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ABSTRACT

This paper describesan integrated framevork for plug-and-play
SOCtestautomation.Thisframevorkis basedon a new appmoac

for wrapper/TAM co-optimizatiorbasedon rectanglepadking. We

r st tailor TAM widthsto ead core's test data needs. e then
userectanglepading to develop an integrated schedulingalgo-

rithm that incorporates precedenceand power constaints in the
test schedule while allowing the SOC integrator 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-peemptive preemptive and powerconstained test schedul-
ing, as well as for effective TAM width identi cation for an aca-
demicbendimarkSOCandthreeindustrial SOCs.

1. INTRODUCTION

Testautomatioris widely recognizecasanimportantpartof the
overall system-on-chigSOC)designandintegrationcycle. In or-
derto reducedesigncycle time andprovide greaterfunctionality, a
large numberof intellectualproperty(IP) coresarestitchedinto an
SOC.To facilitate plug-and-playtest, an embeddedore mustbe
isolatedfrom surroundingogic, andtestaccessnustbe provided
from the I/O pins of the SOC. Testwrappersare usedto isolate
thecorefor modulartestapplicationwhile testaccessnechanisms
(TAMSs) transporttest patternsand testresponsedetweenSOCs
pinsandcorel/Os [18]. In addition,coretestsmustbe scheduled
suchthatprecedencandpower constraintaremetandcon icts in
the TAM areavoided.

To reducecostand ensurequality, testingmust male effective
useof SOCtestresource$6]. Therapidly increasingsizeof SOCs
hasspurredan enormouggrowth in testresourceusagejeadingto
comple testhardware, long testapplicationtimes, andlarge test
datasets. An integratedframework for SOCtestautomationthat
increaseghe utilization of testresourcess thereforenecessaryo
increaseproductioncapacitieandreducetestcost. This paperde-
scribeghedesignof suchaframework thatintegrateghefollowing
threedesignprocessemto thetestautomationo w.

This researchwas supportedn partby the National ScienceFoundation
undergrantnumberCCR-9875324ndby anIBM Graduatd-ellovship.

Permissionto malke digital or hard copiesof all or part of this work for

personalor classroomuseis grantedwithout fee provided that copiesare
not madeor distributedfor pro t or commercialadwantageandthatcopies
bearthis noticeandthefull citationonthe rst page.To copy otherwiseto

republisho poston senersor to redistrituteto lists, requiresprior speci ¢

permissiorand/orafee.

DAC 2002,Junel0-14,2002,New Orleanslouisiana,USA.

Copyright 2002ACM 1-58113-461-4/02/0006.$5.00.

1. Wrapper/TAM co-optimization. TestwrapperdesigrandTAM
optimizationare of critical importanceduring systemintegration
sincethey directlyimpacthardwareoverheadtestingtime andtester
datavolumeonthetester Thenew approachHor TAM optimization
is basen a generalizedrersionof rectanglepacking(8, 14].

2. Constraint-dri ven preemptive test scheduling The objective
of the proposedschedulingalgorithmis to minimize testingtime,
while addressinghe following issues: (a) resourcecon icts be-
tweencoresarisingfrom theuseof sharedTAMs andon-chipBIST
engines(b) precedenceonstrainteamongtests,and(c) power dis-
sipationconstraints.Testingtime is decreasedurtherthroughthe
selectve useof testpreemption.

3. Testerdata volume reduction. The third componenis used
to identify an SOCTAM width thatreducegestingtime aswell as
testerdatavolume. Testdatafor large SOCsnow requireseveral
Gigabitsof testermemory whichis a signi cant contrikutorto test
cost[3, 6]. Theimpactof TAM designandtestschedule®n tester
memoryrequiremenhasnotbeendirectly studiedbefore.We shawv
herethatTAM widthsthatminimizetestingtime donotalwayslead
to minimum testerdatavolume. We investigatethe correlationof
TAM width to the testerdatavolume,anddetermineTAM widths
thatminimizeacostfunctioninvolving boththetestingtime andthe
amountof testerdata. This allows thesystenmintegratorto trade-of
testingtime with datavolume.

