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Abstract

As IC densitiesare increasing,cluster-basedFPGA architecturesarebecoming the architecture of choice for major FPGA
manufacturers.A cluster-basedarchitecture is onein which several logic blocksaregroupedtogether into a coarse-grainedlogic
block. While the high densitylocal interconnectoften found within clustersserves to improve FPGA utilization, it alsogreatly
complicates the FPGAinterconnect testingproblem. To addressthis issue,we have developeda hierarchical approachto define
a setof FPGA configurationswhich enableinterconnect fault detection anddiagnosis. This technique enablesthe detectionof
bridging faultsinvolving intra-clusterinterconnectandextra-clusterinterconnect. Thehierarchical structure of a cluster-basedtile
is exploitedto defineintra-clusterconfigurationsseparatelyfrom extra-clusterconfigurations,therebyimproving theefficiency of
theconfigurationdefinitionprocess.Thecornerstoneof this work is theconciseexpressionof thedetectability conditions of each
fault,andthedistinguishabilityconditionsof eachfaultpair. By guaranteeingthatbothintra-clusterandextra-clusterconfigurations
haveseveral testtransparency properties,hierarchicalfaultdetectabilityis ensured.
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I . INTRODUCTION

Over the pastdecadefield programmablegatearrays(FPGAs)have becomeinvaluable componentsin

many facetsof digital design. As a resultof increasedintegration,FPGA devicesarenow usedacrossa

wide assortment of fault tolerantandmissioncritical digital platforms. This application-level diversity has

necessitatedincreasedinterestin FPGAtestsothatfaultycomponentscanbequickly identifiedandrecovered.

Given the large rangeof applicationsand programmableconfigurationseachFPGA device may support,

FPGAtestcanbesubstantially morecomplex thanASIC test,providing motivationfor new, efficient testing

techniques.Informationregardingdefectlocationis particularlyimportant in today’s testenvironmentsince

new techniques[1] have beendevelopedthatcanreconfigureFPGAsto avoid faults. To operateeffectively,

theseapproachesrequirethatthespecificlocationof thefaultbeclearlyidentified.

The reconfigurabilityof FPGAsplaysan importantrole in reducingon-chiptestinghardwarerelative to

ASICs.While ASIC DFT approachesrequirethemodificationof circuit functionality to performtest,FPGA

testhardwarecanbeswappedout of thedevice onceverificationis complete.Reconfigurabilitydoesincur

othertestcosts,including increasedtestgenerationcomplexity andincreasedtestapplication time. Unlike

ASICs,whichrequireasingleconfigurationfor faultdetection,FPGAsrequiremultipleconfigurationsto test

an assortmentof switch settings. In general,fault coverageis directly relatedto the numberandscopeof

testconfigurationsthatarecreated.Thefault coverageissuehasbeenfurthercomplicatedin recentyearsby



theintroduction of FPGAdevices[2] [3] with milli onsof programmableswitchpoints. Thisdevicecapacity

growth stronglysuggeststheneedfor aahierarchicalandincrementalapproachto FPGAtestanddiagnosis.

To supportthisneed,contemporaryFPGAdevicesnow allow for rapid,partialdevicereconfiguration[4] [3].

Ourfaulttestanddiagnosisapproachisdrivenby recentadvancesandimprovementsin FPGAarchitecture.

To takeadvantageof circuit locality, severalFPGAcompanies[3] [5] haverecentlyintroducedcluster-based

architectures[6]. Thesearchitecturesgroupnumerousprimitive logic components,suchasflip flops and

look-uptables,into coarse-grainedlogic clusters.To simplify devicemapping,clustersexhibit ahighdegree

of internalconnectivity including the feedbackof clusterlogic outputsto clusterinputswithout the need

for re-entryinto sparse,global interconnect.The richnessof the internal interconnectcomplicatestesting

by providing a large rangeof potential interconnectpatterns.Sincepadareaincreasesat a slower ratethan

internallogic, externalaccessto internaltestpointsbecomesincreasinglydifficult asdevice sizesscale.As

a result,novel testingapproachesareneededto addressandeffectively testdensely-interconnectedcluster-

basedarchitectures.

In this paper, an FPGA fault testanddiagnosis approachis describedthat performsbuilt-in self teston

a cluster-basedFPGA device. During the testingprocess,a portionof the FPGA is configuredastestgen-

erationandresponsecircuitry for a clusterundertest. As individual logic clustersandsurroundingrouting

resourcesareverified,they subsequently maybeusedto performtestingon remaining,untestedclusters.To

demonstratetheapproach,wepresentatechniquetogenerateFPGAtestconfigurationsto detectanddiagnose

pairwisebridginginterconnectfaults.By restrictingtheprogrammingof thelookuptablesin theFPGA,we

formulatethetestinganddiagnosis conditions asa setof straightforwardfunctionsof theinputsof eachtile.

