2,1,1,1,1,2,2,2,2)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. Exhaustve resultsfor p21241for ( ).
New co-optimizationmethod
Core Ratio
assignment (cycles) | (sec) (%)
16 6+10 2,1,22,2,11,1,1,1| 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 1,2,11,2,2,2,2,2,1| 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
1,2,221,1,2,1,2
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
1,1,2111,22,1
1,1,1,1,2,2,2,1,1)
48 20+28 (1,2,1,21,2,2,1,2, | 290644 1 +8.25 0.01
1,1,1,1,21,1,2,1,
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
1,1,1,1,21,2,1,2
1,2,1,1,1,2,2,1,1,1)
64 29+35 1,2,11,1,11,2,1,1| 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 ( ).

comparableo the CPU times of the Exhauste method. The nal

optimizationsteptook betweenl0 and 20 secondgo completein
all cases.This wasbecauseahe ILP modelsfor this SOCwere par
ticularly intractable. This also explainswhy the Exhaustve method
from [8] did notterminatewithin areasonabl€&€PU time for

for p21241.

For and , the Partition_evaluate heuristicre-
turnsa partition of 1+1+4+10. This yields a testingtime of 468011
cyclesafterthe nal optimizationstep(Table7). However, a lower
testingtime of 462210cycles is actually achievable using only 2
TAMs (Table6). Thisis becausehetestingtime for four TAMs re-
turnedby Partition_evaluateis lower thanthatfor two TAMs before
the nal optimizationstep.Similarly, for , Partition_evaluate
obtainsa partition of 13+10+10+10+21 ve TAMs), which gives
a lower (heuristic)testingtime than doesthe partition obtainedfor

1 5+4+10+10+10+17six TAMs). However, afterthe nal
optimizationstep, the partition for is ableto achieve the
sametestingtime asthatfor . This anomalousehaior of
our algorithmis dueto thefactthatPartition_evaluateusesheuristics
to quickly approximatethe nal result. Therefore the partition that
actuallyprovidesthe lowesttestingtime after nal (exact)optimiza-
tion might not bereturnedby Partition_evaluate

4.3 Resultsfor SOCp31108

SOCp31108containsl9 cores. Of these,15 arememorycores
and 4 are scan-testabléogic cores. Table 8 presentshe datafor




New co-optimizationmethod New co-optimizationmethod
TAM Core Ratio Core Ratio
partition assignment (cycles) (sec) (%) assignment (cycles) (sec) (%)
16 4 1+1+ (4,3,4,4,4,43,2,3,2( 468011 10 +1.25 0.9 16 8+8 1,2,2,2,2,1,1,1,1,2 1080940 1 +0.00 0.2
4+10 2,14,24221,1, 1,1,2,2,1,1,1,1,1)
2,1,1,3,1,1,1,4,1) 24 10+14 | (2,1,2,2,2,1,1,2,1,1 928782 1 +13.15 0.14
24 3 4+10+ (2,2,2,1,3,3,3,1,2,1,( 313607 41 -13.27 1.71 2,1,1,2,1,1,1,2,2)
10 1,2,1,1,1,1,1,1,1, 32 16+16 | (1,2,1,2,2,2,1,2,1,2| 750490 1 +2.33 0.11
1,1,1,1,1,2,3,2,} 21,1,1,1,2,1,1,2)
32 4 1+10+ (4,43,2,2,2,2,2,2,1| 246332 192 -21.21 3.92 40 16+24 | (1,2,2,2,2,2,2,2,2,2 721566 1 +0.0002 0.1
10+11 13,4,2,1,1,2,2,1, 2,2,1,2,2,2,1,1,2)
3,4,1,2,4,2,3,1,1) 48 16+32 | (1,1,2,2,2,2,1,2,2,1| 709262 1 +0.00 0.07
40 5 5+5+ (4,4,35,3,1,1,1,3,1,( 232049 60 -16.64 1.00 2,1,1,2,2,1,1,2,2)
10+10+ 153,2,1,3,53,1 56 16+40 | (1,1,2,2,2,2,1,2,2,1 704659 1 +0.00 0.06
10 4,3,1,1,4,4,5,3,5) 2,2,21,2,1,1,2,2)
48 6 5+3+ (5,5,2,2,3,2,3,2,3,2 232049 15 -13.57 0.18 64 16+48 | (1,1,2,2,2,2,2,2,2,1| 700939 1 +0.00 0.06
10+10+ 2,2,2,2,2,2,2,3,2, 2,2,2,2,2,2,2,2,2)
10+10 2,4,2,2,2,3,6,2,1)
56 || 6 | 5+a+ | (55223237232 153990 | 69 | -42.28 | 0.86 Table 10. New resultsfor p31108for ( )-
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+ | (6.4,432.4.454.2| 153990 | 138 | -40.92 | 1.31 Exhaustre method
10+10+ 465435443, Core Testingtime | Exec.time
21 5.6,4,5,1,6.5.5.2) assignment (cycles) (sec)
16 1+7+8 (1,3,2,3,2,1,1,2,3,3, 998733 222
Table 7. New resultsfor p21241( ). 3,1,2,2,3,1,2,2,1)
24 9+7+8 (2,3,2,21,2,2,3,2,2, 720858 325
3,3,3,2,3,3,2,1,2)
+5+
the 19 cores.Testdatafor this SOChasnot beenpublishedbefore. % 17105 (221231%2122221322)1 so1027 1076
_ 40 9+10+ 1,31,1,33,1,3,1,1, 544579 1081
Numberrange Scanchain 21 3,1,1,1,3,1,3,2,3)
Circuit Test ‘ Functional Scan Iengths 48 9+10 (1,3,1,1,3,3,1,3,1,1, 544579 6198
(core) patterns 1/0s chains | Min | Max 29 3,1,1,1,3,1,3,2,3)
Logic 56 9+10 1,31,1,33,1,3,1,1, 544579 11331
cores 210-745 109-428 1-29 8 806 37 3,1,1,1,3,1,3,2,3)
Memory 64 17+15+ 3,3,1,1,3,1,3,3,3,1, 544579 1125
cores 128-12236 11-87 0 - - 32 1,1,1,3,3,3,3,2,1)
Table 8. Rangesn testdatafor the23 coresin p31108. Table 11. Exhaustve resultsfor p31108: ( ).