2. PRIOR WORK

Most prior researchn testaccesdor SOCshaseither studied
wrapperdesignand TAM optimizationasindependenproblems,
or notaddressetheissueof sizing TAMS to minimize SOCtesting
time[1, 4, 18]. Alternative approacheshatcombineTAM design
with testschedulind9, 16,19] donotaddressheproblemof wrap-
perdesignandits relationshipto TAM optimization.

The rst integratedwrapper/BRM co-optimizationmethodolo-
gieswere proposedn [12, 13]. A drawvback of [12] is that the
problemof wrapper/RM co-optimizationasformulatedis intrin-
sically intractable;the computetime for the exact methodof [12]
increasesxponentiallywith thenumberof TAMs. Ef cient heuris-
tics to reduceCPU time for wrapper/BM designwere presented
in [13]. However, the approachesn [12, 13] are limited to test
accesarchitecturebasedon“ x ed-width” TAMs. In x ed-width
TAMs, thetotal TAM width is explicitly partitionedamonga nite
numberof TAMs, andeachcoreis assignedo exactly one TAM.
Sucharchitecturesrein e xible andthey generallyleadto inef-
cientusageof TAM wires[14]

Several techniquedor testschedulingof SOCshave beenpro-
posed[5, 7, 11, 15, 16, 18]. Methodsto incorporateprecedence
andpower constraintsn apreemptie testscheduleverepresented



in [11]. Thesemethodsassumethat a pre-designedAM for the
SOCis provided. We addresshe designof an integratedframe-
work for SOCtestautomationwhere TAM optimizationandtest
schedulingare performedin conjunction. An integratedTAM de-
signandtestschedulingnethodbasedn e xible-width TAMs was
presentedn [14]. However, precedencand power constraintsn
thetestscheduleandtestpreemptiornwerenot considered.

Testedatavolumereductiormethodsareeitherbasednbuilt-in
selftest(BIST) [2] or testdatacompressioifi6]. While both meth-
odshave beenshavn to be usefulfor testdatavolumereduction,
therehasnot beena concerteceffort to examinetheir usecoupled
with TAM designandtestschedulingn the form of anintegrated
framework for testautomation.

In this paper we presenta novel approachto integratedwrap-
per/TAM co-optimizationandtestschedulingbasedon a general-
izedversionof rectanglgpacking[8]. A rectangleaepresentatioof
coretests,similar to the one presentedn [9], is usedin our co-
optimization and schedulingframevork. We partition the TAM
width amongthe set of of coresbeing testedduring eachinter
val of time. This partition is varied with time to matchthe TAM
width to eachcore’s testdataneeds. TAMs canfork and meige
betweencoresto improve TAM wire utilization. Precedenceon-
straintsamongtestscanbe embeddedhnto the scheduleby the sys-
tem integrator and the maximumpower constraintthat mustnot
be exceededduringtestcanbe easilyincorporated Moreover, the
systemintegratorcanidentify certaintestsaspreemptableaswell
as specifylimits on the numberof preemptionsllowed for each
test. Finally, the relationshipbetweenTAM width andtesterdata
volumeis investigatedo identify an effective choiceof total TAM
width for the SOC.

3. TAM DESIGN AND TEST SCHEDULING

The generalintegratedwrapper/AM co-optimizationand test
schedulingproblemthatwe addressn this paperis asfollows. We
aregiventhetotal SOCTAM width , andthetestsetparameters
for eachcore,i.e., the numberof primary I/Os, testpatternsscan
chains,andthe scanchainlengths. Unlike in [1], we assumehat
the lengthsof scanchainsare x ed. Thegoalis to determinethe
TAM width andawrapperdesignfor eachcore,andatestschedule
thatminimizesthetestingtime for the SOCsuchthatthefollowing
constraintaresatis ed.