Thetestinganddiagnosisconditions for eachfaultandfaultpair areusedto directtheconfigurationprocess.

By exploring thehierarchyinherentin thestructureof cluster-baseddevices,our approachpartitionsthetest

configurationdefinitionprocessto greatlyimprove theefficiency of theprocess.Sincetestconfigurationsin

ourapproacharereplicatedacrosstheclusterarray, theprocessof definingtestconfigurationsis independent

of thesizeof theFPGAarray.

The paperis organizedas follows: SectionIII is a description of the cluster-basedarchitecturewhose

testingwe aretargeting. SectionIV presentstheBIST approach.Thediagnosis conditionsfor the targeted

interconnectfaultsarepresentedin SectionV. Thealgorithmsfor configurationdefinitionarepresentedin

SectionVI. Experimentalresultsarepresentedin SectionVII, andconclusionsarepresentedin SectionVIII.

I I . PREVIOUS WORK

Researchin FPGA testing hasinvestigateda wide rangeof testarchitecturesandtechniques.TheFPGA

testproblemhasbeendividedby severalresearchersinto theinterconnecttestproblem[7], [8], [9], [10], and
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the FPGA logic testproblem[11], [12]. The limited numberof I/O padsgreatlyreducestestaccessfrom

off-chip. The pad limit hasbeenovercomeby several researchers by usinga numberof BIST techniques

[13], [14], [10], [15] to reducethe needfor pads. Someportion of the FPGA hardware is configuredas

testgenerationandresponseanalysiscircuitry which is usedto testtheremainderof theFPGA.In orderto

testall of the FPGA logic, several configurationsarerequiredby thesetechniquesto ensurethat all FPGA

logic is testedin someconfiguration. Several approachesto on-line fault detectionhave beenintroduced

which implementBIST by exploiting unutilizedFPGAlogic androutingto implementmodular redundancy

[16], [15]. Previouswork in testanddiagnosisof theORCA architecture[10], [15] is notablebecausethis

architecturecanbeclassifiedascluster-based.

Testingfor delayfaultsin FPGAarchitectureshasbeeninvestigatedin previouswork [17], [18], [19], [20].

SometechniquestargetdelayfaultsintheentireFPGAstructure[19], [20], while othertechniquesspecifically

targetdelayonly delayfaultswhich impactaparticularapplication[17], [18].

The needfor externalcontrollability andobservability hasalsobeenreducedby usingan iterative logic

array(ILA) testarchitecture[11], [13], [14]. An ILA architecturecomposedof an arrayof identicalcells

allowsthecontrollability andobservability of eachcell to beeffectivelyaccomplishedthroughits neighboring

cells. We have addressedtheproblemof defininga setof testconfigurationsfor cluster-basedarchitectures

previously in [21], andthediagnosis problemin [22].

I I I . CLUSTER-BASED FPGAS

We assumean island-style FPGA architecture[23] which is composedof an array of identical tiles as

shown in Figure1a. Eachtile is composedof a cluster[24] andsurroundinginterconnect.Theinterconnect

structureof eachtile is a setof lineswhich canbeconnectedby a setof programmableinterconnectpoints

(PIP) which actasswitches.A typical tile interconnectstructureis shown in Figure1b. Theswitch matrix

shown in Figure1c is a commonlyusedstructurein FPGAarchitectureswhich is composedof a setof lines

enteringeachside. A PIPconnectseachline to oneline on eachsideof thematrix. EachPIP in theswitch

matrix is seenasa dashedline in Figure1c.

For thepurposesof testing,it is necessaryto distinguishthe tile I/O from theclusterI/O. ClusterI/O are

theinputandoutputpinsof thecluster, while tile I/O pinsreferto thepointsatwhicha tile cancommunicate

with a neighboringtile. The tile I/O pins includethe endpoints of wire segmentswhich canconnectto a

neighboringtile via a PIP.

We assumethat eachclusteris composed of a setof basic logic elements(BLE) [24], eachof which is

composedof a setof programmablelookup tables(LUT), multiplexers,andflip-flops. The mostgeneral

assumption is thateachBLE input canconnectto theoutputof any otherBLE andto any clusterinput. The
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outputof eachBLE is assumedto beconnecteddirectly to aclusteroutput.
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Fig. 2. FPGACluster

IV. FPGA TESTING METHODOLOGY

We proposetheuseof a built-in self-test(BIST) strategy for thetestingof anFPGAstructure.BIST tech-

niquesin generalareassociatedwith highperformanceandareaoverheadincurredby on-chiptesthardware.