Exhaustve method
Core Testingtime
assignment (cycles) | (sec)
16 8+8 1,2,2,2,2,1,1,1,1,2, 1080940 5
1,1,2,21,1,1,1,1)
24 9+15 1,2,2,2,2,2,1,2,1,2, 820870 7
2,1,1,2,1,1,21,2)
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 11,2,2,2,2,2,2,2,1 700939 18
2,2,2,2,2,2,2,2,2)
Table 9. Exhaustve resultsfor p31108for ( ).

Tables9, 10, 11, and 12 comparethe resultsobtainedby the ex-
haustve methodwith theresultsobtainedby the new co-optimization
methodfor p31108for and (Problem ). For

, theexhaustve methodof [8] did not provide a solutioneven
aftertwo daysof CPUtime. Table 13 presentghe new experimen-
tal resultsfor p31108(Problem ). For , thetesting
times obtainedusing the new co-optimizationtechniqueare on av-
eragel5% higherthanthoseobtainedusingthe Exhaustve method.
For , we reachthe optimumtestingtime of 544579cycles.
The testingtime of this SOCdoesnot decreasdeyond 544579cy-
clesas isincreasedeyond40and isincreasedeyond3. This
is becauseahe testingtime for Core 18 in p31108reachesa mini-
mum value of 544579cycleswhenthe width of the TAM to which
it is assignedreacheslO bits. Note thatin Tables11, 12 and 13,
for , Core18 is always assignedo a TAM, whosewidth

is always 10 bits or more andwhich doesnot have ary othercores
assignedo it; thusour methodachievesthe theoreticalower bound
on testingtime for this SOC.For and , TAM 1is

notusedsincethe algorithmis ableto assignthe coresto theremain-
ing TAMs, while achiezing the lower boundof 544579cycles. Re-
sultsareshown for six TAMs, however, sincethe Partition_evaluate
heuristicobtainsalowertestingtime for six TAMs thanfor ve TAMs

beforethe nal optimizationstep.Thevaluesof in Tablel3are
for . Thenew CPUtimesareon averagebetweenl and2 or-

dersof magnituddessthanthe CPUtimesof the exhaustve method.
This is becauséhe individual Exhaustve modelsfor p31108
took particularlylong to solve. This signi cantly affectedthe CPU
time of the exhaustve methodfor and

New co-optimizationmethod
Core Ratio
assignment (cycles) (sec) (%)
16 4+6+ (3213111,111] 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 ( ).



