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ABSTRACT
This paper describesan integrated framework for plug-and-play
SOCtestautomation.Thisframework is basedon a new approach
for wrapper/TAM co-optimizationbasedon rectanglepacking. We
�r st tailor TAM widths to each core's test data needs. We then
userectanglepacking to develop an integrated schedulingalgo-
rithm that incorporatesprecedenceand power constraints in the
test schedule, while allowing the SOCintegrator to designatea
group of testsas preemptable. Finally, we studythe relationship
betweenTAM width and testerdata volumeto identify an effec-
tive TAM width for the SOC.We presentexperimentalresultsfor
non-preemptive, preemptive, and power-constrained testschedul-
ing, as well as for effectiveTAM width identi�cation for an aca-
demicbenchmarkSOCandthreeindustrialSOCs.

1. INTRODUCTION
Testautomationis widely recognizedasanimportantpartof the

overall system-on-chip(SOC)designandintegrationcycle. In or-
derto reducedesigncycle timeandprovide greaterfunctionality, a
largenumberof intellectualproperty(IP) coresarestitchedinto an
SOC.To facilitateplug-and-playtest,an embeddedcoremustbe
isolatedfrom surroundinglogic, andtestaccessmustbeprovided
from the I/O pins of the SOC.Test wrappersare usedto isolate
thecorefor modulartestapplication,while testaccessmechanisms
(TAMs) transporttest patternsand test responsesbetweenSOCs
pinsandcoreI/Os [18]. In addition,coretestsmustbescheduled
suchthatprecedenceandpowerconstraintsaremetandcon�icts in
theTAM areavoided.

To reducecostandensurequality, testingmustmake effective
useof SOCtestresources[6]. Therapidly increasingsizeof SOCs
hasspurredanenormousgrowth in testresourceusage,leadingto
complex testhardware, long testapplicationtimes,andlarge test
datasets. An integratedframework for SOCtestautomationthat
increasesthe utilization of testresourcesis thereforenecessaryto
increaseproductioncapacitiesandreducetestcost.This paperde-
scribesthedesignof suchaframework thatintegratesthefollowing
threedesignprocessesinto thetestautomation�o w.

�

This researchwassupportedin part by the NationalScienceFoundation
undergrantnumberCCR-9875324andby anIBM GraduateFellowship.

Permissionto make digital or hardcopiesof all or part of this work for
personalor classroomuseis grantedwithout fee provided that copiesare
not madeor distributedfor pro�t or commercialadvantageandthatcopies
bearthisnoticeandthefull citationon the�rst page.To copy otherwise,to
republish,to postonserversor to redistributeto lists,requiresprior speci�c
permissionand/ora fee.
DAC 2002,June10­14,2002,New Orleans,Louisiana,USA.
Copyright 2002ACM 1­58113­461­4/02/0006...$5.00.

1. Wrapper/TAM co-optimization. TestwrapperdesignandTAM
optimizationare of critical importanceduring systemintegration
sincethey directlyimpacthardwareoverhead,testingtimeandtester
datavolumeonthetester. Thenew approachfor TAM optimization
is basedon a generalizedversionof rectanglepacking[8, 14].
2. Constraint-dri ven preemptive test scheduling. Theobjective
of theproposedschedulingalgorithmis to minimize testingtime,
while addressingthe following issues: (a) resourcecon�icts be-
tweencoresarisingfrom theuseof sharedTAMs andon-chipBIST
engines,(b) precedenceconstraintsamongtests,and(c) power dis-
sipationconstraints.Testingtime is decreasedfurther throughthe
selective useof testpreemption.
3. Tester data volume reduction. The third componentis used
to identify anSOCTAM width thatreducestestingtime aswell as
testerdatavolume. Testdatafor large SOCsnow requireseveral
Gigabitsof testermemory, which is a signi�cant contributor to test
cost[3, 6]. Theimpactof TAM designandtestscheduleson tester
memoryrequirementhasnotbeendirectlystudiedbefore.Weshow
herethatTAM widthsthatminimizetestingtimedonotalwayslead
to minimum testerdatavolume. We investigatethe correlationof
TAM width to the testerdatavolume,anddetermineTAM widths
thatminimizeacostfunctioninvolvingboththetestingtimeandthe
amountof testerdata.Thisallowsthesystemintegratorto trade-off
testingtime with datavolume.

2. PRIOR WORK
Most prior researchin test accessfor SOCshaseitherstudied

wrapperdesignandTAM optimizationas independentproblems,
or notaddressedtheissueof sizingTAMs to minimizeSOCtesting
time [1, 4, 18]. Alternative approachesthatcombineTAM design
with testscheduling[9, 16,19] donotaddresstheproblemof wrap-
perdesignandits relationshipto TAM optimization.

