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Abstract

Chemicallyassembleelectionic nanotetinolagy (CAEN)

is a promising alternative to CMOS-basedcomputing

However, CAEN-basedtircuits are expectedo havehuge

defectdensities.To solvethis problemCAENcanbe used
to build reconbguablefabricswhich, assuminghedefects
canbefound,are inherently defecttolerant. In this paper

we proposea scalabletestingmethodolgy for Pndingde-

fectsin reconbguaible devices.

1 Intr oduction

One alternatve to CMOS-basedcomputingthat is un-
der intenseinvestigationis chemically assemblecktlec-
tronic nanotechnologyCAEN). CAEN usesdirectedself-

assemblyand self-alignmentto constructelectroniccir-

cuits out of nanometerscale devices (e.g., [1, 2, 3)).

Currentestimateshov that CAEN-baseddevices should
achiere densitiesof at least gate-equialents/cm.

This representsa signibcantincreasein resourcesover

state-of-theart photo-lithographybasedsilicon. CAEN-

baseddeviceswill, however, suffer from amajordisadwan-
tagevis-a-visCMOSdevices:theirdefectdensitieswill be
signibcantlyhigherthanfor CMOS-basedlevices.In fact,

we expectthatthe very natureof CAEN-basedabrication
will resultin defectdensitiesof asmuchas 10%. Such
high defectdensitiegequireacompletelynew approacho

manufcturingcomputationatievices.No longerwill it be

possibleto testa device andthrow it away if it hasa de-
fect sincewe expectthatevery chipwill have asignibcant
numberof defects.Instead we will have to devise a way

to usedefectve chips.

A natural solution is suggestedy looking at reconbg-
urablefabrics, i.e., Field-programmablgate arrays(FP-
GAs), andthe work on the Teramaccustomcomputei{4,
5]. An FPGA s aninterconnectedetof programmable
logic elements.Both the interconnectindlogic elements
may be programmedor conbguredio implementary cir-

cuit. The Teramads essentiallya very large FPGA with
averyrich interconnecthatworksin spiteof the factthat
75%of thechipscontainedn the Teramadadsomenum-
berof defects.Thekey ideabehindmakingTeramaavork
is thatreconbgurabilityallows oneto Pndthe defectsand
thento avoid them. Beforethe Teramaccanbe usedit is
brstconbguredor self-diagnosisTheresultof thediagno-
sisphasas amapof all thedefects.Then,oneimplements
aparticularcircuit by conbguringaroundthe defects.

In somesense,Teramacintroducesa new manufcturing
paradigm;one which trades-of compleity at manufc-
turing time with post-abricationprogramming. The re-
ductionin manufcturingtime compleity makes recon-
Pgurablefabrics a particularly attractve architecturefor
CAEN-basedcircuits, since directed self-assemblywill
mosteasily resultin highly regular, homogeneoustruc-
tures. We will call CAEN-basedreconbgurabldabrics,
nanofabrics[3]. We expectthat the fabricationprocess
for thesefabricswill befollowedby atestingphasewhere
a defectmapwill be createdandshippedwith the fabric.
Thedefectmapwill beusedby compilersto routearound
thedefects.

In this papemnwe addresshe problemof Pndingthe defects
in ananofabric. This problemwould betrivial if we could
testthe individual componentsHowever, this will not be
possible. In generalthe testingstratgy shouldneedsto

satisfythefollowing constraints:

It shouldnot requireaccesgo theindividual compo-
nents.

It shouldscalewith the numberof defects.

It shouldscalewith fabricsize,sothattestingdoesnot
becomea bottleneckin themanufcturingprocess.

The remainderof this paperexploressomeways of solv-
ing this problem:Section2 describegpreviousapproaches
to tackle similar problems, Section 3 describesthe re-
guirementshat a testingstratayy will needto satisfyand
presentour proposedestingstratayy, Section4 describes
simulationswe have carriedoutto validatethemethodsve
propose Section5 outlinessomeof the work thatremains



to bedone,andSection6 present®ur conclusions.