1. Thetotalnumberof TAM wiresutilized atany momentdoesnot
exceed ;

2. Precedencandconcurreng constraint@aremet;

3. Themaximumpower dissipatiorvalueis not exceeded;

4. Selectve preemptiorof testsis allowed.
Additionally, wewould like to determineavalueof
to trade-of testingtime with testerdatavolume.

We formulatethis problemasa progressiorof threeproblemsof
increasingcompleity thatleadup to the generalproblem. These
threeproblemsareasfollows:

Probleml. Wrapper/RM co-optimizationandtestscheduling.
Problem2. Wrapper/RM co-optimizatiorandtestschedulingwith
selectve preemptionandprecedencandpower constraints.
Problem3. Wrapper/RM co-optimization,test schedulingwith
selectve preemption,and precedencend power constraintsand
identi cation of a TAM width to trade-of testingtime with tester
datavolume.

In this section,we addressProblem 1, and shav how wrap-
per/TAM co-optimizationcan be integratedwith testscheduling.
In Section4, we shav how this problemis generalizedo include
precedencegreemptiorandpower-constraintsRroblem?2. Finally,
in Section5, we studyProblem3, i.e.,weidentify TAM widthsthat
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Figure 1: Relationship betweentesting time and TAM width for Core 6 in
Philips SOC p93791.

provide atrade-of betweertesttime andtesterdatavolume.

Probleml: Given andthetestsetparametergor eachcore,
determinghe TAM width anda wrapperdesignfor eachcore,and
a testschedulefor the SOCthat minimizesthe total testingtime,
suchthat the total numberof TAM wires utilized at any moment
doesnotexceed
We solvedtheproblemof wrapperdesignfor coresin [12] usingthe
DesignwrapperalgorithmbasedntheBestFit DecreasingBFD)
heuristic.In orderto solve the problemof assigningTAM width to
coresand schedulingtests,we representore testshy rectangles.
The Designwrapperalgorithmis usedto constructa setof rectan-
glesrepresentinghedifferenttestingtimesfor eachvalueof TAM
width for a core,suchthatthe heightof the rectanglecorresponds
tothe TAM width andthewidth of therectangleaepresentthecore
testapplicationtime. The useof rectangledor coretestrepresen-
tation during testschedulinghaspreviously beenstudiedin [7, 9,
10, 16]. A bin packingapproactbhasedn rectanglerepresentation
wasusedin [10] for testscheduling.

Foragivencore,thetestingtime decreasesnly atPareto-optimal
pointswhenthe TAM width exceedscore-speci cthresholdq12].
Pareto-optimalpoints are formally de ned in [14]. For example,
in Figure1, aTAM width of 46 resultsin atestingtime of 115850
cycles,while all TAM widthsfrom 47 up to 64 resultin the same
testingtime of 114317cycles. Hence47 is a Pareto-optimalTAM
width, andrectangleof heightbetweem8 and64 canbeignored.
The TAM width assignedo coresis thusalwaysthe minimal value
requiredto achieve a speci c testingtime. The extra TAM wires
canbe usedfor othercoresin the SOC, therebyyielding a more
efcient TAM design.

Wenow formulateProbleml asageneralizediersionof therect-
anglepackingproblem[8]. ConsidemanSOChaving cores,and
let R be the setof rectanglesfor core , Prob-
lem (generalizedectanglepacking)is statedasfollows.

. Selectonerectangle R from eachsetR ,

, andpackthe selectedectanglesnto a bin of x edheight

andunboundedvidth, suchthatno two rectanglesverlap,andthe
width to which the bin is lled is minimized. Furthermore dur
ing packing,eachrectangleselecteds allowedto besplit vertically
into severalnon-adjacenpiecesgachhaving thesameco-ordinates
onthehorizontalaxis.
In Problem , during packing, the rectangleselectedfor a
corecanbevertically splitinto severalnon-adjacemtectanglehav-
ing the samewidth. Thisis becausét is possibleto assigna group
of non-contiguousTAM wires to a single core, using fork-and-
memge of TAM wires.