BIST overheadis not an issuefor FPGABIST becausethetesthardwareis easilyinsertedandremovedby

reconfiguration.By embedding testlogic insidetheFPGA,BIST enablestestaccessto internalcomponents.

This is particularlyimportantfor the testingof cluster-basedFPGA structureswhich have higherlocalized

interconnectdensitythanotherFPGAs.

In eachconfiguration,FPGAcircuitry dedicatedasBIST logic will performtestgenerationandresponse

analysisto testnon-BISTFPGAcircuitry. To accomplishBIST, weusetheteststructurepresentedin [10] in

which theFPGAis configuredasmany independentBISTERsstructures,shown in Figure3.

EachBISTERis composedof a testpatterngenerator(TPG),anoutputresponseanalyzer(ORA), andtwo

blocksundertest (BUTs). The TPG is simply a counterwhich appliesan exhaustive testsequenceto the

BUTs. EachBUT is a singletile in theFPGA which is beingtested.TheORA is a comparatorwhich sets
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the Pass/Fail flip-flop to ’1’ if theoutputsof bothBUTs do not agree.EachBISTER will be implemented

asa rectangularblock of tiles,andmany BISTERs will beimplementedon theFPGAto cover thetile array.

Thenumberof tiles in aBISTERwill dependon thenumberof tilesneededto implementtheTPGandORA

logic.
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Fig. 4. ShiftingBISTERsAcrossFPGAArray, (a)BISTERin lower left, (b) BISTERshiftedright

It is importantto noticethat the tiles which arededicatedto theTPG andORA logic arenot completely

tested.In orderto guaranteetestingof all tiles, theFPGAwill bereconfiguredto shift theBISTERs across

theentirearrayasshown in Figure4. Over thecourseof several reconfigurations,all tiles will betestedby

actingasa BUT in a BISTER.Sincethetiles adjacentto a BUT mustimplementeitherTPGor ORA logic,

theperimetertiles cannotbe testedby simply shifting theBISTERs. In orderto ensurethatperimetertiles

aretested,thelayoutof theBISTERmustbemodified to usetheI/O padsto accessthetileson theperiphery.

The requirementof shifting theBISTER layoutsover several reconfigurationscausesthe total testappli-

cationtime to berelatedto theareaof theTPG/ORAlogic. Sinceeachblock of TPG/ORAlogic is usedto

test2 tiles, eachtestconfigurationmustbe shifted1
���

At � 2� , whereAt is the numberof tiles requiredto

implementtheTPG/ORAlogic.

In addition to providing goodtestaccess,theuseof thisBIST strategy hasseveralsignificanteffectsonthe

testconfigurationdefinitionandtestsequencedefinitionproblems.TheBIST strategy decomposesthetesting

problemof theentireFPGA into many identicalproblemsof a sizewhich is fixedby the testrequirements

for asingletile. Sincethesizeof thesmallerproblemis fixed,theBIST approachis easilyscalableto FPGA
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arraysof any size.

V. INTERCONNECT FAULT DETECTION AND DIAGNOSIS

Detectionof interconnectionfaults in cluster-basedarchitecturesis a difficult problembecausethe high

densityof internalclusterinterconnectmakestestaccessdifficult. We proposea formulationof theproblem

whichincludesthetesting of intra-clusterinterconnectwhichis internalto thecluster, aswell asextra-cluster

interconnectwhich surroundseachcluster. All pairsof linesareclassifiedaseitherconnectableif thereis a

PIPbetweenthem,andnon-connectableif thereis nointerveningPIP. Weassumethepossibility of two types

of defects,ashortdefectwhichcausestwo linesto becrossed,andanopendefectwhichcausesasingleline

to bebroken,or causesa connectableline pair to beunconnectable.Giventhe two classesof line pairsand

thetwo defecttypes,weassume4 faultclasseswhicharepreviouslypresentedin [7]. Theinterconnectfaults

which we targetaresubsetsof bridgingfaults.Thedetectionrequirementsof bridgingfaultsin a non-FPGA

context have beenoutlinedin previous work [25], [26]. We summarizethe4 fault classesandthedetection

requirementsfor eachclassin termsof thecontrollability andobservability of eachline involved.

� Permanent Connection (PC) - A shorton any pair of lines. Both affectedlinesmustbeseparatelycon-

trollableandat leastoneaffectedline mustbeobservable.Also, any PIPbetweenthetwo affectedlinesmust

beconfiguredto beoff.

� Permanent Disconnection(PD) - An openon any pair of connectablelines. Both affectedlinesmustbe

controllableandobservable.Also, thePIPbetweenthetwo affectedlinesmustbeconfiguredto beon.