New co-optimizationmethod New co-optimizatiormethod
TAM Core Ratio Core Ratio
partition assignment (cycles) (sec) (%) assignment (cycles) (sec) (%)
16 || 4 3+3+ (1,3.332,2,3,13,2] 1033210 27 +345 | 0.12 16 || 1+15 | (2,1,1,1,2,2,1,1,1,1,1] 1952800 1 +856 | 0.17
5+5+ 1,3,1,2,1,3,3,4,1) 2,2,2,1,1,2,1,2,2,1,1,
24 || 4 5+5+ (2,3,2,1,4,2,1,43,2] 882182 27 +22.38 | 0.08 2,1,1,1,2,1,1,1,2,2)
6+8+ 4,31,4,2,1,3,4,2) 24 || 8+16 | (2,1,1,1,1,2,1,1,1,2,1] 1217980 1 +0.51 | 0.04
32| 5 5+4+ (3,5,3,5,2,2,3,3,5,3| 663193 51 +12.21 | 0.03 2121,11,1,2,1,1,1,
6+8+9 53,1,3,2,3,5,4,1) 21,1,1,2,2,1,1,1,2)
40 || 4 3+7+ (2,3,1,1,3,1,2,3,1,2| 544579 39 +0.00 | 0.04 32 || 9+23 | (1,2,1,2,1,2,1,1,1,2,1] 894342 1 +0.00 | 0.03
15+15 1,1,2,2,1,1,1,4,1) 2,2,2,1,1,1,1,2,2,1,2,
48 || 5 | 5+3+8+ | (55,2,3,5,5,5,2,53,| 544579 | 205 +0.00 | 0.03 21,1,1,2,1,1,1,1,1)
15+17 1,2,2,2,2,5,5,4,2) 40 || 16+24 | (1,2,2,2,2,2,1,1,2,1,1] 750311 1 +0.39 | 0.033
56 || 6 | 5+3+5+ | (6,6,6,6,4,6,6,6,6,4 544579 | 109 +0.00 | 0.01 2,11,2,2,2,2,2,1,2,2,
8+15+20 | 3,4,6,2,3,4,6,5,4) 2,2,1,2,2,2,2,2,2,1)
64 || 6 | 5+3+5+ | (6,6,6,6,4,6,6,6,6,4| 544579 | 288 +0.00 | 0.26 48 || 23+25 | (1,1,2,2,2,2,1,1,1,2,2] 632474 1 +1.65 | 0.01
8+15+28 | 3,4,6,2,3,4,6,5,4) 2,2,1,1,2,21,2,1,2,2,
1,2,2,21,2,1,1,2,2)
Table 13. New resultsfor p31108( )- 56 || 10+46 | (21,1,1,1,2,1,1,1,1,1] 524203 | 1 | +0.00 | 0.02
2,2,2,1,1,2,1,1,2,1,1,
21,1,1,2,1,1,1,1,1)
64 || 18+46 | (1,2,1,2,1,2,1,1,2,2,1] 467424 1 +0.00 | 0.01
4.4 Resultsfor SOC p93791 992212221222
2,2,1,2,2,1,1,2,2,1)
Numberrange Scanchain Table 16. New resultsfor p93791for ( ).
Circuit Test Functional | Scan lengths Exhaustve method
(core) patterns 1/0s chains [ Min [ Max Core Testingtime Exec.time
Logic assignment (cycles) (sec)
cores 11-6127 | 109-813 | 11-46 1 521 16 5+3+8 @1131,211332 1771720 25
Memory 3,3,2,1,3,1,1,1,3,1,2,
cores 42-3085 | 21-396 0 - - 3,2,1,1,3,2,1,3,2,1)
Table 14. Rangesn testdatafor the 32 coresin p93791. 24| T8+ ) (81211222381 1187990 %0
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
Exhaustve method 3,3,3,1,1,3,1,2,3,1,1,
Core Testingtime Exec.time 311,132211,.2)
assignment (cycles) (sec) 40 6+12+23 | (3,1,1,1,2,3,1,1,1,2,1 698583 130
16 2+12 (2212122221172 1798740 6 3,221,1,11232]1,
222212212221, 11113121,1,2)
11.2,2.2,2.21) 48 || 9+16+23 | (3,2,2,2,2,3,2,2,1,2,1 599373 210
24 1+23 | (21,1,1221,1,1,21.2] 1211740 24 21222222322,
221221221121, 3221122223
11,22.2.1) 56 || 10+23+23| (1,3,2,3,2,3,3,3,33,1 514688 270
32 9+23 (1,21,21,21,1,1,2,1,2| 894342 33 2,2,2,2,32,1,2,33,3,
221111221221, 211,3332.222)
1121,1,1,1,1) 64 || 18+23+23| (3,2,3,2,2,3,2,2,2,3,3| 460328 440
40 17+23 | (1,221,1,2,1,1,21,1,1] 747378 30 2,2,2,2,321,1,132,
222221111221, 3112132232
1,1,2,2,2,2,1,1) .
48 2+46 (21,1,2,2,21,1,1,212| 622199 85 Table 17. ILP resultsfor p93791: ( ):
221222222221,
1,1,2,2,2,1,1,1)
56 10+46 (222111112112112111112112 524203 66 algorithm are betweentwo and three ordersof magnitudesmaller
R IREER T thanthe CPUtimesof the exhaustve method.This is becauséarti-
64 18+46 (;gig;gi;gg;f 467424 71 tion_evaluateis ableto effectively prunethesolutionspaceby halting
12211221 evaluationof unnecessarpartitions,for which the testingtime of a
. TAM exceedsthe previous minimum value for the SOC. For exam-
Table 15. Exhaustie resultsfor p93791: ( ). p

SOC p93791contains32 cores[8]. Of these32 cores, 18 are
memorycoresand 14 are scan-testabléogic cores. A summaryof
the 32 coresis presentedn Table14.