Idle
Testing time time
of Core 4 |
1
_i Core 8 T ; Core 5
3 =0
2| Core2 = s
= Idle 25 Core4d
= time | =g Core 7
() ,_.9’
o} @
2 Ik
g Core 1
'I Core 3 Core 6
SOC testing time:
Figure 2: Example testscheduleusing rectanglepacking.
Problem relatesto Problem1 asfollows; seeFigure 2.

The heightof the rectanglefor eachcorecorrespondso the TAM
width assignedo thecore,while therectanglevidth correspondgo
thetestingtime. Theheightof thebin correspond$o thetotal SOC
TAM width, andthewidth to thewhichthebinis lled corresponds
tothe SOCtestingtime. Theun lled areaof thebin correspondso
theidle time on TAM wiresduringtest. Furthermorethe distance
betweertheleft edgeof eachrectangleandtheleft edgeof thebin
correspond$o the beginningtime of eachcoretest. Thusa one-to-
onecorrespondencexistshetweerthe pacledbin andthe nal test
schedule.

Problem canbeshavntobe -hardby arestrictionar
gument.A specialcaseof in which the cardinalityof each
setR , equalsonedirectly correspondso therectan-
gle packingproblemin [8]. Sincethe rectanglepackingproblem
wasshowvn to be -hardin [8] (by restrictionto Bin Packing),

is also -hard.

4. CONSTRAINED TEST SCHEDULING

In this sectionwe rst detailProblem2 (integratedTAM design
andconstraint-direntestscheduling)andthenformulateProblem
, ageneralizedrersionof thatis equivalentto Prob-
lem2.
Problem2: Solve Problem1, suchthat:
1. Precedencandconcurreng constraintaremet;
2. Themaximumpower dissipatiorvalue is notexceeded;
3. Selectve preemptiorof testsis allowed.
Precedenceonstraintseducetestcostandincreaseestef ciency.
For example,“abort at rst fail” stratgiesordertestssuchthatei-
therthe coresmostlikely to fail aretestedrst, or teststhatdetect
morefaultsareapplied rst [15]. Furthermorememoriesare of-
ten testedanddiagnosecearlierso thatthey canbe usedlater for
systemtest. Concurreng constraintseekto avoid con icts in the
testhardware. For example,a hierarchicalparentcore cannotbe
testedat the sametime asthe child coreslying within it. Thisis
becausehe wrappersof the child coresmustbe in Extestmode
while the parentcoreis beingtestedn Intestmode.Finally, pover
constraintanustbeincorporatedn the schedulgo ensurethatthe
power rating of the SOCis not exceededluringtest.
Problem2 canbe expressedn termsof rectanglgoackingasfol-
lows. ConsideranSOChaving  coresand:
1. LetR bethesetof rectanglegor core , ;
2. Let precedenceonstrainthetweertestsbede ned, e.g.,
(test mustcompletebeforetest is begun);
3. Let concurreng constraintbetweertestsbede ned, e.g.,
(test mustnotbeappliedatthe sametime astest );
4. Letthetestfor Core have apowerdissipationof
5. Let eachcorebe assignech maximumnumberof allowed pre-
emptions.
: Solve Problem , while allowing eachrectangleto
be horizontally split into several smaller non-adjacentectangles,

Data structur e Shedule
/* preferredTAM width for Core */
/* TAM width assignedo Core */
- /* rst begin time of Core */
/* endtime of Core */
- /* timesduringwhich Core is scheduled/
/* testingtime remainingfor Core */
/* booleanindicatesCore hasbegunatleastonce*/
/* booleanindicatesCore is scheduled/
/* booleanindicategtestfor Core hascompleted/
/* numberof timesCore hasbeenpreempted/
_ /* max. numberof preemptionsllowed*/

PPRPOO~NOUODWNE
'
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Figure 3: Data structure for the testschedule.