� Stuck-At 0 (SA0) - A shortbetweena line andground(specialcaseof a PCfault). Theaffectedline must

becontrollableandobservable.

� Stuck-At 1 (SA1) - A shortbetweena line andpower (specialcaseof a PCfault). Theaffectedline must

becontrollableandobservable.

A. DetectionandDiagnosisRequirements

In orderto defineFPGAconfigurationsfor testinganddiagnosis, acleardefinitionof thetestability anddi-

agnosisrequirementsof eachfaultandfaultpair is needed.Becausetheconfigurationdefinestheconnectivity

betweensegments, the testanddiagnosis requirementsmustbe expressedin termsof connectivity aswell.

Wepresentrequirementsfor thetestability of eachsinglefaultandthedifferentiability of eachfaultpair. De-

tectabilityanddifferentiability indicatethatsometestpatternmustexist to detecteachfaultanddifferentiate

eachfault pair. Detectability anddifferentiabilityrequirementsareindependentof aspecifictestpattern,and

they areusedto defineBUT testconfigurationsbeforetestpatterngenerationhasbeenperformed.

In theexpressionspresentedin this section,we definethecontrol setC � s� of a segments to be thesetof

tile I/O whosesignalvaluesdeterminethevalueof thesegment.Becauseour approachconfiguresall LUTs
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as4 input XOR gates,thecontrolsetof a segmentdeterminesthefunctioncomputedat segments. We will

definetheobservesetO � s	 of a segmentto bethesetof tile I/O to which a fault effect on segments will be

propagated.Theobserve setof a segmentis thesetof all tile I/O which arereachablefrom segments in a

configuration,andareactingastile outputs(arenotbeingdriven directly).

A.1 FaultDetectionConditions

In thetestingapproachproposedhere,eachsegmentvalueis restrictedto betheexclusive-orof asubsetof

tile inputs. This is accomplishedby configuringall LUTs to actasexclusive-orgates.Usingthis restriction,

we canexpressthedetectabilityof eachfault asa functionof the the tile I/O which arereachablefrom the

fault.

1. s1 SAv -

C � s1 	�
� /0 
 O � s1 	�
� /0

This equationstatesthat the faulty line segements1 mustbebothcontrollableby at leastonetile input and

observableby at leastonetile output.

2. PC(s1, s2) -

C � s1 	�
� C � s2 	�� C � s1 	�
� /0 � C � s2 	�
� /0 �
� O � s1 	�
� /0 � O � s2 	�
� /0 	

This equationstatesthat the faulty pair of segmentsmust both be controllable (C � s	�
� /0), they must be

separatelycontrollable (C � s1 	�
� C � s2 	 ), andthey mustbothbeobservable(O � s1 	�
� /0 � O � s2 	�
� /0). ThePIP

betweenthesegmentsmustbeswitchedoff.

3. PD(s1, s2) -

C � s1 	�
� /0 � O � s2 	�
� /0

Assuming that s2 is the floating segment, this equationstatesthat the non-floatingsegment mustbe con-

trollable (C � s1 	�
� /0) andthat the floating segmentmustbe observable(O � s2 	�
� /0). The PIP betweenthe

segmentsmustbeswitchedon. SwitchingthePIPon impliesthatC � s1 	 � C � s2 	 .
A.2 InterconnectFaultEquivalence

Theequivalenceof faultslimits themaximum achievable diagnostic resolutionbecauseequivalent faults

cannotbedifferentiated.Fault equivalencein anFPGAis determinedby theFPGAconfiguration,so faults

which areequivalent in oneconfigurationmay not be equivalentin another. In orderto achieve maximum

diagnostic resolution,everypair of faultsmustbenon-equivalentin at leastoneconfiguration.
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We will definefault equivalencein termsof the connectivity betweensegmentsand tile I/O. Sincethe

FPGAconfigurationdeterminesconnectivity, theprocessof configurationdefinitioncanensurethatall fault

pairsaredistinguishable.Two faultsaresaidto beequivalentif their correspondingfaultymachinesproduce

thesameoutputwith all possibletestpatterns,at all outputsof thecircuit. Sinceall LUTs actasexclusive-

or gatesin our approach,all fault effectsarepropagatedto all outputsin the observe setof a faulty line.

This implies that in orderfor two faultsto be equivalent, the two segmentsat the fault locationmusthave

identicalobservesets.Thesegmentsat thefault locationmusthaveidenticalcontrolsetsaswell becausefault

effectsmustbegeneratedby thesametestpatterns.We will refer to two segmentsasbeingtestequivalent

in a configurationif thesegmentshave identicalcontrolsets,andidenticalobserve sets.Two testequivalent

segmentsareindistinguishableduring testingbecausethey have thesamevalueunderall input stimuli, and

a fault effect on eithersegmentwill be observed at the sametile outputs. The equivalenceof a fault pair

dependson the testequivalenceof theassociatedsegments. We definethecriteria for equivalencebetween

all pairsof fault classeswhichmaybeequivalent.