The �rst integratedwrapper/TAM co-optimizationmethodolo-
gies were proposedin [12, 13]. A drawback of [12] is that the
problemof wrapper/TAM co-optimizationasformulatedis intrin-
sically intractable;thecomputetime for the exactmethodof [12]
increasesexponentiallywith thenumberof TAMs. Ef�cient heuris-
tics to reduceCPU time for wrapper/TAM designwerepresented
in [13]. However, the approachesin [12, 13] are limited to test
accessarchitecturesbasedon “�x ed-width” TAMs. In �x ed-width
TAMs, thetotalTAM width is explicitly partitionedamonga �nite
numberof TAMs, andeachcoreis assignedto exactly oneTAM.
Sucharchitecturesarein�e xible andthey generallyleadto inef�-
cientusageof TAM wires[14]

Several techniquesfor testschedulingof SOCshave beenpro-
posed[5, 7, 11, 15, 16, 18]. Methodsto incorporateprecedence
andpowerconstraintsin apreemptive testschedulewerepresented



in [11]. Thesemethodsassumethat a pre-designedTAM for the
SOCis provided. We addressthe designof an integratedframe-
work for SOCtestautomationwhereTAM optimizationand test
schedulingareperformedin conjunction.An integratedTAM de-
signandtestschedulingmethodbasedon�e xible-widthTAMs was
presentedin [14]. However, precedenceandpower constraintsin
thetestscheduleandtestpreemptionwerenotconsidered.

Testerdatavolumereductionmethodsareeitherbasedonbuilt-in
self test(BIST) [2] or testdatacompression[6]. While bothmeth-
odshave beenshown to be useful for testdatavolumereduction,
therehasnot beena concertedeffort to examinetheir usecoupled
with TAM designandtestschedulingin the form of an integrated
framework for testautomation.

In this paper, we presenta novel approachto integratedwrap-
per/TAM co-optimizationandtestschedulingbasedon a general-
izedversionof rectanglepacking[8]. A rectanglerepresentationof
core tests,similar to the onepresentedin [9], is usedin our co-
optimizationand schedulingframework. We partition the TAM
width amongthe set of of coresbeing testedduring eachinter-
val of time. This partition is variedwith time to matchthe TAM
width to eachcore's test dataneeds. TAMs can fork andmerge
betweencoresto improve TAM wire utilization. Precedencecon-
straintsamongtestscanbeembeddedinto thescheduleby thesys-
tem integrator, and the maximumpower constraintthat mustnot
beexceededduring testcanbeeasilyincorporated.Moreover, the
systemintegratorcanidentify certaintestsaspreemptable,aswell
asspecify limits on the numberof preemptionsallowed for each
test. Finally, the relationshipbetweenTAM width andtesterdata
volumeis investigatedto identify aneffective choiceof total TAM
width for theSOC.

3. TAM DESIGN AND TEST SCHEDULING
The generalintegratedwrapper/TAM co-optimizationand test

schedulingproblemthatwe addressin this paperis asfollows. We
aregiventhetotalSOCTAM width

�

, andthetestsetparameters
for eachcore,i.e., thenumberof primary I/Os, testpatterns,scan
chains,andthescanchainlengths.Unlike in [1], we assumethat
the lengthsof scanchainsare�x ed. Thegoal is to determinethe
TAM width andawrapperdesignfor eachcore,anda testschedule
thatminimizesthetestingtime for theSOCsuchthatthefollowing
constraintsaresatis�ed.
1. Thetotalnumberof TAM wiresutilizedatany momentdoesnot
exceed

�

;
2. Precedenceandconcurrency constraintsaremet;
3. Themaximumpower dissipationvalueis not exceeded;
4. Selectivepreemptionof testsis allowed.
Additionally, wewould liketo determineavalueof

�

for theSOC
to trade-off testingtime with testerdatavolume.

Weformulatethisproblemasaprogressionof threeproblemsof
increasingcomplexity that leadup to thegeneralproblem. These
threeproblemsareasfollows:
Problem1. Wrapper/TAM co-optimizationandtestscheduling.
Problem2. Wrapper/TAM co-optimizationandtestschedulingwith
selective preemption,andprecedenceandpower constraints.
Problem3. Wrapper/TAM co-optimization,test schedulingwith
selective preemption,andprecedenceandpower constraints,and
identi�cation of a TAM width to trade-off testingtime with tester
datavolume.

In this section,we addressProblem 1, and show how wrap-
per/TAM co-optimizationcan be integratedwith test scheduling.
In Section4, we show how this problemis generalizedto include
precedence,preemptionandpower-constraints–Problem2. Finally,
in Section5, westudyProblem3, i.e.,weidentify TAM widthsthat

Figure 1: Relationship betweentesting time and TAM width for Core 6 in

Philips SOCp93791.

provide a trade-off betweentesttime andtesterdatavolume.
Problem1: Given

�

andthe testsetparametersfor eachcore,
determinetheTAM width anda wrapperdesignfor eachcore,and
a testschedulefor the SOCthat minimizesthe total testingtime,
suchthat the total numberof TAM wires utilized at any moment
doesnotexceed

�

. �

Wesolvedtheproblemof wrapperdesignfor coresin [12] usingthe
DesignwrapperalgorithmbasedontheBestFit Decreasing(BFD)
heuristic.In orderto solve theproblemof assigningTAM width to
coresandschedulingtests,we representcoretestsby rectangles.
TheDesignwrapperalgorithmis usedto constructa setof rectan-
glesrepresentingthedifferenttestingtimesfor eachvalueof TAM
width for a core,suchthat theheightof therectanglecorresponds
to theTAM width andthewidth of therectanglerepresentsthecore
testapplicationtime. Theuseof rectanglesfor coretestrepresen-
tation during testschedulinghaspreviously beenstudiedin [7, 9,
10,16]. A bin packingapproachbasedon rectanglerepresentation
wasusedin [10] for testscheduling.