2 RelatedWork

ModernDRAM andSRAM chipsandFPGAsareableto
toleratethe presencef somedefectsby having somere-
dundang built into them: for instancea row containing
a defectmight be replacedwith a sparerow after fabri-
cation. With nanotbrics,this will not be possible:it is
unlikely thata row of ary appreciablesizewill be defect
free. Moreover, CAEN-basedlevicesarebeingprojected
asa replacemennot just for memoriesbut for logic too,
wheresimplerow-replacemenill notwork sincelogic is
lessregular

Problemssimilarto thishave beenaddresseth thedomain
of customcomputingsystemsFor example the Piperench
reconpgurabl@rocessof6] and more notably the Tera-
maccustomcomputef4, 5] hadanotionof testing,defect-
mappinganddefect-aoidancebuilt into them. Upto 75%
of the FPGAsusedin the Teramaaveredefectve; assem-
bly wasfollowedby atestingphasevherethedefectdn the
FPGAswereidentiPedand mapped. Compilersfor gen-
eratingFPGA conbgurationshen usethis defectmapto
avoid thesedefects. The testingstratey we are propos-
ing is similar to the one usedfor the Teramac.However,
the problemwe addresss signibcantlyhardebecausehe
TeramaaisedCMOS deviceswhosedefectratesaremuch
lower thanthosepredictedfor nanogbrics.

An alternatve approacho achieve defecttolerancewould
beto usetechniqueslevelopedhor fault-tolerantircuitde-
sign(e.g.,[7, 8]). Suchcircuit designsangefrom simple
onesinvolving triple-moderedundancyto more comple
circuits that performcomputatiorin an alternatve, sparse
codespacesothatacertainnumberof errorsin the output
(up to half the minimum distancebetweenary two code
words)canbe corrected Fault-tolerantircuits do not suit
our purposefor thefollowing reasons:

1. The besttechniquedor fault toleranceavailable to-
dayrequirea signibcanamountof extra physicalre-
sources,and also resultin a (non-ngligible) slow-
down of thecomputation.

2. Thesecircuitswork reliably only if thenumberof de-
fectsarebelow a certainhardthreshold.

3. Designingsuchcircuitsis a non-trivial task, particu-
larly for acompiler

3 TestingStrategy 2

As was doneon the Teramacwe proposeconbguringhe
componentsnthenanotbrict into testcircuits,which are
capableof giving usinformationaboutthe presencer ab-
senceof defectsin their constituentcomponents. Each
componenis madea part of mary differenttestcircuits,
andinformationaboutthe errorstatusof eachof thosecir-

cuitsis collected. This informationis usedto deduceand
conbrmtheexactlocationof the defects.
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Figurel: An example showinghow a defectivecompo-
nentis locatedusingtwo different test-ciicuit conbgua-
tions. The componentsvithin onerectangularblock are
part of onetest-circuit

As an example, considerthe situationin Figure1. Five

componentsare con gured into one test-circuit, which

computesa simplemathematicalunction. Thisfunctionis

suchthatdefectsn oneor morecircuit componentsvould

causethe answerto diverge from the correctvalue;there-
fore,by comparinghecircuit’s outputwith the correctan-
swer the presencer absencef ary defectsin the circuit

componentganbe detected.In the rst run, the compo-
nentsarecon guredvertically, andtestcircuit 2 detectsan
defect.In thenext run,thecomponentarecon guredhor

izontally, andtestcircuit 3 fails. Sinceno othererrorsare
detectedye cansaythatthecomponenattheintersection
of thesetwo circuitsis defectve, andall othersaregood.

For therestof thispaperwe usethefollowingterminology
andmake thefollowing assumptiongboutthe fabricsand
the natureof thedefects:

1. Thefabricundertesthasn components.

1\We are deliberatelyleaving the meaningof “component” unspeci-
ed. It will dependonthe nal designof the nanofbric: a component
may be oneor moresimplelogic gates,or a look-up tableimplementing
anarbitrary logic function; also, the on-fabric interconnectswill alsobe
“components’in the sensehatthey mayalsobe defectve.



2. Defectsare randomlyoccurring,independenevents
with eachcomponenhaving a probability of being
defectie.

3. The total numberof defectsin the fabricis m (and,
with a large enoughfabric, this is expectedto equal

).

4. Eachtest-circuitwe usehassize ; weassumehatwe
have an arbitrarylevel of connectity on the fabric,
andatest-circuitcanconsistof ary setof components
andnotjustonesthatareadjacento oneanother?.

