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Abstract

Chemicallyassembledelectronic nanotechnology(CAEN)
is a promising alternative to CMOS-basedcomputing.
However, CAEN-basedcircuitsare expectedto havehuge
defectdensities.To solvethis problemCAENcanbeused
to build reconÞgurablefabricswhich,assumingthedefects
canbefound,are inherentlydefecttolerant. In this paper,
weproposea scalabletestingmethodology for Þndingde-
fectsin reconÞgurabledevices.

1 Intr oduction

One alternative to CMOS-basedcomputing that is un-
der intenseinvestigationis chemically assembledelec-
tronicnanotechnology(CAEN). CAEN usesdirectedself-
assemblyand self-alignmentto constructelectroniccir-
cuits out of nanometerscale devices (e.g., [1, 2, 3]).
Currentestimatesshow that CAEN-baseddevicesshould
achieve densitiesof at least ������� gate-equivalents/cm	 .
This representsa signiÞcantincreasein resourcesover
state-of-theart photo-lithographybasedsilicon. CAEN-
baseddeviceswill, however, suffer from amajordisadvan-
tagevis-a-visCMOSdevices:theirdefectdensitieswill be
signiÞcantlyhigherthanfor CMOS-baseddevices.In fact,
we expectthatthevery natureof CAEN-basedfabrication
will result in defectdensitiesof as muchas 10%. Such
highdefectdensitiesrequireacompletelynew approachto
manufacturingcomputationaldevices.No longerwill it be
possibleto testa device andthrow it away if it hasa de-
fect sincewe expectthateverychip will have a signiÞcant
numberof defects.Instead,we will have to devisea way
to usedefectivechips.

A natural solution is suggestedby looking at reconÞg-
urablefabrics, i.e., Field-programmablegatearrays(FP-
GAs), andthe work on theTeramaccustomcomputer[4,
5]. An FPGA is an interconnectedset of programmable
logic elements.Both the interconnectandlogic elements
maybeprogrammed,or conÞgured,to implementany cir-

cuit. The Teramacis essentiallya very large FPGA with
a very rich interconnectthatworksin spiteof thefactthat
75%of thechipscontainedin theTeramachadsomenum-
berof defects.Thekey ideabehindmakingTeramacwork
is that reconÞgurabilityallows oneto Þndthedefectsand
thento avoid them. BeforetheTeramaccanbe usedit is
ÞrstconÞguredfor self-diagnosis.Theresultof thediagno-
sisphaseis amapof all thedefects.Then,oneimplements
aparticularcircuit by conÞguringaroundthedefects.

In somesense,Teramacintroducesa new manufacturing
paradigm;one which trades-off complexity at manufac-
turing time with post-fabricationprogramming. The re-
duction in manufacturingtime complexity makes recon-
Þgurablefabricsa particularly attractive architecturefor
CAEN-basedcircuits, since directed self-assemblywill
most easily result in highly regular, homogeneousstruc-
tures. We will call CAEN-basedreconÞgurablefabrics,
nanoFabrics[3]. We expect that the fabricationprocess
for thesefabricswill befollowedby atestingphase,where
a defectmapwill be createdandshippedwith the fabric.
Thedefectmapwill beusedby compilersto routearound
thedefects.

In thispaperweaddresstheproblemof Þndingthedefects
in ananoFabric.Thisproblemwouldbetrivial if we could
testthe individual components.However, this will not be
possible. In general,the testingstrategy shouldneedsto
satisfythefollowing constraints:


 It shouldnot requireaccessto theindividual compo-
nents.


 It shouldscalewith thenumberof defects.

 It shouldscalewith fabricsize,sothattestingdoesnot

becomeabottleneckin themanufacturingprocess.

The remainderof this paperexploressomewaysof solv-
ing this problem:Section2 describespreviousapproaches
to tackle similar problems,Section3 describesthe re-
quirementsthat a testingstrategy will needto satisfyand
presentsour proposedtestingstrategy, Section4 describes
simulationswehavecarriedout to validatethemethodswe
propose,Section5 outlinessomeof thework thatremains

 



2to bedone,andSection6 presentsourconclusions.

2 RelatedWork

ModernDRAM andSRAM chipsandFPGAsareableto
toleratethe presenceof somedefectsby having somere-
dundancy built into them: for instance,a row containing
a defectmight be replacedwith a sparerow after fabri-
cation. With nanofabrics,this will not be possible: it is
unlikely that a row of any appreciablesizewill be defect
free. Moreover, CAEN-baseddevicesarebeingprojected
asa replacementnot just for memoriesbut for logic too,
wheresimplerow-replacementwill notwork sincelogic is
lessregular.