Foragivencore,thetestingtimedecreasesonlyatPareto-optimal
pointswhentheTAM width exceedscore-speci�cthresholds[12].
Pareto-optimalpointsare formally de�ned in [14]. For example,
in Figure1, a TAM width of 46 resultsin a testingtime of 115850
cycles,while all TAM widths from 47 up to 64 result in thesame
testingtime of 114317cycles. Hence47 is a Pareto-optimalTAM
width, andrectanglesof heightbetween48 and64 canbeignored.
TheTAM width assignedto coresis thusalwaystheminimalvalue
requiredto achieve a speci�c testingtime. The extra TAM wires
canbe usedfor othercoresin the SOC,therebyyielding a more
ef�cient TAM design.

Wenow formulateProblem1 asageneralizedversionof therect-
anglepackingproblem[8]. ConsideranSOChaving � cores,and
let R � be the set of rectanglesfor core � , �����	�
� . Prob-
lem �
������� (generalizedrectanglepacking)is statedasfollows.

�
�����

� : Selectone rectangle��� ��� R � from eachset R � , ���

����� , andpacktheselectedrectanglesinto a bin of �x edheight
andunboundedwidth, suchthatno two rectanglesoverlap,andthe
width to which the bin is �lled is minimized. Furthermore,dur-
ing packing,eachrectangleselectedis allowedto besplit vertically
into severalnon-adjacentpieces,eachhaving thesameco-ordinates
on thehorizontalaxis. �

In Problem �
�����

� , during packing, the rectangleselectedfor a
corecanbeverticallysplit into severalnon-adjacentrectangleshav-
ing thesamewidth. This is becauseit is possibleto assigna group
of non-contiguousTAM wires to a single core, using fork-and-
mergeof TAM wires.
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Figure2: Example test scheduleusing rectanglepacking.

Problem �
������� relatesto Problem1 asfollows; seeFigure2.
Theheightof therectanglefor eachcorecorrespondsto theTAM
width assignedto thecore,while therectanglewidth correspondsto
thetestingtime. Theheightof thebin correspondsto thetotalSOC
TAM width, andthewidth to thewhichthebin is �lled corresponds
to theSOCtestingtime. Theun�lled areaof thebin correspondsto
theidle time on TAM wiresduringtest. Furthermore,thedistance
betweentheleft edgeof eachrectangleandtheleft edgeof thebin
correspondsto thebeginningtimeof eachcoretest.Thusaone-to-
onecorrespondenceexistsbetweenthepackedbin andthe�nal test
schedule.

Problem�
�����

� canbeshown tobe��� -hardbyarestrictionar-
gument.A specialcaseof �
����� � in which thecardinalityof each
setR � , � � � ��� equalsonedirectly correspondsto therectan-
gle packingproblemin [8]. Sincethe rectanglepackingproblem
wasshown to be � � -hardin [8] (by restrictionto Bin Packing),

� � ��� � is also� � -hard.

4. CONSTRAINED TEST SCHEDULING
In thissection,we �rst detailProblem2 (integratedTAM design

andconstraint-driventestscheduling),andthenformulateProblem
� � ����� , ageneralizedversionof � ����� � thatis equivalentto Prob-
lem2.
Problem2: Solve Problem1, suchthat:
1. Precedenceandconcurrency constraintsaremet;
2. Themaximumpower dissipationvalue �����	� is notexceeded;
3. Selectivepreemptionof testsis allowed.
Precedenceconstraintsreducetestcostandincreasetestef�ciency.
For example,“abort at �rst fail” strategiesordertestssuchthatei-
ther thecoresmostlikely to fail aretested�rst, or teststhatdetect
morefaultsareapplied�rst [15]. Furthermore,memoriesareof-
ten testedanddiagnosedearlierso that they canbe usedlater for
systemtest. Concurrency constraintsseekto avoid con�icts in the
testhardware. For example,a hierarchicalparentcorecannotbe
testedat the sametime asthe child coreslying within it. This is
becausethe wrappersof the child coresmust be in Extestmode
while theparentcoreis beingtestedin Intestmode.Finally, power
constraintsmustbeincorporatedin thescheduleto ensurethat the
power ratingof theSOCis notexceededduringtest.

Problem2 canbeexpressedin termsof rectanglepackingasfol-
lows. ConsideranSOChaving � cores,and:
1. Let R � bethesetof rectanglesfor core � , � � � � � ;
2. Let precedenceconstraintsbetweentestsbede�ned, e.g., ��

�

(test � mustcompletebeforetest� is begun);
3. Let concurrency constraintsbetweentestsbede�ned, e.g.,

��
���� (test � mustnot beappliedat thesametime astest� );
4. Let thetestfor Core � have a power dissipationof � � ;
5. Let eachcorebeassigneda maximumnumberof allowed pre-
emptions.