5. Thecomponentsnthefabricarecon guredaspartof
mary differenttest-circuitsandwe call eachof these
con gurationsatiling (in the simpleexampleabove,
we used? tilings: horizontaland vertical). We as-
sumethat circuitswithin the sametiling do not share
ary componentsand that ary 2 circuits belonging,
respectiely, to 2 differenttilings shareat mostone
componentWe malke this assumptiorto simplify the
analysisin the restof this paper;testersthat share
more than one componentre certainly possiblebut
theresultswould be moredif cult to analyze We let

denotethe numberof tilings we malke.

As hasbeenexplainedin Sectionl, we donothave access
to theindividual fabriccomponentsThis impliesthatour
testcircuitswill have to belarge,andwill consistof tens
andperhapsven hundredf componentsWith the high
defectrates,eachcircuit cannow potentially have multi-
ple defectve componentsthis will considerablycompli-
catethe simplepicturepresentedn the exampleabove. In
therestof this sectionwe will shav how thetestingstrat-
egy will needto changeaswe try to scalewith defectden-
sity andwith thefabricsize.

3.1 Scalingwith DefectDensity

We shallbeagin by analyzingsomesimplecasesvherethe
defectdensitiesare low: thesewill help explain our ap-
proach andalsomotivateour proposato dealwith higher
defectdensities. Using the terminologydescribedabove,

is the numberof defectve componentshateachtest
circuit is expectedto have. Not surprisingly the dif culty
of locatingtheerrorsscaleswith ; weanalyzetheprob-
lemfor thefollowing threecasesanddescribénow ourtests
canhandleeachof them:

1.
e.g., , ,

2Notethat the wires connectingcomputationaklementson the fabric
arealso“components’with a probability of failure lessthanor equalto

e.g., ) )
e.g., , )

3.1.1

Thedefectratesherearesmall,andthereis verylittle like-
lihood of atestcircuit containinga defect. For example,
with and , 9 out of 10 testcircuits are
expectedto be free of defects. The defectratesfoundin
todays CMOSdeviceswould putthemin thisregime. The
testingstratgy for suchdefectrateswould consistof the
following steps®:

1. Using a particulartiling, con gure the components
into test circuits which indicatethe presenceor ab-
senceof an error If thereis no error, mark all the
componentshatarepartof the circuit defect-free.

2. Repeathis for mary tilings, sothateachcomponent
is partof mary differenttestcircuits.

The numberof tilings neededwill dependon the desired
yield. By yield, we meanwhatfraction of the defect-free
componentsremarkeddefect-freeat theendof theabove
procedure Note thatwe identify all the defectve compo-
nentsashbeingdefectize (i.e., thereareno falsepositives.
However, in theprocesssomegoodcomponentsnayalso
be markedbadandthuslower theyield.

Consideradefect-freecomponent,X; X is markeddefect-
freeif it is partof a testcircuit that hasno otherdefects.
Theprobabilityof — beingdefectveis , thesizeof each
testcircuitsis , and differenttilings areused(i.e., is
madea partof differenttestcircuitswhich only have

in common).Let betheprobabilityof event ; then,

is markeddefectfree
oneoutof the testcircuitsis defectfree
all testcircuitshave atleastonedefecteach
1 testcircuit hasat leastonedefect)
testcircuit hasno defects

1)

If we wanttheyield (i.e., the probability of eachdefect-
free componento be marked defect-freeby this process)
tobe ,weget:

3The Teramacachieved defecttolerancefor defectdensitiesof this
orderusingessentiallythe methoddescribedabore
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Let usconsideithe casewhere and (and,
therefore, ). If we desireayield of 99%,we get
,l.e., . Thisimpliesthatwith only 2 tilings

(e.g.,horizontalandvertical)we shouldbe ableto identify
atleast99% of the goodcomponentsthe remaininggood
componentsandall thebadonesaremarkeddefectveand
notused.

3.1.2

Eachtestcircuit now hasthe expectatiorof having 1 error.
However, this doesnot meanthereare no defect-freecir-
cuits; in fact, the probability of any givencircuit of size
being completelydefectfreeis -
- , i.e., a third of the circuits canbe expectedto
be free of defects. In this situation,the methodoutlined
for the previous caseshouldwork; however, the number
of tilings requiredwould be more. For example,if we let
, andthe desiredyield , we et
. Underour assumptiorof arbitrary connectvity,
nding this mary tilings is easy;however, this maynot be
thecasein realisticsituations.