Problemssimilar to thishavebeenaddressedin thedomain
of customcomputingsystems.For example,thePiperench
reconÞgurableprocessor[6] and more notably the Tera-
maccustomcomputer[4, 5] hadanotionof testing,defect-
mappinganddefect-avoidancebuilt into them. Upto 75%
of theFPGAsusedin theTeramacweredefective; assem-
bly wasfollowedbyatestingphasewherethedefectsin the
FPGAswere identiÞedandmapped.Compilersfor gen-
eratingFPGA conÞgurationsthenusethis defectmapto
avoid thesedefects. The testingstrategy we arepropos-
ing is similar to the oneusedfor the Teramac.However,
theproblemwe addressis signiÞcantlyharderbecausethe
TeramacusedCMOSdeviceswhosedefectratesaremuch
lower thanthosepredictedfor nanofabrics.

An alternative approachto achieve defecttolerancewould
beto usetechniquesdevelopedfor fault-tolerantcircuit de-
sign(e.g.,[7, 8]). Suchcircuit designsrangefrom simple
onesinvolving triple-moderedundancyto morecomplex
circuits thatperformcomputationin analternative, sparse
codespace,sothatacertainnumberof errorsin theoutput
(up to half the minimum distancebetweenany two code
words)canbecorrected.Fault-tolerantcircuitsdo not suit
ourpurposefor thefollowing reasons:

1. The besttechniquesfor fault toleranceavailable to-
dayrequirea signiÞcantamountof extra physicalre-
sources,and also result in a (non-negligible) slow-
down of thecomputation.

2. Thesecircuitswork reliablyonly if thenumberof de-
fectsarebelow a certainhardthreshold.

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

3 TestingStrategy

As was doneon theTeramac,we proposeconÞguringthe
componentsonthenanofabric1 into testcircuits,whichare
capableof giving usinformationaboutthepresenceor ab-
senceof defectsin their constituentcomponents. Each
componentis madea part of many differenttestcircuits,
andinformationabouttheerrorstatusof eachof thosecir-
cuits is collected.This informationis usedto deduceand
conÞrmtheexactlocationof thedefects.

   

Configuration 1 Configuration 2

Defect�free Component

Defective Component Passing Test

Failing Test

Figure1: An example, showinghow a defectivecompo-
nent is locatedusing two different test-circuit conÞgura-
tions. Thecomponentswithin onerectangularblock are
part of onetest-circuit

As an example,considerthe situationin Figure 1. Five
componentsare con�gured into one test-circuit, which
computesasimplemathematicalfunction.This functionis
suchthatdefectsin oneor morecircuit componentswould
causetheanswerto diverge from thecorrectvalue;there-
fore,by comparingthecircuit’soutputwith thecorrectan-
swer, thepresenceor absenceof any defectsin thecircuit
componentscanbe detected.In the �rst run, the compo-
nentsarecon�guredvertically, andtestcircuit 2 detectsan
defect.In thenext run,thecomponentsarecon�guredhor-
izontally, andtestcircuit 3 fails. Sinceno othererrorsare
detected,wecansaythatthecomponentat theintersection
of thesetwo circuitsis defective, andall othersaregood.

For therestof thispaper, weusethefollowingterminology,
andmake thefollowing assumptionsaboutthefabricsand
thenatureof thedefects:

1. Thefabricundertesthasn components.

1We are deliberatelyleaving the meaningof “component” unspeci-
�ed. It will dependon the �nal designof the nanofabric: a component
maybeoneor moresimplelogic gates,or a look-up tableimplementing
anarbitrary logic function; also,the on-fabric interconnectswill alsobe
“components”in thesensethat they mayalsobedefective.



32. Defectsarerandomlyoccurring,independentevents
with eachcomponenthaving a probability � of being
defective.

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

����� ).

4. Eachtest-circuitweusehassize � ; weassumethatwe
have an arbitrarylevel of connectivity on the fabric,
andatest-circuitcanconsistof any setof components
andnot justonesthatareadjacentto oneanother2.