� � ����� : Solve Problem�
����� � , while allowing eachrectangleto
be horizontallysplit into several smaller, non-adjacentrectangles,

Data structure Schedule
1 ���������������� /* preferredTAM width for Core � */
2 ���������!���� /* TAM width assignedto Core � */
3 "#��$&%'� (')'*	��+,���� /* �rst begin time of Core � */
4 )-+!�.���� /* endtime of Core � */
5 %0/-��)0�&1�23)0� �4��5�)0%����� /* timesduringwhichCore � is scheduled*/
6 �4��5�) 23)0".�'���� /* testingtimeremainingfor Core � */
7 (')'*	1#+����� /* booleanindicatesCore � hasbegunat leastonce*/
8 %0/-��)0�&1�23)0�.���� /* booleanindicatesCore � is scheduled*/
9 /-67598:23)'��)&���� /* booleanindicatestestfor Core � hascompleted*/
10 8	$&)0)-598	��%����� /* numberof timesCore � hasbeenpreempted*/
11 5<;:= 8:$&)0)-598	��%����� /* max.numberof preemptionsallowed*/

Figure3: Data structure for the test schedule.

eachhaving thesameheight(therectanglesaresplit alongthetime
axis). The numberof suchpartitionsfor a rectanglemustnot ex-
ceedthe maximumnumberof preemptionsallowed for the test.
For eachprecedenceconstraint�>
?� , therectanglefor Core � can
be packed only after all partitionsof the rectanglefor Core � are
packed. Furthermore,the rectanglerepresentingtest � must not
overlap(in time) therectanglefor test � , if thereis a speci�edcon-
currency constraint�@
��A� . Finally, at any momentof time the
sumof the � � valuesfor the rectanglesselectedmustnot exceed
themaximumspeci�edvalue ���B�&� . �

Problem�
������� is ageneralizedversionof � ������� , andcanthere-
forebeshown to alsobe � � -hardby a restrictionargument.

Next, we describeour solutionto Problem � � � �,� . Our algo-
rithm �rst identi�es a“preferredTAM width” ( C �4DFE-G!HJI �LK ) for each
Core � suchthatthecore's testingtimeis within asmallpercentage
of its testingtime at a maximumallowableTAM width

�

�B�	� . (In
this paper,

�

�B�	� is chosento be64.) A groupof testsis thense-
lectedto bescheduled,suchthatprecedenceandpower constraints
aremet,andBIST–scantestcon�icts arenotcreated.If thenumber
of availableTAM wiresis insuf�cient to addanew testto thegroup,
theresultingidle time is �lled usingseveralheuristicsthatseekto
insertteststo minimizetheidle time. If idle time is inevitable,the
algorithmwaitsuntil the�rst currently-runningtestcompletes,and
thenrepeatsthe schedulingprocessfor the remainingtests. Tests
maybepreemptedandresumedagainsuchthatthenumberof pre-
emptionsdoesnot exceeda designer-speci�ed valuefor eachtest.
Next, weexplaintherationalebehindtheheuristicdecision-making
in our algorithm,andshow how thesedecisionsminimize system
testingtime.
Data structur e. The datastructurein which we storethe TAM
width andtestingtimevaluesfor thecoresof theSOCis presented
in Figure3. This datastructureis updatedwith theassignedTAM
width, begin andendtimes,andpreemptioncountfor eachcoreas
thetestscheduleis developed.
Preferred TAM widths. Thepseudocodefor our TAM optimiza-
tion and testschedulingalgorithm is presentedin Figure4. The
inputs to our algorithm are the set C of cores,total TAM width

�

, setPC of precedenceconstraints,setCC of concurrency con-
straints,powerconstraint�

�B�	� , anduser-inputparametersM and D

(explainedlater). In ProcedureInitialize (Line 1), we calculatethe
collectionR of Pareto-optimalrectanglesasdescribedin Section3,
andthe preferredTAM width valuesfor eachcorefrom the input
percentvalue M . Recallthat thecoretestingtime varieswith TAM
width C asa staircasefunctionthatdropsrapidly at �rst for small
valuesof C andlessrapidly after that. For example,for Core6 in
p93791(Figure1), at CON �	P thetestingtime reacheswithin 10%
of its valueat CQNSR�T , andat CSN �	U , thetestingtimeis within 5%
of its valueat CVNWR�T . Hence,insteadof attemptingto assignthe
highestPareto-optimalwidth 47to thiscore,aconsiderablesavings
in systemTAM width canberealizedby assigningapre-calculated
value,suchthatthe testingtime of thecorereacheswithin a small
percentvalueM of its testingtime at CQN

�

�B�	�
. Thevalueof M is

usuallybetween1 and 10.