eachhaving the sameheight(therectanglesaresplit alongthetime
axis). The numberof suchpartitionsfor a rectanglemustnot ex-
ceedthe maximumnumberof preemptionsallowed for the test.
For eachprecedenceonstraint , therectangl€for Core can
be pacled only after all partitionsof the rectanglefor Core are
pacled. Furthermorethe rectanglerepresentingest mustnot
overlap(in time) therectangl€for test , if thereis aspeci ed con-
currengy constraint . Finally, at any momentof time the
sumof the  valuesfor the rectangleselectednustnot exceed
themaximumspeci edvalue

Problem is ageneralizedrersionof , andcanthere-

fore beshavn to alsobe -hardby arestrictionamgument.
Next, we describeour solutionto Problem . Our algo-

rithm rst identi es a“preferredTAM width” ( ) for each

Core suchthatthecore'stestingtimeis within asmallpercentage
of its testingtime ata maximumallowable TAM width .(In
this paper is choseno be 64.) A groupof testsis thense-
lectedto be scheduledsuchthatprecedencandpower constraints
aremet,andBIST-scartestcon icts arenotcreatedIf thenumber
of availableTAM wiresis insufcient to addanew testto thegroup,
theresultingidle timeis lled usingseveral heuristicsthatseekto
insertteststo minimizetheidle time. If idle time is inevitable, the
algorithmwaitsuntil the rst currently-runningestcompletesand
thenrepeatghe schedulingprocesdor the remainingtests. Tests
may be preemptedndresumedagainsuchthatthe numberof pre-
emptionsdoesnot exceeda designesspeci ed valuefor eachtest.
Next, we explaintherationalebehindtheheuristicdecision-making
in our algorithm,and shav how thesedecisionsminimize system
testingtime.
Data structure. The datastructurein which we storethe TAM
width andtestingtime valuesfor the coresof the SOCis presented
in Figure 3. This datastructureis updatedwith the assignedlAM
width, begin andendtimes,andpreemptiorcountfor eachcoreas
thetestschedulés developed.
Preferred TAM widths. The pseudocodéor our TAM optimiza-
tion andtestschedulingalgorithmis presentedn Figure4. The
inputsto our algorithm are the setC of cores,total TAM width
, setPC of precedenceonstraintssetCC of concurreng con-
straints,pover constraint , anduserinputparameters and
(explainedlater). In Procedurénitialize (Line 1), we calculatethe
collectionR of Pareto-optimatectanglessdescribedn Section3,
andthe preferredTAM width valuesfor eachcorefrom the input
percentvalue . Recallthatthe coretestingtime varieswith TAM
width  asastaircasdunctionthatdropsrapidly at rst for small
valuesof andlessrapidly afterthat. For example,for Core6 in
p93791(Figurel), at thetestingtime reachesvithin 10%
of its valueat , andat , thetestingtimeis within 5%
of its valueat . Hence,insteadof attemptingto assignthe
highestPareto-optimalvidth 47 to thiscore,aconsiderablsasings
in systemTAM width canberealizedby assigninga pre-calculated
value,suchthatthe testingtime of the corereacheswithin a small
percentvalue of its testingtime at . Thevalueof is
usuallybetweerl and 10.



Procedure TAM_scheduleoptimize(C, , PC, CC, )
1 Initialize(C, ;
2Set _ ; -
3 While C
4 If
5 If aCore  C canbefound,suchthat
- AND AND
6 Assigr{ ;
7 If aCore C canbefound, suchthat
AND _ AND
- is maximumAND (Con ict( , PC, CC, )=0)
8 If -
9 Assigr{ );
10 Else Assigr{ );
11  If aCore  C canbefound,suchthat
AND _ AND
- is maximumAND (Con ict( , PC, CC, )=0)
12 Assigr{ ;
13 If aCore  C canbefound,suchthat
AND _ AND
is minimumAND (Conict( , PC, CC, )=0)
14 Assigrf - ;
15 If aCore C canbefound,suchthat
- _ AND
_ is maximum;
16 Assigr{ - );

17 ElseUpdatgC);
18 Return Schedule

Figure4: Algorithm for solving

Procedure Initialize(C,

1 ComputecollectionR of rectanglesisingDesignwrapper,
2 For eachCore C

3 Calculate —

4 Set , suchthat is minimum;
5 CalculatehighestPareto-optimalvidth
6 If then

Figure5: Preferredwidths initialization subroutine.