5. Thecomponentsonthefabricarecon�guredaspartof
many differenttest-circuits,andwe call eachof these
con�gurationsa tiling (in thesimpleexampleabove,
we used2 tilings: horizontalandvertical). We as-
sumethatcircuitswithin thesametiling do not share
any components,and that any 2 circuits belonging,
respectively, to 2 different tilings shareat most one
component.We make this assumptionto simplify the
analysisin the rest of this paper; testersthat share
morethanonecomponentarecertainlypossiblebut
theresultswould bemoredif�cult to analyze.We let

�

denotethenumberof tilings wemake.

As hasbeenexplainedin Section1, we donothaveaccess
to theindividual fabriccomponents.This impliesthatour
testcircuits will have to be large,andwill consistof tens
andperhapsevenhundredsof components.With thehigh
defectrates,eachcircuit cannow potentiallyhave multi-
ple defective components;this will considerablycompli-
catethesimplepicturepresentedin theexampleabove. In
therestof this section,we will show how thetestingstrat-
egy will needto changeaswe try to scalewith defectden-
sity andwith thefabricsize.

3.1 Scalingwith DefectDensity

We shallbegin by analyzingsomesimplecaseswherethe
defectdensitiesare low: thesewill help explain our ap-
proach,andalsomotivateourproposalto dealwith higher
defectdensities.Using the terminologydescribedabove,

�

��� is thenumberof defectivecomponentsthateachtest
circuit is expectedto have. Not surprisingly, thedif�culty
of locatingtheerrorsscaleswith �

��� ; weanalyzetheprob-
lemfor thefollowingthreecasesanddescribehow ourtests
canhandleeachof them:

1. �

���
	��

e.g., ��


��� , �




��� ��� , �

���




�����

2Notethat thewiresconnectingcomputationalelementson thefabric
arealso“components”with aprobabilityof failurelessthanor equalto �
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3.1.1 �

���
	��

Thedefectratesherearesmall,andthereis very little like-
lihood of a testcircuit containinga defect. For example,
with ��


��� and �




��� ��� , 9 out of 10 testcircuits are
expectedto be free of defects. The defectratesfound in
today’sCMOSdeviceswouldput themin this regime.The
testingstrategy for suchdefectrateswould consistof the
following steps3:

1. Using a particular tiling, con�gure the components
into test circuits which indicatethe presenceor ab-
senceof an error. If thereis no error, mark all the
componentsthatarepartof thecircuit defect-free.

2. Repeatthis for many tilings, so thateachcomponent
is partof many differenttestcircuits.

The numberof tilings neededwill dependon the desired
yield. By yield, we meanwhat fractionof the defect-free
componentsaremarkeddefect-freeat theendof theabove
procedure.Note thatwe identify all thedefective compo-
nentsasbeingdefective (i.e., thereareno falsepositives).
However, in theprocess,somegoodcomponentsmayalso
bemarkedbadandthuslower theyield.

Considera defect-freecomponent,X; X is markeddefect-
free if it is part of a testcircuit that hasno otherdefects.
Theprobabilityof � beingdefective is � , thesizeof each
testcircuits is � , and

�

differenttilings areused(i.e., � is
madea partof

�

differenttestcircuitswhich only have �

in common).Let ��� �"! betheprobabilityof event � ; then,

�#�
� is markeddefectfree!


���� oneoutof the
�

testcircuitsis defectfree!




�%$

��� all
�

testcircuitshaveat leastonedefecteach!




�%$

��� 1 testcircuit hasat leastonedefect)&




�%$(')�%$

���

� testcircuit hasnodefects!+*

&




�%$(')�%$

�

�%$,�

!.-0/213*

&

(1)

If we want the yield (i.e., the probability of eachdefect-
freecomponentto be markeddefect-freeby this process)
to be 4 , we get:

3The Teramacachieved defect tolerancefor defect densitiesof this
orderusingessentiallythemethoddescribedabove
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Let usconsiderthecasewhere %'&
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(and,
therefore,%+*
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). If wedesireayield of 99%,weget
�

�,�-) .-.

, i.e., �

&0/ . This impliesthatwith only 2 tilings
(e.g.,horizontalandvertical)weshouldbeableto identify
at least99%of thegoodcomponents;theremaininggood
components,andall thebadones,aremarkeddefectiveand
notused.