1. s1 SAv/ s2 SAv - Thesegmentsaretestequivalent.

C � s1 ��� C � s2 ��� O � s1 ��� O � s2 �
This equationstatesthat thetwo segments arecontrolledby thesamesetof tile inputsandobservedby the

samesetof tile outputs.

2. PD(s1, s2)/PD(s3, s4) - s1 ands3 referto thedriversegments, ands2 ands4 referto thefloatingsegments.

C � s2 ��� C � s4 ��� O � s2 ��� O � s4 �
This equationstatesthat eachsegment in a faulty segmentpair mustbe testequivalentto a segmentin the

otherfaultysegmentpair.

3. s1 SAv/PD(s2, s3) - Thispairof faultsmaybeequivalentif asegmentwhichis notdrivenby asignalfloats

to av value.In thiscase,thetwo faultsareequivalent if thefloatingsegmentof thePDfault is testequivalent

to thesegmentassociatedwith thestuck-atv fault.

C � s1 ��� C � s3 ��� O � s1 ��� O � s3 �
Thisequationstatesthatthesegmentwith thestuck-atfaultandthefloatingsegmentinvolvedin thePDfault

mustbecontrolledby thesamesetof tile inputsandobservedby thesamesetof tile outputs.

4. PC(s1, s2)/PC(s3, s4) - Thepairof segmentsinvolvedin onefaultaretestequivalentto thepairof segments

involvedin theotherfault.
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Thisequationstatesthateachsegmentin a faultysegmentpair (s1 $ s2) mustbetestequivalent to asegmentin

theotherfaulty segmentpair (s3 $ s4).

VI . TEST CONFIGURATION DEFINITION

Thegoalof testconfigurationdefinition is to identify a setof configurationsfor the tiles actingasBUTs

in a BISTER.The setof configurationsmusthave the propertythat the fault detectionrequirementsstated

in SectionV mustbe satisfiedfor all faultsin at leastoneconfiguration.The sizeof the setof testconfig-

urationsshouldbe minimized to reducetestapplicationtime. The testconfigurationdefinition processis

hierarchical,definingthe intra-clusterconfigurationsseparatelyfrom the extra-clusterconfigurations.Test

transparency constraintsareplacedontheintra-clusterandextra-clusterconfigurationsto ensurehierarchical

controllability andobservability.

A. Intra-Cluster Configurations

Theintra-clusterconfigurationsaredefinedto ensurethatall intra-clusterinterconnectfaultsaredetectable

in at leastoneconfiguration,andto facilitatethe testingof the extra-clusterinterconnect.The clusterwill

becontainedin thecontrolandobserve pathsof many extra-clusterinterconnectlines. Theclustermustbe

configuredto betransparentfrom acontrollability andobservability perspective. Theclusteroutputs arenot

identicalto the clusterinputs, but the clusteroutputsmusthave the following transparency propertieswith

respectto theclusterinputs.

1. A fault effect on a clusterinput mustpropagateto at leastoneclusteroutput. This conditionensuresthe

propagationof fault effectsonextra-clusterwhich feedtheclusterinputs.

2. Theclusteroutputsmustbeseparatelycontrollable.Thisconditionensuresthecontrollability of theextra-

clusterinterconnectwhich is drivenby theclusteroutputs.

A.1 BLE Configurations

The observability of the clusterinputsandBLE outputbranchesmustbe achieved by propagating fault

effectsthroughtheBLEs to reachtheclusteroutputs. Also, thecontrollability of theBLE outputs mustbe

achievedthroughtheBLEs. Theconfigurationof theBLEs is centralto ensuringmaximalcontrollability and

observability insidethecluster. Theconfigurationsof components insidetheBLEs areimportantto enable
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controllability of theBLE outputlines,aswell asobservability of theclusterinputslinesandtheBLE output

branches.

EachBLE is composedof a LUT anda multiplexer, bothof which mustbeconfigured.To maximizethe

controllability andobservability througha BLE, we have chosento configureeachLUT to act asa 4-input

XOR gate.TheXOR operationprovidesgoodcontrollability becausetheoutputvaluemaybedeterminedby

controllingany singleinput. TheXOR alsoprovidesgoodobservability becausea fault effect on any single

input is guaranteedto propagateto its output. To simplify the interconnecttestingprocess,the majority of

testconfigurationsbypasstheflip-flop to drive theBLE outputwith theLUT outputdirectly. Thiseliminates

sequentialbehavior andensuresthattheapplicationof anexhaustive testpatternsetis sufficient to detectall

faultswhich arenon-redundantin eachconfiguration. In order to testthe interconnectassociatedwith the

flip-flops,asingleconfigurationis addedin whichall BLEsundertestareconfiguredsothattheiroutputsare

drivenby theflip-flops. In thisconfigurationall interconnectassociatedwith flip-flops aremadecontrollable

andobservable,andtherforetestable.