Initializing subroutine. In subroutindnitialize (Figure5), we ini-
tialize to thepreferredTAM width . ( denotes
the testingtime of Core , with a TAM width of .) In Lines5
and 6 of Initialize, we allow to be setto the highest
Pareto-optimalvidth if the differencebetween and
is lessthantheinputdifferencevalue . Thisheuristicaidssig-
ni cantly in minimizing systemtestingtime, whenit is bene cial
to assignafew () extra TAM wiresto a bottleneckcore. For
example,whenusing for exampleSOCp34392(presented
in Section6), we noticedthatCore 18 wasassigned bits, leading
to cycles. Thetestingtime for the SOCwasalso
foundto be 622163cycles, from which we notedthat Core 18 is
a bottleneckcore. Furthermore Core 18's highestPareto-optimal
width is 10 bits, at which the testingtime for Core 18 reachests
minimumvalueof 544579cycles.Hence providing anextra TAM
wire to Core18reducedts testingtime aswell astheoverall SOC
testingtime to cycles. Thusthe minimumtest-
ing time for SOCp34392could be achieved usingthe heuristicin
Lines5 and®6 of Initialize with .
TAM width assignmentand test scheduling Line 2 of Figure4
initializes the main rectanglepackingloop. While executingthe
mainWhile loop (Line 3), if thereare _ TAM wires avail-
ablefor assignmentgoresareassignedo the TAM usingathree-
priority selectionrmechanism:
Priority 1: Line 5 searchefor acore whosetesthasalreadybeen
preempted times, but has not completed. If
sucha coreis found it is scheduledusing the Assignsubroutine
(Figure6). After Assigncompletesgcontrolis returnedto Line 4
of Figure4, andthe procesof selectinga corebgginsagain.Thus
only if no coreis found by Priority 1, doe#riority 2 comeinto
play.
Priority 2: If a coreis found, whosetesthasbegun earlietr whose
assignedTAM width is lessthan _ , andwhoseremaining

Procedure Assigr{

1Let bethecoreto bescheduled;

2 Set - -

3 Set ;

I* arethelongestwrapperscan-inandscan-outengths[12]*/
5If , Set - -

6If

7 Set ; - -
9 Set - ;

10 Set - -

11 Return to Line 4 of TAM_scheduleoptimizer

Figure 6: The core assignalgorithm.

Procedure Coniict( , PC, CC, )
1Let bethecoretobescheduled;

2 For all precedenceonstraints

3 If ,Return 1;
4 For all concurreng constraints

5 If , Return 1;
6 Let

7 For all cores

8 |If ,

9If , Return 1;

10For all cores

11 If thereis aBIST-scarntestcon ict betweenCores and , Return 1;
12 Return O;

Figure 7: Precedencegoncurrencyand power constraints.

testingtimeis largestamongall suchcores thenit is scheduledis-
ing Assignin Lines7 to 10.

Priority 3: If a coreis found, whosetest has not begun earlier
whosepreferredTAM width is lessthan _ , andwhosere-
maining testingtime is largestamongall such cores,thenit is
scheduledisingAssignin Lines11to 12.

Priority 1 is motivatedby the needto completethe testfor cores
that cannotbe preemptedurther, while Priorities 2 and 3 seekto
assigrthe preferredTAM width to eachcore.
Precedenceconcurrency and power constraints. During selec-
tion of a coreto be scheduledn Lines7, 11, and13 of Figure 4,
theCon ict subroutingFigure7)isinvokedto ensurehat(i) prece-
dencecon icts, (ii) concurreng con icts, and(iii) powerconstraint
con icts areavoided.