3.1.3

This is a signi cantly more dif cult problem than the
above two, sinceeachcircuit is now expectedto contain
multiple errors,andobtaininga testcircuit thatis entirely
defectfreeis goingto be very unlikely. For example,for
therepresentatie numbers and , theprob-
ability of a circuit having no defectsat all is

. Infact,for thesevaluesof and ,
Equation(2) tells usthat tilings will beneeded
for ayield of 99%;with ourde nition of tiling, of course,
this numberis unattainable. Therefore,the stratgy of
putting a componentnto differentcircuitstill onethatis
free of ary errorsis foundis not goingto work. Thereare
threepossiblewaysof gettingaroundthis problem:

1. Make smallerso that is closerto 1.

2. Putthetesterin atight feedbacKoop, sothatit may
usethe resultsof the previous teststo decidewhat
the next test-circuitcon gurationis goingto be. The
testercanthenselectvely testareasof the fabricthat
appeato be promisinguntil it nds asufcient num-
berof defect-freecircuits.

3. Usemorepowerful testcircuits. 4

Reducinghevalueof maynotbepossiblebecausefthe
lack of ne-grainedaccesdo the fabriccomponentsThe
secondapproachs likely to be extremelyslow, sincenew
con gurationswill begenerateduringthetesting,andthe
timerequiredo placeandroutethemwill addto thetesting
time. Thereforeusingmore powerful testcircuits seems
to be the mostviable approach.For example,the circuit
might computea mathematicatlunctionwhoseoutputwill
deviate from the correctvalueif ary of the circuit's com-
ponentsare defective; if the amountof this deviation de-
terministically depend=n the numberof defective com-
ponentsthena comparisorof the circuit’s outputwith the
correctresultcantell us the numberof defectspresentn
thecircuit, insteadof justtheyes/nocanswemboutthepres-
ence/absenagf errorsthatour earliercircuitswerereturn-
ing. Circuitsdesignedor faulttolerancehatcomputein a
sparseerrorcorrectingcode-spacéuchasReedSolomon
codeg[9]) aregoodexamples. Circuits usedfor this pur
posewill have to satisfythefollowing two conditions:

1. A defectin a circuit componenshouldtranslaten a
deterministicmannerto an errorin the circuit’s out-
put (and, therefore,a knowledgeof the errorin the
circuit’s outputshouldtranslateto a countof the de-
fectsin thecircuit).

2. Fault-tolerantircuitscancountuptoacertainnumber
of errors,andreturnanincorrectcountif thenumber
of faultsexceedgheir threshold. The testingcircuit,
however, shouldbeableto saywhentheerrorcountis
aboveits threshold.This canbe ensuredy usingtwo
differentcircuitssimultaneouslybothof whichfail in
differentways whentheir thresholdis exceeded. A
differencein their defectcountswill thenimply more
defectghanthethreshold.

Notethatourproposato usefault-tolerantircuitsfor nd-

ing the defectsis not inconsistentwith our rejection of
themfor performinggeneralcomputation sincethey are
now beingusedaspartof themanufcturingprocessvhere
thedisadwantagesve listedabove arenotrelevant.

Using these defect-countingcircuits, we proposesplit-
ting the processof defect-mappingnto two phases: a
probability-assignmenthaseanda defectlocation phase
The probability-assignmenihaseattemptso separatehe
componentsn the fabricinto two groups: thosethat are
probablygoodandthosethatareprobablybad. Theformer
will have anexpecteddefectdensitythatis low enoughso
thatin the defect-locatiorphasewe canusemethodspro-
posedn Section3.1.1or 3.1.2to pin-pointthe defects.

The rst phasethat of probability-assignmentyorks as
follows:



1. The componentsare arrangedin test-circuitsin a
particulartiling (for example,vertically), and defect
counts(or the fact that the numberof defectswere
morethanthe testcircuit’s threshold)for all the test
circuitsarenoted.Thisis donefor anumberof differ-
enttilings (for our simulations the numberof tilings
=testcircuit size= )

2. Given thesecountsfor all the circuits, we nd the
probability that ary particular componentis good.
Thisis doneasfollows:

Let betheeventthatary particularcomponent is
good.

Let , ,.., bethenumberof defectve compo-
nentsin eachtestcircuitthat is apartof.

Let bethe eventof obtainingthesecountsfor all
thesetestcircuits.