A.2 BLE InputMultiplexerConfigurations

Theconfigurationsof theBLE input multiplexers(IMUX) affect both thecontrollability andobservabil-

ity of the clusterinterconnect.The IMUXes determinecontrollability of BLE outputs by determiningthe

function which definesthe outputof eachBLE n. Becauseall LUTs are configuredasXOR gates,each

outputBLE function is an XOR of a subsetof clusterinputsasseenin Figure5a. In Figure5a, the input

sourcesdeterminedby the multiplexer configurationsarelabelledandshown in bold. Basedon the multi-

plexer configurations,theBLE outputfunctionsareexpressedasfollows: BLE1 % IN1 & IN2 & IN3 & IN4,

BLE1 % IN1 & IN2 & IN3 & IN4 & IN5 & IN6 & IN7. Noticethatthemostgeneralcluster-basedarchitecture

allows a multiplexer to beconfiguredto createa loop asshown in Figure5b, which would eithercreatese-

quentialactivity (if theBLE outputis clocked)or anasynchronousactivity. Bothof thesepossibilities would

greatlycomplicatetesting,sowedonotallow multiplexersto beconfiguredto createaloop. Thisassumption

matchesthe implementationof Xilinx Virtex [3] part which is a cluster-basedarchitecturewhich doesnot

containinterconnectto implementself-loopsinsideacluster.

Wehavedevelopedanalgorithmto definetheconfigurationof eachIMUX in eachoverallFPGAconfigu-

ration.Wehave identifiedthefollowing IMUX configurationgoalswhichmustbesatisfiedby thealgorithm.

Thesepropertiesarerequiredto make all intra-clusterfaultsdetectablein at leastoneconfiguration,andto

ensurethetransparency of theclusterfor thetestingof extra-clusterfaults.

' All BLE outputs are separatelycontrollable fr om eachother, and fr om all cluster inputs - This prop-

erty ensuresthateachintra-clusterfault canbeactivated in eachconfiguration,andenablestheactivation of
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Fig. 5. Input Multiplexer Configurations,(a) BLE output functiondeterminedby input mux configurations,(b) Illegal input mux
configurationcreatinga self-loop.

extra-clusterfaultsassociatedwith extra-clusterlinesdrivenby clusteroutputs.Guaranteeingthispropertyis

accomplishedby defininginputmultiplexerconfigurationssothateachBLE outputfunctionis different,and

is notdependentonasingleclusterinput.

( Eachinput multiplexer is configured to selectdata fr om eachof its inputs in at leastoneconfiguration

- Thispropertyensuresthatall clusterinputbranchesandBLE outputbranchesareobservablein at leastone

configuration.

( There is a sensitizedpath fr om each cluster input stem to a cluster output in every configuration

- This propertyensuresthe transparentpropagationof extra-clusterfault effects throughthe cluster. This

propertyis accomplishedby configuringat leastoneinputmultiplexer to receivedatafrom eachclusterinput

in eachconfiguration.Every clusterinput stemcanbeassociatedwith at leastoneBLE outputwhosevalue

is dependenton thatclusterinputstem.

Algorithm 1 Intra-ClusterConfigurationAlgorithm
labelall intra-clusterfaultsasundetected
repeat

repeat
selectaBLE which is notconfigured,b
initializeIMUX configurationsof b
repeat

enumeratenext IMUX configuration
computeBLE outputfunction

until BLE functionis unique
until all BLEsareconfigured
identify detectablefaults

until all faultsaredetectablein someconfiguration

Thealgorithmfor intra-clustertestconfigurationdefinition is shown in Algorithm 1. Thealgorithmcon-

tains3 main loops. The inner loop, definesthe configurationof a singleBLE by enumeratingthe config-

urationson all 4 of its input multiplexersuntil a satisfactoryconfigurationis found. A setof BLE IMUX

configurationsis consideredsatisfactoryif theresulting BLE output functionis uniquefrom thefunctionsof
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all otherBLEs,andis uniquefrom all singleclusterinputs.Themiddle loopinvokestheinnerloopwith each

BLE until all BLEs areconfiguredto producea completeclusterconfiguration.Theouterloop invokesthe

middleloop to definea single configuration,andthenevaluatesthedetectionof intra-clusterbridgingfaults.