3.1.2 %1*

	
20�

Eachtestcircuit now hastheexpectationof having 1 error.
However, this doesnot meanthereareno defect-freecir-
cuits; in fact,theprobabilityof any givencircuit of size %

beingcompletelydefectfree is
���3�4	5�
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, 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 bemore. For example,if we let

%<&

��(

,
	

&

(")��

andthe desiredyield
�=�>(?) @-@

, we get
�

&

� � (

. Underour assumptionof arbitraryconnectivity,
�nding this many tilings is easy;however, this maynot be
thecasein realisticsituations.

3.1.3 %1*

	
AB�

This is a signi�cantly more dif�cult problem than the
above two, sinceeachcircuit is now expectedto contain
multiple errors,andobtaininga testcircuit that is entirely
defectfree is going to bevery unlikely. For example,for
therepresentativenumbers%C&

��( (

and
	

&

(")��

, theprob-
ability of a circuit having no defectsat all is

���D�E	5�




&

(?) @

�GFHF

&I/

) J-J

*

��(

�5K

. In fact,for thesevaluesof % and
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Equation(2) tells usthat
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tilings will beneeded
for a yield of 99%;with our de�nition of tiling, of course,
this numberis unattainable. Therefore,the strategy of
putting a componentinto differentcircuits till onethat is
freeof any errorsis foundis not goingto work. Thereare
threepossiblewaysof gettingaroundthisproblem:

1. Make % smaller, so that %D*

	

is closerto 1.

2. Put the testerin a tight feedbackloop, so that it may
usethe resultsof the previous teststo decidewhat
thenext test-circuitcon�gurationis goingto be. The
testercanthenselectively testareasof thefabricthat
appearto bepromisinguntil it �nds a suf�cient num-
berof defect-freecircuits.

3. Usemorepowerful testcircuits.

Reducingthevalueof % maynotbepossiblebecauseof the
lack of �ne-grainedaccessto the fabriccomponents.The
secondapproachis likely to beextremelyslow, sincenew
con�gurationswill begeneratedduringthetesting,andthe
timerequiredtoplaceandroutethemwill addto thetesting
time. Therefore,usingmorepowerful testcircuits seems
to be the mostviable approach.For example,the circuit
mightcomputea mathematicalfunctionwhoseoutputwill
deviate from thecorrectvalueif any of thecircuit’s com-
ponentsaredefective; if the amountof this deviation de-
terministicallydependson the numberof defective com-
ponents,thena comparisonof thecircuit’s outputwith the
correctresultcantell us the numberof defectspresentin
thecircuit, insteadof just theyes/noansweraboutthepres-
ence/absenceof errorsthatourearliercircuitswerereturn-
ing. Circuitsdesignedfor fault tolerancethatcomputein a
sparse,error-correctingcode-space(suchasReedSolomon
codes[9]) aregoodexamples.Circuits usedfor this pur-
posewill have to satisfythefollowing two conditions:

1. A defectin a circuit componentshouldtranslatein a
deterministicmannerto an error in the circuit’s out-
put (and, therefore,a knowledgeof the error in the
circuit’s outputshouldtranslateto a countof thede-
fectsin thecircuit).

2. Fault-tolerantcircuitscancountuptoacertainnumber
of errors,andreturnanincorrectcountif thenumber
of faultsexceedstheir threshold.The testingcircuit,
however, shouldbeableto saywhentheerrorcountis
aboveits threshold.Thiscanbeensuredby usingtwo
differentcircuitssimultaneously, bothof whichfail in
differentwayswhentheir thresholdis exceeded.A
differencein theirdefectcountswill thenimply more
defectsthanthethreshold.

Notethatourproposaltousefault-tolerantcircuitsfor �nd-
ing the defectsis not inconsistentwith our rejectionof
themfor performinggeneralcomputation,sincethey are
now beingusedaspartof themanufacturingprocesswhere
thedisadvantageswe listedabovearenot relevant.

Using thesedefect-countingcircuits, we proposesplit-
ting the processof defect-mappinginto two phases: a
probability-assignmentphaseanda defectlocationphase.
Theprobability-assignmentphaseattemptsto separatethe
componentsin the fabric into two groups: thosethat are
probablygoodandthosethatareprobablybad.Theformer
will have anexpecteddefectdensitythatis low enoughso
thatin thedefect-locationphase,we canusemethodspro-
posedin Section3.1.1or 3.1.2to pin-pointthedefects.