ProcedureTAM scheduleoptimizer(C, � , PC, CC, �������	�L�
�48 )
1 Initialize(C, �
��8 );
2 Set � ;��:;:��2	
�� ; /'1#$�$&)-+F� �4��5�)�
�� ;
3 While C �
��

4 If � ;��:;	��2����

5 If aCore ��� C canbefound,suchthat
(')'*	��+����� �� /'1�$ $&)-+F� �4��5�) AND %0/-��)0�&1�23)0�.���� �
�� AND

8:$�)7)-598&��%&���� �
 5<;:= 8:$&)0)-598	��%����� 

6 Assign( ��� ��� �����!���� ���� );
7 If aCore ��� C canbefound,suchthat

(')'*	1�+,����  
�! AND ��� �����!���� #" � ;��:;	��2 AND
�4��5<) 23)0".�'���� is maximumAND (Con�ict( � , PC, CC, �	�$��� )=0)

8 If )-+!�.���� #� /'1�$�$�)-+ � �4��5�)

9 Assign( ��� ���������!���� ���! );
10 ElseAssign( ������� �����!���� %��� );
11 If a Core � � C canbefound,suchthat

(')'*	1#+�����  
�� AND ��� ����� � ���� #" � ;��:;	��2 AND
�4��5�) 23)0".�'���� is maximumAND (Con�ict( � , PC, CC, �	���&� )=0)

12 Assign( ��� ��� �������#���� ��'� );
13 If a Core � � C canbefound,suchthat

(')'*	1#+�����  
�� AND ��� ����� � ���� #" � ;��:;	��2
(*) AND
���������������� is minimumAND (Con�ict( � , PC, CC, �	���&� )=0)

14 Assign( ��� � ;��:;	��2+�,� );
15 If a Core � � C canbefound,suchthat

"#��$&%'� (')'*	��+,����  
 /'1�$ $&)-+F� �4��5�) AND
-/.

����� ����� ���� 4 10

-2.

����� �����!���� �( � ;��:;	��2  is maximum;
16 Assign( ��� ��� ����� ���� 	( � ;��:;	��2+�'� );
17 ElseUpdate(C);
18 Return Schedule;

Figure4: Algorithm for solving 354�687�9 .

Procedure Initialize(C, �
�48 )
1 ComputecollectionR of rectanglesusingDesignwrapper;
2 For eachCore �1� C
3 Calculate

-
.

�
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 4 ;
4 Set ���������������� 1
 � , suchthat

-2.

���� �0

-2.

� is minimum;
5 CalculatehighestPareto-optimalwidth ��? ;
6 If �

?
0 ���������

�
���� 5" � then ���������

�
���� �
 �

? ;

Figure5: Preferredwidths initialization subroutine.

Initializing subroutine. In subroutineInitialize (Figure5), we ini-
tialize C �4DFE-G

H
I �LK to thepreferredTAM width @

� H
. ( @

�
I C�K denotes

the testingtime of Core � , with a TAM width of C .) In Lines 5
and 6 of Initialize, we allow C��4DFE-G

H
I �'K to be set to the highest

Pareto-optimalwidth CBA if thedifferencebetweenC ��DFE'G
H

I �LK and
CBA is lessthantheinputdifferencevalue D . Thisheuristicaidssig-
ni�cantly in minimizing systemtestingtime, whenit is bene�cial
to assigna few ( �AD ) extra TAM wires to a bottleneckcore. For
example,whenusing M N � for exampleSOCp34392(presented
in Section6), we noticedthatCore18 wasassigned9 bits, leading
to @

��C

I�D�K NSR#�#� �&R/E cycles.Thetestingtime for theSOCwasalso
found to be 622163cycles, from which we notedthat Core18 is
a bottleneckcore. Furthermore,Core18's highestPareto-optimal
width is 10 bits, at which the testingtime for Core18 reachesits
minimumvalueof 544579cycles.Hence,providing anextraTAM
wire to Core18 reducedits testingtime aswell astheoverall SOC
testingtime to @

��C

I �	P�K�N U�T.TFU/FGD cycles.Thustheminimumtest-
ing time for SOCp34392couldbeachieved usingtheheuristicin
Lines5 and6 of Initialize with D N�� .
TAM width assignmentand test scheduling. Line 2 of Figure4
initializes the main rectanglepackingloop. While executingthe
mainWhile loop (Line 3), if thereare C H	I8H ��J TAM wiresavail-
ablefor assignment,coresareassignedto theTAM usinga three-
priority selectionmechanism:
Priority 1: Line 5 searchesfor acore � whosetesthasalreadybeen
preemptedKLH	M MON
PGP�K M E%Q�I �LK times, but has not completed. If
sucha core is found it is scheduledusing the Assignsubroutine
(Figure6). After Assigncompletes,control is returnedto Line 4
of Figure4, andtheprocessof selectinga corebeginsagain.Thus
only if no core is found by Priority 1, doesPriority 2 comeinto
play.
Priority 2: If a coreis found,whosetesthasbegunearlier, whose
assignedTAM width is lessthan C H	I8H �'J , andwhoseremaining

ProcedureAssign( ���L����������� 8:$�)7)-598&� )
1 Let � bethecoreto bescheduled;
2 Set ��� �����!���� 1
 ��������� ; � ;��:;	��2	
 � ;��:;:��2�0 ��� ����� ;
3 Set %7/-�#)7�&1#2�)0�.���� �
R! ; 8:$&)0)-598	��%�����  
 8:$&)0)-598	��%����� �( 8:$&)0)-598	� ;
/* %

.

�L%TS arethelongestwrapperscan-inandscan-outlengths[12]*/
5 If 8:$�)0)05 8	��
R! , Set �4��5�) 2�)0".�'����  
 �4��5�) 23)0".�'���� �(VUXW Y/Z�%-���'%06\[ ;
6 If (')'*	1#+����� �
��

7 Set (')'*	1#+����� �
R! ; "#��$�%-� (')'*	��+,���� �
 /'1#$�$&)-+F� �4��5�) ;
9 Set �4��5�) 23)0".�'���� �


-2.