The outerloop continuesto invoke the middle loop until all intra-clusterfaultsaredetectedin at leastone

configuration.

B. Extra-Cluster Configurations

The extra-clusterconfigurationdefinescurrentflow pathsthroughthe extra-clusterinterconnect.These

currentflow pathsbetweentile input and output pins are usedto control and observe eachinterconnect

segmenton thepath.We modeltheextra-clusterconfigurationdefinitionproblemasa flow problemthrough

an interconnectgraph. Eachnodein the graphrepresentsan extra-clusterinterconnectsegment,andeach

edgerepresentstheexistenceof aPIPbetweentwo segments.

Thegoalof extra-clustertestconfigurationdefinitionis to createflow pathsbetweentile I/O nodeswhich

allow thedetectioncriteriaof eachfault to besatisfiedin at leastoneconfiguration.In addition to enabling

thedetectionof extra-clusterfaults,theextra-clusterconfigurationmustenabletransparentcontrollability and

observability of theembeddedcluster. Thisgoalis accomplishedbycreatingflow pathsfrom tile I/Osto every

clusterinput,andfrom everyclusteroutputto tile I/Os,in everyconfiguration.An exampleof aconfiguration

whichexhibitsthistypeof testtransparency is shown in Figure6. Thebold linesindicatesegmentswhichare

containedin flow paths,andthebold PIPsindicatewhich PIPsareswitchedon in theconfigurationin order

to instantiatethepaths.Eachclusterinputandoutputis directlyconnectedto theedgesof thetile via asetof

flow paths.Notice thatflow throughtheclusterdoesnot impactthe testabilityof extra-clusterinterconnect

becausetheclusteris transparentfor controllability andobservability purposes.

IN1
OUT2 IN2

OUT3

IN3
OUT4

OUT1
IN4

Fig. 6. TransparentExtra-ClusterConfiguration

Wepresenttwo differentalgorithmsto generateextra-clustertestconfigurationswhichareusedtogetherto
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ensurethedetectionof all faults.Thefault independentalgorithmdefineseachconfigurationto maximize the

faultcoverageanddisinguishability withouttargetingany faultsspecifically. Thefault independentalgorithm

enableshigh fault coverageto beachievedwith few configurations,but may fall shortof 100%fault cover-

agefor large examples.To achieve 100%fault coveragein caseswherethe fault independentalgorithmis

insufficient, the fault specificalgorithmis used.Thefault specificalgorithmfirst selectsanundetectedfault,

andthendefinesa configurationwhich is guaranteedto detectthe chosenfault. By usingthe fault specific

algorithmafterusingthefault independentalgorithm, 100%fault coverageis guaranteed.

Algorithm 2 Fault IndependentExtra-ClusterAlgorithm
createinterconnectgraph
repeat

labelall nodesasuntouched
repeat

selectanuntouchednoden
identify anuntouchedpathfrom n to aclusterI/O
labelall nodeson thepathastouched
identify anuntouchedpathfrom n to a tile I/O
labelall nodeson thepathastouched

until pathsconnectall clusterI/O to tile I/O
repeat

selectanuntouchednoden
identify anuntouchedpathfrom n to a tile I/O
labelall nodeson thepathastouched
identify anuntouchedpathfrom n to a tile I/O
labelall nodeson thepathastouched

until noadditionaluntouchedpathscanbecreated
identify detectablefaultsanddifferentiablefault pairs

until fault coverageanddiagnosability donot improve

The fault independentalgorithm for extra-clustertest configurationdefinition is outlined in Algorithm

2. The two inner loopsdefinea single test configurationby identifying a setof pathsthroughthe extra-

clusterinterconnectwhich mustbeactivated.Thefirst inner loop guaranteesthattheclusterI/O aredirectly

controllableandobservablefrom thetile I/O. Thesecondinner loop servesto increasethenumberof extra-

clusterinterconnectswhich arecontrollable andobservable.Eachpassof theouterloop definesa singletest

configuration. The tasks,selectan untouched noden, identify an untouched path from n to a cluster I/O,

andidentify an untouchedpathfromn to a tile I/O areperformedusingseveralheuristicswhich target lines

associatedwith faultswhichareundetectedin thecurrentconfiguration.

Thefault specificalgorithmfor extra-clustertestconfigurationdefinitionis outlinedin Algorithm 3. Each

loop of this algorithmbeginsby selectinganundetectedfault anddefiningpathsthroughtheinterconnectto

ensurethattheseletedfault is detectable.Thesepathsaredefinedto satisfythedetectionconditionsstatedin
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Algorithm 3 FaultSpecificExtra-ClusterAlgorithm
repeat

selectanundetectedfault f
createpathsto make f detectable
completeconfiguration(fault independentalgorithm)
identify detectablefaultsanddifferentiablefault pairs

until all faultsaredetectablein someconfiguration

SectionV with theshortestpossible paths.Oncethedetectionof theselectedfault is ensured,theremainder

of the configurationis completedusing the fault independentalgorithmto maximize coverage. The loop

continuesuntil all faultsaredetected.