The �rst phase,that of probability-assignment,works as
follows:



51. The componentsare arrangedin test-circuits in a
particulartiling (for example,vertically), anddefect
counts(or the fact that the numberof defectswere
morethanthe testcircuit’s threshold)for all the test
circuitsarenoted.This is donefor anumberof differ-
ent tilings (for our simulations,thenumberof tilings
= testcircuit size=

�

)

2. Given thesecountsfor all the circuits, we �nd the
probability that any particular componentis good.
This is doneasfollows:

Let � betheeventthatany particularcomponent� is
good.

Let ��� , ��� , ..., ��� bethenumberof defective compo-
nentsin eachtestcircuit that � is a partof.

Let � be the event of obtainingthesecountsfor all
thesetestcircuits.

Therefore,weneedto �nd 	�
��


�� .

Now, from Bayes’rule,

	�


�

�

���

	�
������

�

	�
��

�

�

	�
������

�

	�
������

���

	�
 �����

�

Determiningthe numeratorand denominatorof the
�����

is trivial, since � is the only componentthese
circuitsshare.After simpli�cation, we get
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This equationis solvedfor eachcomponentto obtain
its probabilityof beinggood4.

3. Thecomponentswith a low probabilityof beinggood
arediscarded,andthiswholeprocessis repeated.This
is continuedfor a pre-determinednumberof times
(say, ,

� ) or till a certainfractionof thecomponents
arediscarded,whichever is earlier.

At the end of this process,we have divided the compo-
nentsinto two groups:thosewith a highprobabilityof be-
ing good,andthosewith a high probabilityof beingbad.
The latter arediscarded,while in the former, the fraction
of faulty componentsis expectedto be down to such a

4To maintainclarity, whathappenswhenthenumberof faultsis more
thanthetest-circuit’s thresholdhasnot beendescribedabove; thesenum-
bersarediscardedandtheformulasareadjustedaccordingly.

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

1. The testcircuits arerun againon the reducedsetof
components;if a defectcountof zerois obtainedfor
any circuit, all its componentsare marked as good.
This is donefor all

�

tilings.

2. Someof thecomponentsthatwereremoved in Phase
1 (for having a low probability of being good) are
addedbackandthe testsarerepeated.This is done
for somepre-determinednumberof times(say, ,�� ).

3. Finally, all the componentsmarked asgoodarede-
claredgood,andtheothersaredeclaredbad.

We have not beenableto work out a mathematicalmodel
of how good this methodis going to be, given different
valuesof

�

,
"

andthedefect-countingthresholdof thetest
circuits; in particular, the valuesof ,-� and ,.� aredeter-
minedheuristically. However, thereareanumberof points
to notehere:

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

2. A numberof goodcomponentsaremarkedbad.This
is becausein Phase1, the countsfor all circuits are
not available (becausethe thresholdis lessthan the
actualnumberof errorsin many cases)anddueto this
incompleteinformation,many goodcomponentsget
discarded.This is thewasteof theprocedure.

3. Eachof the2phasesis beingrunin multiplesteps( ,/�

and ,0� respectively) andeachof thesestepsdiscards
somecomponentswhich arenot usedin later steps;
therefore,it will not be possibleto completelypre-
determinethe test circuits a-priori, and somefeed-
backdependentcon�gurationon thepartof thetester
will be required, although this will be limited to
routingthepre-determinedtestcircuit con�gurations
aroundthediscardedcomponents5.

To testtheeffectivenessof this procedure,andto measure
theimpactof thedefect-countingthresholdon theoutput,
we ran a numberof simulations,the detailsof which are
presentedin Section4.

5 132 and 1�4 aresetgreaterthan1 to maximizetheyield thatthis pro-
cessprovidesus;wehave foundin oursimulationsthatfor morepowerful
testcircuitsor smallerdefectcounts,setting 1

265
1

475/8 providesac-
ceptableresults.



63.2 Scalingwith Fabric Size

We next have to ensurethat the testingprocedurescales
with thefabricsize.A shorttestingtimeis crucialto main-
tain thelow costandusefulnessof thesefabrics.We shall
begin by analyzingthe testingstrategy above to seehow
long it takesto run.

For a
�����

pieceof thefabric,we make at most �����	��

sets( ��� in the�rst phaseand ��
 in thesecond)of

�
tilings

eachin thefabric,andeachtiling consistsof
�

differenttest
circuits. However, in any particulartiling, no two testcir-
cuits have any componentin common;therefore,all the
test circuits for a particulartiling can be run in parallel.
This leaves us with 
���������
�� ��� steps,eachrequiring
a recon�gurationof the entire fabric beingtested. If the
fabric is larger then

�����
it canbe split into many sec-

tionsof size
�����

, eachof which canbetestedseparately.
As mentionedabove, we do not have a modelto describe
how ��� and ��
 scalewith

�
; however, our simulations

show that even for very weaktestcircuits andfairly high
defectdensities,theyieldsplateauoutbeyond ������� and
��
���� . We thereforebelievethatthenumberof recon�g-
urationsrequiredwouldbelinearin

�
, i.e.,proportionalto

thesquarerootof thesizeof thefabric’spartundertest.