Rectangleinsertion in idle time. If thereis no core found in
Lines5 to 12, ratherthanletthe _ TAM wiresremainidle,
TAM_scheduleoptimizerattemptsto insertthe rectanglefor some
unschedulectore into the available time. In Line 13, we nd a
corethathasnot beenschedulecandwhosepreferredTAM width
is within 3 bitsof _ . This coreis thenscheduledisingAs-
sign The3-bitlimit wasfoundto bethemostusefulafterextensve
experimentation.This is becausein generalaslong asthe width
of the rectanglechosenis within 3 bits of the preferredwidth, the
gainsto testingtime reductionare greatest. However, if a value
otherthan3 is foundto be moreusefulfor anothemgroupof SOCs,
this canbeeasilyenterednto our programby thesystemintegrator
duringtestautomation.
IncreasingTAM widths to Il idle time. If no rectanglds avail-
ableto Il in theidle time, thenthe heuristicin Lines15to 16 is
usedto determinewhich of the corescurrently scheduledo be-
ginat will bene tthemost,in termsof testingtime
decreasefrom anextra _ TAM wires. If sucha corecan
be found, thenits currently-assigned is increasedo the
highestPareto-optimalvidth lessthan - .
Finally, if the heuristicsin Lines 4 to 16 fail to nd a coreto
assign,the value of _ is setto 0 andthe loop beginning
at Line 4 is repeated.When _ is foundto be O in Line 4,
the executionproceedso Line 17, wherethe processof updating
- and is begun. Thisis presentedn subrou-
tine Updatein Figure8. Once _ is incrementedthe
widths assignedo pacled rectangleqor partsof rectanglesiare
x edandcannotbe changedateronin thescheduleTheresulting



Procedure UpdatgC)
1FindCore suchthat

2 Set

3 For all Cores suchthat

4 Set ;
5 Set

6 |If

7 Set
8 Update
9 Set

is minimum;

Figure 8: Testscheduleupdate algorithm.

testschedulés outputin Line 18.
Test preemption. Testscan be selectvely preempteceachtime
Updateis executed. At eachexecutionof Update the value of
isresetto , andall theincompletetestscontendfor the
available TAM width in Lines4 to 16 of TAM_scheduleoptimizer
If themaximumlimit onpreemptiongor acertainCore isreached
in Line 5, thenCore is continuouslyscheduledintil it completes.
On the otherhandif the limit on preemptionds not reachedand
Core is preemptedLine 9), then isincrementedy
in Line 5 of Assign Here, ( ) isthelengthof the
longestwrapperscanin (out) chain[18]. Thisincrementn testing
time is necessarpecauseachtime a preemptionoccurs,an extra
scanin or scanout mustbe performed.

5. TESTER DATA VOLUME REDUCTION

In this sectionwe presenthethird partof our SOCtestautoma-
tion framevork — identi cation of avalueof  thatminimizesa
weightedcostfunctioninvolving boththetestingtime andthetester
datavolume.

We rst motivate the needfor identifying sucha TAM width.
The costof testingSOCsis closelyrelatedto the testingtime and
the volume of 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]. Techniquedo ensurethat the testdatarequiredper
pin is containedto a single testerbuffer, arethereforevital. The
motivation for trading-of TAM width with testingtime and data
volumelies in multisite testing,in which several ICs aretestedin
parallelby a singletester ReducedlTAM widths that containtest
dataper pin to buffer sizeswill allow alargernumberof ICsto be
testedconcurrently therebydecreasingestingtime for the entire
productionbatch. ReducingTAM widths alsoleadsto lower rout-
ing compleity. It is thereforemportantto developtechniqueghat
canidentify alow numberof TAM wires, andto trade-of testing
time anddatavolume.