Thereforewe needto nd — .
Now, from Bayes'rule,

Determiningthe numeratorand denominatorof the
is trivial, since is the only componenthese
circuitsshare After simpli cation, we get

This equationis solvedfor eachcomponento obtain
its probabilityof beinggood?.

3. Thecomponentsvith alow probabilityof beinggood
arediscardedandthiswholeprocesss repeatedThis
is continuedfor a pre-determinechumberof times
(say ) ortill acertainfractionof the components
arediscardedwhichever is earlier

At the end of this processwe have divided the compo-
nentsinto two groups:thosewith a high probability of be-
ing good,andthosewith a high probability of beingbad.
The latter are discardedwhile in the former, the fraction
of faulty componentds expectedto be down to sucha

4To maintainclarity, whathappensvhenthe numberof faultsis more
thanthetest-circuits thresholdhasnot beendescribedabore; thesenum-
bersarediscardedandthe formulasareadjustedaccordingly

level thatmethodsdescribedn Section3.1.1and3.1.2can
be applied. Therefore,the secondphase that of defect-
location,proceedssfollows:

1. Thetestcircuits arerun againon the reducedset of
componentsif a defectcountof zerois obtainedfor
ary circuit, all its componentsare marked as good.
Thisis donefor all tilings.

2. Someof the componentshatwereremoved in Phase
1 (for having a low probability of being good) are
addedbackandthe testsarerepeated.This is done
for somepre-determinedumberof times(say ).

3. Finally, all the componentsnarked as good are de-
claredgood,andtheothersaredeclarecbad.

We have not beenableto work outa mathematicamodel
of how goodthis methodis going to be, given different
valuesof , andthedefect-countinghresholdof thetest
circuits; in particulay the valuesof and aredeter
minedheuristically However, therearea numberof points
to notehere:

1. The quality of the resultswill dependon the defect-
countingthresholdof the testcircuit; the higherthis
threshold the moreinformationcanbe obtainedand
thebettertheresultsshouldbe.

2. A numberof goodcomponentsremarkedbad. This
is becausen Phasel, the countsfor all circuits are
not available (becauséhe thresholdis lessthanthe
actualnumberof errorsin mary casespnddueto this
incompleteinformation, mary goodcomponentget
discardedThis is thewasteof theprocedure.

3. Eachofthe2 phasess beingrunin multiple stepg
and respectiely) andeachof thesestepsdiscards
somecomponentsvhich are not usedin later steps;
therefore,it will not be possibleto completelypre-
determinethe test circuits a-priori, and somefeed-
backdependenton gurationonthe partof thetester
will be required, although this will be limited to
routingthe pre-determinedestcircuit con gurations
aroundthe discardeccomponents.

To testthe effectivenesf this procedureandto measure
theimpactof the defect-countinghresholdon the output,
we ran a numberof simulations,the detailsof which are
presentedh Sectiord.

5 and aresetgreaterthanl to maximizetheyield thatthis pro-
cesrovidesus;we have foundin our simulationsthatfor morepowerful
testcircuits or smallerdefectcounts,setting providesac-
ceptableresults.



3.2 Scalingwith Fabric Size

We next have to ensurethat the testingprocedurescales
with thefabricsize.A shorttestingtimeis crucialto main-
tain thelow costandusefulnes®f thesefabrics. We shall
begin by analyzingthe testingstrateyy above to seehow

longit takesto run.

For ak = k pieceof thefabric,we make at mostN; + N>

sets(Vy in the rst phaseand N, in thesecondpf k tilings

eachin thefabric,andeachtiling consistof k differenttest
circuits. However, in ary particulartiling, no two testcir-

cuits have any componenin common;therefore,all the

test circuits for a particulartiling canbe run in parallel.
This leaves us with (N, + N») * k steps,eachrequiring
a recon gurationof the entirefabric beingtested. If the

fabricis largerthenk % k it canbe split into mary sec-
tionsof sizek x k, eachof which canbetestedseparately
As mentionedabove, we do not have a modelto describe
hov N; and N» scalewith k; however, our simulations
shaw thatevenfor very weaktestcircuits andfairly high

defectdensitiestheyieldsplateawutbeyond N, = 6 and
N, = 4. We thereforebelieve thatthe numberof recon g-

urationsrequiredwould belinearin k, i.e., proportionato

thesquareootof thesizeof thefabric's partundertest.