Figure2: A schematicrepresentationof how testingwill
proceedin a wave-like mannerthrough the fabric. The
black area is testedandconÞguredasa testerby theexter-
nal tester;each darker-shadedareathentestsandconÞg-
uresa lighter-shadedneighbor. For large fabrics,multiple
such wavesmaygrow out from different externally-tested
areas.

Theabove descriptionshows 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 helps in two
ways:

1. Onceapartof thefabricis testedanddefect-mapped,
it can be con�gured to act as a testerfor the other
parts,thusbringingdown thetimerequiredontheex-
ternaltesterdrastically.

2. Oncethe testeris con�guredonto the fabric,thereis
nothingto preventusfrom having multipletestersac-
tive simultaneously. In sucha scenario,the �rst area
to betestedtestsits adjacentones,whichtesttheirad-
jacentonesandso on, andthe testingcanmove in a
wave throughthe fabric (seeFigure2). Now, asthe
fabricsizeincreases,testingtime grows linearly with
thedistancethiswavehasto traversethroughthefab-
ric, which is proportionalto thelengthof thefabric’s
side,andto thesquareroot of thecomponentsin the
fabric.

Thus,by leveragingthe recon�gurability of the chip, the
time on theexternaltester, andalsothe total testingtime,
canbereducedby a signi�cant amount.

4 Simulation and Results

Wehavecheckedtheusefulnessof eachtestingstrategywe
presentby simulatingit on a numberof testcases.We do
this in thefollowing way:

1. Thefabric is representedby a matrix of 0s(for good
components)and1s(for defectivecomponents).

2. The errors(i.e., the 1s in the matrix) are generated
randomlywith probability  .

3. A “test circuit” is simulatedsimply by examiningits
constituentcomponentsandreturningtherelevantin-
formation;for example,if a circuit is supposedto tell
whetherthereis anerrorin aparticularcolumnor not,
wereturn“no error” if all thenumbersin thatcolumn
arezeroes.Theonly way to accesscomponentsof the
matrix is throughthis testcircuit interface.

4. Usingtheinformationour test-circuitsgiveus,we try
to reconstructtheerror-mapfor the fabric. Our �nal
aim is to ensurethattheoutputis correct, i.e., thatno
defective componentis declaredgood,andthat there
is high yield, i.e., thatasmany goodcomponentsare
declaredgoodaspossible.

All theresultswepresentarein termsof the% yield,which
is de�ned asfollows:

yield � No. of goodcomponentsidenti�ed
No. of goodcomponentsactuallypresent

�"!$#%#



7We�rst considerthecaseswhere
���������

and
�	�
���
�

.
The two candidatesetsof valuesusedfor our simulations
are � ����������������� ������� and � ������������� �!� ����� 6. As
describedin Sections3.1.1and3.1.2,we usetestcircuits
thatcandetectthepresenceor absenceof any errors,and
measurethe yields for differentnumberof tilings " . This
entireprocessis run1000timesfor eachsetof valuesof

�
,�

and " , andtheyieldsandaveragedout.

Number Expected Achieved
of tilings " Yield (%) Yield (%)�

= 11 1 91.36 91.34�
= 0.009 2 99.25 99.29

1 38.94 38.05�
= 11 2 62.72 62.05�

= 0.09 5 91.51 91.17
10 99.28 99.24

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

�
and
�

The resultsof our simulationsare presentedin Table 1.
We presentboththeexpectedyield, obtainedby plugging
the valuesof

�
,
�

and " into Equation(1), and the yield
achieved in our simulations.As canbeseen,the two �g-
urescloselymatch.

We next simulated the algorithm we describein Sec-
tion 3.1.3 for the casewhere

�#�$�&%'�
. For the simu-

lation,weuseda fabricof size101*101,
�

and " (thenum-
ber of tilings used)weresetequalto 101, (*) (the max-
imum numberof times this set of tilings would be used
in theprobability-assignmentphase)was setto 6, and (,+
(themaximumnumberof timesthesetof tilings wouldbe
usedin the defect-locationphase)was set to 4. We then
measuredthe yield obtainedas the defectdensities,and
thenumberof defectsour test-circuitscouldcount,varied.
Thereresultsaresummarizedin Figure3.