����� �����!���� 4 ;
10 Set )0+!�.���� 1
 /'1#$�$&)-+F� �4��5<)�(@�4��5�) 23)7"��'���� ;
11 Return to Line 4 of TAM scheduleoptimizer;

Figure6: The coreassignalgorithm.

ProcedureCon�ict( � , PC, CC, � ����� )
1 Let � bethecoreto bescheduled;
2 For all precedenceconstraints]^� �

3 If /-6 598	2�)'��)��_]  �
�� , Return 1;
4 For all concurrency constraints�1�$�V]

5 If %0/-��)0�&1�23)7�.�_]   
R! , Return 1;
6 Let �L
�� ;
7 For all cores]`� 
 �

8 If %0/-��)0�&1�23)7�.�_]   
R! , �L
R�a(b�8c ;
9 If �R���	����� , Return 1;
10 For all cores]`� 
 �

11 If thereis aBIST–scantestcon�ict betweenCores� and ] , Return 1;
12 Return 0;

Figure7: Precedence,concurrencyand power constraints.

testingtimeis largestamongall suchcores,thenit is scheduledus-
ing Assignin Lines7 to 10.
Priority 3: If a core is found, whosetest hasnot begun earlier,
whosepreferredTAM width is lessthan C H	I8H ��J , andwhosere-
maining testing time is largest amongall such cores,then it is
scheduledusingAssignin Lines11 to 12.
Priority 1 is motivatedby the needto completethe test for cores
that cannotbepreemptedfurther, while Priorities 2 and3 seekto
assignthepreferredTAM width to eachcore.
Precedence,concurrencyand power constraints. During selec-
tion of a coreto be scheduledin Lines7, 11, and13 of Figure4,
theCon�ict subroutine(Figure7) is invokedto ensurethat(i) prece-
dencecon�icts, (ii) concurrency con�icts, and(iii) powerconstraint
con�icts areavoided.

Rectangle insertion in idle time. If there is no core found in
Lines5 to 12, ratherthanlet the C H	I8H ��J TAM wiresremainidle,
TAM scheduleoptimizerattemptsto insert the rectanglefor some
unscheduledcore into the available time. In Line 13, we �nd a
corethathasnot beenscheduledandwhosepreferredTAM width
is within 3 bits of C H	I8H ��J . This coreis thenscheduledusingAs-
sign. The3-bit limit wasfoundto bethemostusefulafterextensive
experimentation.This is because,in general,aslong asthewidth
of the rectanglechosenis within 3 bits of thepreferredwidth, the
gainsto testingtime reductionare greatest.However, if a value
otherthan3 is foundto bemoreusefulfor anothergroupof SOCs,
thiscanbeeasilyenteredinto ourprogramby thesystemintegrator
duringtestautomation.
Incr easingTAM widths to �ll idle time. If no rectangleis avail-
ableto �ll in the idle time, thenthe heuristicin Lines15 to 16 is
usedto determinewhich of the corescurrently scheduledto be-
gin at dfe�NGN
Phg E E ��K�P will bene�t themost,in termsof testingtime
decrease,from an extra C H	I8H �'J TAM wires. If sucha corecan
be found, thenits currently-assignedC��4DFE'G I �LK is increasedto the
highestPareto-optimalwidth lessthan C �4DFE-G I �LK�i
C H	I8H ��J .

Finally, if the heuristicsin Lines 4 to 16 fail to �nd a core to
assign,the value of C H	I8H ��J is set to 0 and the loop beginning
at Line 4 is repeated.When C H	I8H ��J is found to be 0 in Line 4,
the executionproceedsto Line 17, wherethe processof updating

dfeON
N
P�g E E ��K�P and C H	I8H �'J is begun. This is presentedin subrou-
tine Updatein Figure8. Once dfe�NGN
Phg E E ��KLP is incremented,the
widths assignedto packed rectangles(or partsof rectangles)are
�x edandcannotbechangedlateron in theschedule.Theresulting



ProcedureUpdate(C)
1 FindCore � suchthat �4��5�) 23)0".�'���� is minimum;
2 Set +!)0=�� �4��5�)�
 /'1�$ $&)-+F� �4��5�)�( �4��5�) 2�)0".�'���� ;
3 For all Cores� suchthat %7/-�#)7�&1#2�)0�.���� �
R!

4 Set %0/-��)0�&1�23)0�.���� �
�� ; )-+!�.���� 1
 +!)-=.� �4��5<) ;
5 Set �4��5�) 23)0".�'���� �
 �4��5�) 23)0".�'���� 10 ��+!)-=.� �4��5<)�0 /'1�$�$�)-+ � �4��5�)- ;
6 If �4��5<) 23)0".�'���� �
��

7 Set /-6 5 8:23)-��)�����  
�! ; C = C 0 � ;
8 Update%0/-��)0�&1�23)7� �4��5�)0%&���� ;
9 Set /'1�$�$�)-+ � �4��5�)�
 +!)0=�� �4��5�) ; � ;h�:;	��2�
R� ;

Figure8: Testscheduleupdatealgorithm.

testscheduleis outputin Line 18.
Test preemption. Testscan be selectively preemptedeachtime
Update is executed. At eachexecutionof Update, the value of