Tables 15, 16, 17, and 18 comparethe exhaustve results for
p93791with thenew resultsfor and (Problem ).
Note that for both and , the new co-optimization
methodresultsin optimum testingtimes for several valuesof
Heretoo, we did not achieve a solutionwith the exhaustve method
aftertwo daysof executionfor . Table19 presentsesultsfor

. Thetestingtimesobtainedusingthe new co-optimization
techniguearecomparableo the besttestingtimesusingthe exhaus-
tive methodfor all valuesof , andequalto the resultsin [8] for

and56. The testingtimesareon average3% larger than
thosereportedin [8]. The CPU timesof the new Partition_evaluate

ple, of the 341 uniquepartitionsfor and , only 23
wereevaluatedto completion. Furthermorethe new heuristicalgo-
rithm Core_assignmalesit possibleto evaluatewrapper/RM archi-
tecturesfor industrial SOCshaving multiple TAMs, which was not
feasibleusingthe methodsn [8].

5 Conclusion

We have presentedh new ef cient techniquefor co-optimization
of the wrapper/RM architecturefor industrial SOCs. The gen-
eralwrapper/RM co-optimizationproblemhasbeenformulatedas
a progressiorof four problems. The rst problem relatingto
wrapperdesignis solved usingan ef cient algorithmpresenteckar
lier. For the secondproblem , relating to core assignment
amongTAMs of x ed widths, we have presentechn efcient pro-
cedurecalled Core_assignthat executessigni cantly fasterthanan



New co-optimizationmethod
Core

assignment

(2,1,21,331,1,
1,2,1,2,3,33,1,
1,1,2,2,13.2,1,
1,1,3,3,1,3,1,1)
(2,1,1,3131,1,
21121121,
1,1,1,331.21,
1,3,2,1,1,2,3,3)
(1,111,231,.2,
1,2,1,333,1,1,
3,1,2,3,1,1,31,
1,1,3,2,2,1,1,2)
(311,123,112,
21,131,122,
21,131,122,
1,2,31,1,1,1,3)
(3.2,2,2,2,3,2,2,
1,2,1,21,2,2,2,
2,2,2,32,2,3,2,
2,1,1,2,2,2,2,3)
(1,3,2,3,2,33,3,
3,3,1,1,2,2,2,3,
2,1,2,3,3,3,2,1,
1,3,3,3,2,2,2,2)
(2,1,21,331,1,
1,3,1,3113,2,
2,2,1,2,1,2,2,1,
1,3,3,2,2,1,1,1)

Table 18. New resultsfor p93791for ( ).

Ratio

(cycles) (sec) (%)
1786200 2 +0.82

16 5+5+6 0.08

24 8+8+8 1209420 3 +1.80 0.06

32 4+5+23 887751 2 +0.00 0.02

40 6+10+24 741965 1 +4.60 0.01

48 9+16+23 599373 3 +0.00 | +0.01

56 10+23+23 514688 3 +0.00 0.01

64 15+23+26 473997 2 +2.96 | 0.004

ILP model for the sameproblempresenteckarlier The third and
fourth problemsin the progression, and relateto
determininga partition of TAM width and an effective numberof
TAMs for the SOC,suchthattestingtime is minimized. Thesetwo
problemshave beensolved using a new heuristic procedurecalled
Partition_evaluate that quickly reacheswithin the neighborhoodof
theoptimal solutionto and . Partition_evaluateuses
extensie solution-spaceruningto identify an effective TAM parti-
tion for the SOC. Finally, the existing ILP modelfor is used
to optimizethe coreassignmenandtestingtime for the width parti-
tion producedby Partition_evaluate Experimentatesultsfor several
industrial SOCsdemonstrat¢hatwrapper/RM co-optimizationcan
beeffectively carriedoutin overanorderof magnituddesstimethan
exact methodsbasedon ILP and exhaustve enumeratiorpresented
earlier

Thedravbackof the heuristicmethodgresentedh this paperare
thatthey exhibit anomalousbehaior at times. The width partition
and numberof TAMs returnedby Partition_evaluatedo not always
provide the lowesttestingtime after the nal (exact) optimization
stepis performed.
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