Fromourresults,it is apparentthatit is possibleto achieve
high yields even with test-circuitsthat cancounta small
numberof defects,particularlyif thedefectdensityis low.
For example,for densitieslessthan10%,a test-circuitthat
could countup to 4 errorsachieved yields of over 80%.
With morepowerful testcircuits, yields of over 95% are
achievable. Also, although(-) and (.+ have beensetto 6
and4, respectively, eachsetof tilings wererun this many
timesonly for weakcircuits (thosethatcouldcount3 de-
fectsor less)or for very high defectdensities(12 % and
over). For moderatelypowerful test circuits and defect
densitiesaroundthe10%mark,thesetof tilings wereused

6We choosethe value11 becausewe need / to beprime to keepour
analysissimple: it makesit easyto �nd a large numberof tilings for the
test-circuits.

just onceduring eachphaseof the algorithm. Therefore,
we cansaythatthenumberof recon�gurationsrequiredis
linearin

�
, or proportionalto thesquareroot of thefabric

size.

5 Open Issues

Design of the test circuit: Test circuits still needto be
designedthat give us the kind of informationwe require.
If the largeamountof literatureon fault-correctingcircuit
designis anythingto goby, this in itself is a fairly dif�cult
task.

Alter nativecircuit types: It maynotbepossibleto design
circuits that returnactualdefectcounts;however, it might
bepossibleto useother, lesspowerful circuitsthatarestill
capableof providing usefulinformation.

Accounting for limited fabric connectivity : Thedescrip-
tion andanalysispresentedaboveassumethatwehaveun-
limited connectivity on the fabric. The actualscenariois
likely to be very different; we might be able to connect
a componentonly to its neighbors.This will requirere-
ducingthe numberof tilings we needto make, andalso
changingthe mathematicalanalysisso that the tilings are
lessrestricted(e.g.,circuitsfrom differenttilings mayhave
morethanonecomponentin common).

Accounting for real defect types and distrib utions:
Thesewill not be known until we begin manufacturing
large-enoughnanofabricsin somenumbers.However, the
availability of this informationwill haveinterestingrami�-
cations:for one,designingtest-circuitsfor certaintypesof
defects,suchasstuck-at defects,is fairly well-studiedand
well-understood.Also, it might befoundthatdefectstend
to occur in clusters;this will make it easierto detectthe
defects,andlesslikely for goodcomponentsto bemarked
bad.

6 Conclusions

CAEN-basedcomputingdevicesareexpectedto be inex-
pensive to produce,yieldingdeviceswith many billions of
components.However, thisbooncomesat thecostof large
defectdensities.In orderto make the entireprocesseco-
nomicalit is importantthattheresultingdevicesbedefect
tolerant. Assumingonecan�nd the defectsonepossible
defecttolerantarchitectureis a recon�gurablecomputing
device. In this paperwe have shown that it is possibleto
�nd thedefectsin arecon�gurablecomputingdevice,even
whenthedevice is largeandhasmany defects.

Therearetwo mainaxesto achieving scalabledefecttoler-
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Figure3: Yieldsachievedby varyingthedefectdensitiesandthenumberof defectsour test-circuitscouldcount.Thetest-
circuitsconsistedof 101components,andfor each simulationrun,a setof 101tilings wasuseda maximumof 6 and4 times
respectivelyin thetwophases.

ance.First, thedefecttestingmustscalewith defectden-
sity. Second,thedefecttestingmustscalewith devicesize.
Our method,inspiredby theTeramac,con�guresthe fab-
ric undertestwith circuits thatwhenrun will indicatenot
only whetherthetestedareais defective, but indicatehow
many defectsit contains. By using test circuits that can
“count” we show how defecttestingcanscalewith defect
density. Our methodrequiresthat the underlyingfabric
havearich interconnect.By harnessingtherecon�gurabil-
ity of the fabric we alsoshow how the processcanscale
with fabric size. Oncea small portion of the fabric has
beendiagnosed,it canbe con�gured to test itself. If the
device cancon�gure itself, thenthetestingcanproceedin
parallelandthetotal time to testthedevicescaleswith the
squarerootof thedevicesize.
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