C H�I8H ��J is resetto
�

, andall theincompletetestscontendfor the
availableTAM width in Lines4 to 16 of TAM scheduleoptimizer.
If themaximumlimit onpreemptionsfor acertainCore� is reached
in Line 5, thenCore � is continuouslyscheduleduntil it completes.
On the otherhandif the limit on preemptionsis not reached,and
Core � is preempted(Line 9), then E ��KLP J P

�

E I �LK is incrementedby
�������

Q �
	 Q���
 in Line 5 of Assign. Here, Q � ( Q�� ) is thelengthof the
longestwrapperscanin (out) chain[18]. This incrementin testing
time is necessarybecauseeachtime a preemptionoccurs,anextra
scanin or scanoutmustbeperformed.

5. TESTER DATA VOLUME REDUCTION
In thissection,wepresentthethird partof ourSOCtestautoma-

tion framework – identi�cation of a valueof
�

that minimizesa
weightedcostfunctioninvolving boththetestingtimeandthetester
datavolume.

We �rst motivate the needfor identifying sucha TAM width.
Thecostof testingSOCsis closelyrelatedto the testingtime and
the volumeof testdata. While the time requiredto apply digital
patternsto the SOCis a relatively small fraction of the total test
time, the time requiredto transferseveral Gigabytesof datafrom
a workstationto the testermemoryis signi�cant if performedfre-
quently [3]. Techniquesto ensurethat the test datarequiredper
pin is containedto a single testerbuffer, are thereforevital. The
motivation for trading-off TAM width with testingtime anddata
volumelies in multisite testing,in which several ICs aretestedin
parallelby a singletester. ReducedTAM widths that containtest
dataperpin to buffer sizeswill allow a largernumberof ICs to be
testedconcurrently, therebydecreasingtestingtime for the entire
productionbatch.ReducingTAM widthsalsoleadsto lower rout-
ing complexity. It is thereforeimportantto developtechniquesthat
canidentify a low numberof TAM wires,andto trade-off testing
time anddatavolume.

We begin by plotting the variation of testingtime � with
�

.
This is shown for PhilipsSOCp22810in Figure9(a). (Resultsfor
the remainingexampleSOCsareshown in Table2 in Section6.)
Notetheprogressive decreasein � at Pareto-optimalpoints.Next,
weplot thevariationof testerdatavolume� with

�

(Figure9(b)).
� variesasa non-monotonicfunctionin

�

, achieving localmin-
ima at thePareto-optimal

�

valuesof the � curve of Figure9(a).
Theglobalminima(markedin Figure9(b)) is achievedat

�

NST.T .
However,

�

NST#T doesnot provide thelowesttestingtime for the
SOC. � canbedecreasedby increasing

�

from 44to 48(atwhich
point thereis anincreasein � ). Therefore,by varying

�

thesys-
temintegratorcantrade-off testingtimewith testerdatavolume.

Weincorporatethisfeaturein ourframework byde�ning thenor-
malizedcostfunction � N����

�

�

.��

iQI ������K��

�

�

.�� , where �
� ���

( � � ��� ) is the minimum valueof � ( � ), and P ��� � P is a
user-input parameterto control the trade-off. As � is variedfrom
0 to 1, theshapeof the � -curve changesfrom the � -curve to the
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Figure 9: Relationship between(a)  and � , and (b) ! and � for SOC

p22810;The normalized cost function " for (c) #*
 �%$ & , and (d) #*
 �%$ '(& for

SOCp22810.

� -curve. The � -curve is “U” shapedin generalhaving a single
minima,illustratedfor � NSP*) U in Figure9(c),andfor � NSP+) F.U in
Figure9(d). Thesevaluesof

�

thatminimize � for variousvalues
of � provide thesystemintegratorwith effective choicesof TAM
width for testerdatavolumereduction.Notethat thechoiceof

�

will alsobeaffectedby thecoretypeandtestingmethodused,e.g.,
for a coretestedonly usingBIST, theTAM maybeverynarrow to
transportonly theBIST controlsignals.In this paper, we consider
only teststhatusetheTAM for transportingtheentiretestset.

6. EXPERIMENT AL RESULTS
In thissection,we presentexperimentalresultsfor four example

SOCs: d695(an academicSOCfrom Duke University), p22810,
p34392,andp93791(industrialSOCsfrom Philips). Thesefour
SOCsarepartof theITC 2002SOCtestbenchmarksinitiative[17].
Theexperimentalresultswereobtainedusinga 333Mhz SunUl-
tra 10with 256MB memory.

Table1 presentsresultsonintegratedTAM designandtestschedul-
ing. We consideredall possibleintegervaluesof theparametersM
and D in the range �	�AM�� �&P , P � D�� T , andtabulatedthe
bestresults. A lower boundon the testingtime for an SOCcan

be expressedas �-,/.102�-,/.