Figure2: A schematicrepresentationof how testingwill
proceedin a wave-like mannerthroughthe fabric. The
bladk area istestedandconbguedasa testerby the exter
nal tester; eac darker-shadedareathentestsand conbg-
uresa lighter-shadecheighbor For large fabrics, multiple
sud wavesmay grow out from different externally-tested
areas.

The abore descriptionshavs that testinga particularpart
of the fabric takestime proportionalto the squareroot of
the part’s size; however, sincethe numberof suchparts
grows linearly with the size of the fabric, testing time
would still appearto grow linearly with fabric size. This
missesthe crucial point that the fabric itself is recon g-
urable - in this situation, recon gurability helpsin two
ways:

1. Onceapartof thefabricis testedanddefect—mapp&j,
it canbe con gured to act as a testerfor the other
parts,thusbringingdown thetime requiredon the ex-
ternaltesterdrastically

2. Oncethetesteris con gured ontothe fabric, thereis
nothingto preventusfrom having multiple testersac-
tive simultaneouslyIn sucha scenariothe rst area
to betestedestsits adjacenbneswhichtesttheirad-
jacentonesandso on, andthe testingcanmove in a
wave throughthe fabric (seeFigure 2). Now, asthe
fabricsizeincreasestestingtime grows linearly with
thedistancethis wave hasto traversethroughthefab-
ric, which is proportionalto the lengthof thefabric’s
side,andto the squareroot of the componentn the
fabric.

Thus, by leveragingthe recon gurability of the chip, the
time on the externaltester andalsothe total testingtime,
canbereducedy asigni cant amount.

4 Simulation and Results

We have checledtheusefulnessf eachtestingstratgy we
presenby simulatingit on a numberof testcases.We do
thisin thefollowing way:

1. Thefabricis representethy a matrix of Os (for good
componentsand1s (for defective components).

2. The errors(i.e., the 1sin the matrix) are generated
randomlywith probabilityp.

3. A “testcircuit” is simulatedsimply by examiningits
constituentomponentaindreturningtherelevantin-
formation;for example,if acircuitis supposedo tell
whethetthereis anerrorin aparticularcolumnor not,
wereturn“no error” if all thenumbersn thatcolumn
arezeroes.Theonly way to accessomponentsf the
matrix is throughthis testcircuit interface.

4. Usingtheinformationour test-circuitsgive us,wetry
to reconstructhe errormapfor the fabric. Our nal
aimis to ensurehatthe outputis correct i.e.,thatno
defectve components declaredyood,andthatthere
is highyield, i.e., thatasmary goodcomponentsre
declaredgoodaspossible.

All theresultswe presenarein termsof the% yield, which
is de ned asfollows:

No. of goodcomponentg&denti ed .
No. of goodcomponentsictuallypresent

yield =



We rst consideithecasesvherek xp < 1 andk xp ~ 1.

Thetwo candidatesetsof valuesusedfor our simulations
are(k = 11,p = 0.009) and(k = 11,p = 0.09) 6. As
describedn Sections3.1.1and3.1.2,we usetestcircuits
that candetectthe presencer absencef ary errors,and
measurehe yields for differentnumberof tilings t. This

entireprocesss run 1000timesfor eachsetof valuesof k,

p andt, andtheyieldsandaveragedut.

Number | Expected| Achieved

oftilingst | Yield (%) | Yield (%)
k=11 1 91.36 91.34
p=0.009 2 99.25 99.29
1 38.94 38.05
k=11 2 62.72 62.05
p=0.09 5 91.51 91.17
10 99.28 99.24

Table 1: Simulation results comparing expected and
achievedyieldsfor 2 setsof valuesof £ andp

The resultsof our simulationsare presentedn Table 1.
We presentoththe expectedyield, obtainedby plugging
the valuesof k, p andt into Equation(1), andthe yield
achieved in our simulations.As canbe seenthetwo g-
urescloselymatch.

We next simulatedthe algorithm we describein Sec-
tion 3.1.3for the casewherek x p > 1. For the simu-
lation, we useda fabricof size101*101,k andt (thenum-
ber of tilings used)were setequalto 101, N; (the max-
imum numberof times this set of tilings would be used
in the probability-assignmenthase)wvas setto 6, and N,
(themaximumnumberof timesthe setof tilings would be
usedin the defect-locatiorphase)was setto 4. We then
measuredhe yield obtainedas the defectdensities,and
thenumberof defectsourtest-circuitscouldcount,varied.
Thereresultsaresummarizedn Figure3.