We beggin by plotting the variation of testingtime ~ with .
Thisis shavn for Philips SOCp22810in Figure9(a). (Resultsfor
the remainingexampleSOCsare shavn in Table2 in Section6.)
Notetheprogressie decreasén  at Pareto-optimapoints. Next,
weplotthevariationof testedatavolume  with  (Figure9(b)).

variesasanon-monotonidunctionin , achieving local min-
ima atthe Pareto-optimal valuesof the curwe of Figure9(a).
Theglobalminima(markedin Figure9(b))is achievedat
However, doesnot provide thelowesttestingtime for the
SOC. canbedecreaseblyincreasing from44to 48 (atwhich
pointthereis anincreasen ). Thereforepyvarying thesys-
temintegratorcantrade-of testingtime with testerdatavolume.

Weincorporatehisfeaturein ourframevork by de ning thenor

malizedcostfunction —_— , where

( ) is the minimumvalueof ( ), and is a
userinput parameteto controlthe trade-of. As is variedfrom
0to 1, theshapeof the -curve changedromthe -curwetothe
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Figure 9: Relationship between(a) and , and (b) and  for SOC
p22810; The normalized costfunction  for (c) ,and (d) for

SOCp22810.

-curve. The -curweis “U” shapedn generalhaving a single
minima, illustratedfor in Figure9(c), andfor in
Figure9(d). Thesevaluesof  thatminimize for variousvalues
of provide the systemintegratorwith effective choicesof TAM
width for testerdatavolumereduction.Note thatthe choiceof
will alsobeaffectedby thecoretypeandtestingmethodusede.g.,
for acoretestedonly usingBIST, the TAM maybevery narrov to
transportonly the BIST controlsignals.In this paper we consider
only teststhatusethe TAM for transportinghe entiretestset.

6. EXPERIMENTAL RESULTS

In this sectionwe presenexperimentakresultsfor four example
SOCs: d695 (an academicSOC from Duke University), p22810,
p34392,and p93791(industrial SOCsfrom Philips). Thesefour
SOCsarepartof thelTC 2002SOCtestbenchmarksnitiative [17].
The experimentalresultswere obtainedusinga 333 Mhz SunUI-
tra10with 256 MB memory

Tablel presentsesultsonintegratedTAM designandtestschedul-
ing. We consideredll possibleinteger valuesof the parameters

and in therange , andtakulatedthe
bestresults. A lower boundon thetestlngtlme for an SOCcan
be expressecdas

Lower boundvalueson the testingtime for eachSOC for sev-
eralvaluesof  arepresentedn Tablel1l. We comparethe test-
ing timesobtainedusingnon-preemptie and preemptve schedul-
ing. For preemptie testing,the value of was
setto 2 for the larger cores. Preemptie schedulingobtainslower
or equaltestingtimes in most cases. However, in a few cases,
non-preemptie schedulesare shorter This is becausesachpre-
emptionadds cycles to the length of a test, which
canincreasehe overall SOCtestingtime for SOCshaving a large
numberof shortteststhat are preemptedseveral times. A care-
ful investigationof the effects of preemptionand the use of the
parameteconsideringestlengthsis therefore

Warranted For p34392,we presenttestingtime resultsonly for
, sinceat , we achieve the minimumtestingtime



Table 1: Wrapper/TAM co-optimization and testscheduling

Testingtime (cycles)
Preemptie
Lower Non- Pre- + power-
SOC bound preemptve | 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

Table 2: TAM widths for tester data volume reduction.

7. CONCLUSION

We have presentedhew techniquesasedon rectanglepacking
for wrapper/RM co-optimizatiorandtestscheduling TAMs have
beentailored to the test dataneedsof coresthroughthe use of
Pareto-optimalwidths. We have also presentedseveral heuristics
thatminimizetheidle time on TAM wires,therebyleadingto afast
andef cient algorithmfor TAM width allocationandtestschedul-
ing. The new rectanglepackingalgorithmis scalablefor largein-
dustrial SOCs. Finally, the proposedapproachallows the system
integratorto determinean SOC-level TAM width to tradeoff test-
ing time with testerdatavolume.
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