�
@

�
I

�436587

K
	:9%;=<?>

�A@

�

@
�

I �:KCB1D

�?EGF

.
Lower boundvalueson the testing time for eachSOC for sev-
eral valuesof

�

arepresentedin Table1. We comparethe test-
ing timesobtainedusingnon-preemptive andpreemptive schedul-
ing. For preemptive testing,the valueof KLH	M MON
PGP�K M E%Q�I �LK was
setto 2 for the largercores.Preemptive schedulingobtainslower
or equal testing times in most cases. However, in a few cases,
non-preemptive schedulesare shorter. This is becauseeachpre-
emptionadds �������

Q
�
	

Q=�%
 cycles to the length of a test, which
canincreasetheoverall SOCtestingtime for SOCshaving a large
numberof short teststhat are preemptedseveral times. A care-
ful investigationof the effects of preemptionand the useof the

KLH	M MON
PhP�K M E�QFI �LK parameterconsideringtestlengthsis therefore
warranted. For p34392,we presenttestingtime resultsonly for

�

� E�� , sinceat
�

N E�� , we achieve theminimumtestingtime



Table 1: Wrapper/TAM co-optimization and testscheduling.
Testingtime(cycles)

Preemptive
Lower Non- Pre- + power-

SOC � bound preemptive emptive constrained

16 41232 43410 43423 47574
d695 32 20616 22229 21757 29039

48 13744 15698 15499 28441
64 10308 11285 11354 20004
16 421473 466383 459951 527573

p22810 32 210737 243779 243978 277151
48 140491 164420 162554 213845
64 105369 140222 134732 176076
16 936882 1071043 1082065 1180187

p34392 24 624588 728986 702322 1075971
28 544579 617018 615126 1075242
32 544579 544579 544579 1075242
16 1749388 1860752 1860752 1966092

p93791 32 874694 929311 929311 1247221
48 583130 637717 643605 656214
64 437347 503661 492095 631840

Table2: TAM widths for testerdata volume reduction.
d695

 !

 
�

.��

:

�

:

! �

.�� �

�

�

# "G�

.�� �

��� at ��� at ���

(cycles) (bits) (bits) (bits) (bits) (cycles) (bits)
0.1 1.031 60 11612 696720

11285 63 675554 22 0.3 1.031 60 11612 696720
0.5 1.026 63 11285 710955

p22810
 !

 
�

.��

:

�

:

! �

.�� �

�

�

# "G�

.�� �

��� at ��� at ���

0.01 1.018 44 167670 7377480
140222 63 7377480 44 0.3 1.103 48 164420 7892160

0.5 1.093 55 148005 8140275

p34392
 !

 
�

.��

:

�

:

! �

.�� �

�

�

# "G�

.�� �

��� at ��� at ���

0.2 1.000 27 617018 16659486
544579 32 16659486 27 0.25 1.033 27 617018 16659486

0.3 1.032 32 544579 17426528

p93791
 !

 
�

.��

:

�

:

!
�

.��
�

�

�

# "
�

.��
�

�
� at �

� at �
�

0.5 1.012 22 1336348 29399656
503661 62 29399656 22 0.95 1.000 62 503661 31226982

0.99 1.000 62 503661 31226982
�

�

� :
�

at �
� ��� ;

�

�

� :
�

at �
� ��� ;

�

���

:
�

at �
� ���

for p34392,544579cycles.
In Table1,wealsopresentthetestingtimesobtainedwith power-

constraints.We assigneda hypotheticalpower value �
� to thetest

for eachCore � basedon thenumberof testdatabits per testpat-
tern for Core � . The valueof �

�B�	� wassetto �-,�.

�

�

�
�


 for test
scheduling.The increasesin testingtimes for power-constrained
schedulingre�ect this concurrency constraint. The CPU time of
our new algorithmis lessthan5 secondsin all cases;this is sev-
eralordersof magnitudelower thantheCPUtimesrequiredby the
methodin [12].

Next, Table2 presentsresultsoneffectiveTAM widthsfor tester
datavolumereduction.We presenttheminimumvaluesof � and

� obtainedfor thefour SOCs,aswell asthevaluesof
�

atwhich
they occur. We thenpresentthe valuesof �

� ��� andthe resulting
effective TAM widths

�
�

obtainedfor several differentvaluesof
� . Finally, the correspondingvaluesof � and � obtainedfor
thesevaluesof

���

areshown. It is clearfrom Table2 thatthesys-
temintegratorcantrade-off testingtimewith testerdatavolumeby
varying � between0 and1. Forexample,for SOCp22810,themin-
imumvalueof � (14022cycles)is achievedat

�

NQR
E . However,
the minimum valuesof � (7202214bits) is actuallyachieved at

�

N �

�

. By setting� NQP+) E , thesystemintegratorobtainsaTAM
width of 48bits,at which �VN �&R.T#T��.P cyclesand � N F

�

D#� �	R.P

bits.

7. CONCLUSION
We have presentednew techniquesbasedon rectanglepacking

for wrapper/TAM co-optimizationandtestscheduling.TAMs have
beentailored to the test dataneedsof coresthrough the useof
Pareto-optimalwidths. We have alsopresentedseveral heuristics
thatminimizetheidle timeonTAM wires,therebyleadingto afast
andef�cient algorithmfor TAM width allocationandtestschedul-
ing. Thenew rectanglepackingalgorithmis scalablefor large in-
dustrialSOCs. Finally, the proposedapproachallows the system
integratorto determineanSOC-level TAM width to tradeoff test-
ing time with testerdatavolume.
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