VI I . EXPERIMENTAL RESULTS

We have implementedthealgorithmsfor testconfigurationdefinitionandwe have appliedthealgorithms

to definetestconfigurationsfor a rangeof cluster-basedtilesof differentsizes.In testresultsweassumethat

theclusterhasthestructureshown in Figure2 [6], with N BLEsandI clusterinputs.We assumethatcluster

inputsandoutputsareequallydistributedaroundthesidesof thecluster. EachclusterI/O on thenorthface

mayconnectto all horizontaltracksvia a setof PIPs,andthesameis truebetweenclusterI/O on thewest

faceandthevertical tracks. The clusterI/O on the eastandsouthfacesareassumedto connectdirectly to

tracksin theneighboringtiles.

Theseresultsare summarizedin Table I. The first threecolumnsof Table I are the clusterparameters

(Clus. Prms) which indicatethe sizeandtestpropertiesof the cluster. The clusterparametersincludethe

sizeof theclusterin termsof thenumberof clusterinputs,I , andthenumberof BLEs in a cluster, N. The

third clusterparameteris SHFT ) 1 *�+ At , 2- , whereAt is the numberof tiles requiredto implementthe

TPG/ORAlogic in a singleBISTER. Thevalue1 *.+ At , 2- is thenumberof timeseachconfigurationmust

beshiftedin orderto cover thetestingof all tiles. Theremainderof thecolumns in thetablearedividedinto

the resultsof Intra-Cluster configurationdefinition,andtwo setsof extra-clusterconfigurationresults.The

first setof extra-clusterresultslabelledExtra-Cluster(Independent)containthe resultswhenonly the fault

independentextra-clusteralgorithmis used.Thesetof resultslabelledExtra-Cluster(Specific)containthe

resultswhenthe fault specificextra-clusteralgorithmis usedto achieve 100%fault coverageafter the fault

independentalgorithm hasreachedits coveragelimit . TheC columnscontainthenumberof configurations

defined.TheFCov columnscontainthefaultcoverageachieved,andtheDiffCov columnscontainthepercent

of fault pairswhich aredifferentiatedacrossall configurations.A min result is provided for intra-cluster

results,indicating a theoreticallower boundon the numberof intra-clusterconfigurationsrequired. This

lower boundis computedasthe fanin of the input multiplexers(I * N), less1 to accountfor the self-loop
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Clus.Prms. Intra-Cluster Extra-Cluster(Independent) Extra-Cluster(Specific)
N I SHFT C min FCov DiffCov C FCov DiffCov C FCov DiffCov
4 8 2 13 11 100.00% 100.00% 9 100.00% 99.97% 9 100.00% 99.98%
4 10 3 14 13 100.00% 100.00% 9 100.00% 99.97% 9 100.00% 99.98%
6 12 2 19 17 100.00% 100.00% 9 99.59% 99.98% 15 100.00% 99.98%
6 14 3 20 19 100.00% 100.00% 11 99.10% 99.97% 24 100.00% 99.98%
6 16 3 22 21 100.00% 100.00% 11 99.28% 99.97% 21 100.00% 99.98%
8 16 2 28 23 100.00% 100.00% 11 99.67% 99.99% 18 100.00% 99.99%
8 18 3 28 25 100.00% 100.00% 11 98.95% 99.95% 34 100.00% 99.98%
8 20 3 28 27 100.00% 100.00% 13 99.12% 99.97% 30 100.00% 99.98%

TABLE I

EXPERIMENTAL RESULTS WITH A VARIETY OF CLUSTER SIZES

multiplexer inputwhichwedonot test.

Theresultsin TableI show thathigh fault coverageanddifferentiation coverageareachievedin all cases.

By usingthe fault specificextra-clusterconfigurationalgorithm, 100%fault coveragecanbeguaranteedat

thecostof anincreasednumberof configurations.

VI I I . CONCLUSIONS

We have presenteda hierarchicaltechniqueto definetestconfigurationsfor the detectionanddiagnosis

of interconnectfaults in cluster-basedFPGA architectures.We have usedthe conceptof test transparency

to defineconfigurationswhich enabletest accessto the high-densitylogic clusterembeddedwithin each

FPGA tile. We have demonstratedthat this techniquecanbeusedto successfullydefinea small setof test

configurationswhichallow thedetectionanddiagnosis of nearlyall targetedinterconnectfaults.
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