Fromourresults,t is apparenthatit is possibleto achieve
high yields even with test-circuitsthat cancounta small
numberof defectsparticularlyif the defectdensityis low.

For example for densitiedessthan10%,atest-circuitthat
could countup to 4 errorsachieved yields of over 80%.
With more powerful testcircuits, yields of over 95% are
achievable. Also, althoughN; and N, have beensetto 6
and4, respectiely, eachsetof tilings wererun this mary

timesonly for weakcircuits (thosethat could count3 de-
fectsor less)or for very high defectdensities(12 % and
over). For moderatelypowerful test circuits and defect
densitiesaroundthe 10%mark,the setof tilings wereused

5We choosethe value 11 becausave needk to be primeto keepour
analysissimple: it makesit easyto nd alarge numberof tilings for the
test-circuits.

just onceduring eachphaseof the algorithm. Thereforé,
we cansaythatthe numberof recon gurationsrequiredis

linearin k, or proportionalto the squareroot of the fabric
size.

5 Openlssues

Design of the test circuit: Test circuits still needto be
designedhat give us the kind of informationwe require.
If thelargeamountof literatureon fault-correctingircuit
designis anythingto go by, thisin itself is afairly dif cult
task.

Alter native circuit types It maynotbepossibleto design
circuitsthat returnactualdefectcounts;however, it might
be possibleto useother, lesspowerful circuitsthatarestill

capableof providing usefulinformation.

Accounting for limited fabric connectvity: Thedescrip-
tion andanalysisgpresenteébore assumehatwe have un-

limited connectity on the fabric. The actualscenariois

likely to be very different; we might be ableto connect
a componenbnly to its neighbors. This will requirere-

ducingthe numberof tilings we needto make, and also
changingthe mathematicalnalysisso thatthe tilings are
lessrestrictede.g. circuitsfrom differenttilings mayhave

morethanonecomponenin common).

Accounting for real defect types and distrib utions:
Thesewill not be known until we begin manufcturing
large-enougmanofbricsin somenumbers.However, the
availability of thisinformationwill haveinterestingami -

cations:for one,designingest-circuitsfor certaintypesof
defectssuchasstudk-at defectsjs fairly well-studiedand
well-understoodAlso, it mightbe foundthatdefectstend
to occurin clusters;this will malke it easierto detectthe
defectsandlesslikely for gopodcomponentso be marked
bad.

6 Conclusions

CAEN-basedcomputingdevices are expectedto be inex-

pensveto produceyielding deviceswith mary billions of

componentsHowever, thisbooncomesatthecostof large
defectdensities.In orderto malke the entire processeco-
nomicalit is importantthatthe resultingdevicesbe defect
tolerant. Assumingonecan nd the defectsone possible
defecttolerantarchitectures a recon gurablecomputing
device. In this paperwe have shavn thatit is possibleto

nd thedefectsn arecon gurablecomputingdevice,even

whenthedeviceis largeandhasmary defects.

Therearetwo mainaxesto achieving scalabledefecttoler
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Figure3: Yields achievedby varyingthe defectdensitiesand the numberof defectour test-ciicuits could count. Thetest-
circuitsconsistedf 101componentsandfor ead simulationrun, a setof 101tilings wasuseda maximunof 6 and4 times

respectivelyn thetwo phases.

ance. First, the defecttestingmustscalewith defectden-
sity. Secondthedefecttestingmustscalewith device size.
Our method,inspiredby the Teramaccon guresthe fab-
ric undertestwith circuitsthatwhenrunwill indicatenot
only whetherthe testedareais defectve, but indicatehow

mary defectsit contains. By using test circuits that can
“count” we shav how defecttestingcanscalewith defect
density Our methodrequiresthat the underlyingfabric
have arich interconnectBy harnessingherecon gurabil-
ity of the fabric we alsoshowv how the processcanscale
with fabric size. Oncea small portion of the fabric has
beendiagnosedit canbe con guredto testitself. If the
device cancon gure itself, thenthe testingcanproceedn

parallelandthetotal time to testthe device scaleswith the
squaregoot of thedevice size.
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