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Abstract

Optimized locally exhaustive test pattern generators
based on linear sums promise a low overhead, but have
an irregular structure. The paper presents a new algo-
rithm able to compute the linear sums for real circuits up
to several hundreds of inputs and outputs. The idea is to
substitute a strategy of introducing fresh variables into
an array of sums for the former linear independence test.
This reduces the complexity of the calculation on an
enormous scale. Experiments with several hundred
randomly selected cone structures allow the rough esti-
mation that the so computed generators are on average
smaller than shift register based ones if the number of
equal size cones is not larger than the number of inputs
of the circuit under test.

1 Introduction

The advantagesin VLSI technologies,higher speed,
densityand complexity,makethe implementationof self-

test functions more and more attractive. Self-testfunc-

tions are insertedby dividing a designinto sukcircuits

undertestandaddingcircuitry for testpatterngeneration
andtestresponsecheckingto the single subcircuits.Test
patternsthat can be producedon chip by an inexpensive
hardwareare mainly pseudo-radom and exhaustivepat-

terns.

An exhaustivetest meansto verify the function. Combi-
nationalfunctionsneed2™ differentinput vectors (inp -
numberof inputs). The exponentialgrowth of the test
length with the numberof input terminalsrestrictsthe
concept to circuits with a limited number of inputs:

inp < 20...30 1)
Sequentialcircuits causemore problems.Not only all

variationsof input, but of input and memorystageshave
to be checkedThis leadsto very tight boundsfor the size

of the circuit to be testedexhaustively.In practice,the
exhaustiveestof a sequentiafunctionis confinedto the
testof a combinationafunction (e.g. by providing access
to the internal flip-flops via scanchains)[12]. For this
reasononly combinationalcircuits will be consideredn
this paper.
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Figure 1: Cone structure of an example

Locally exhaustivg8] or pseudoexhaustive5], [7] test-
ing is a conceptto avoid the restrictednumberof input
terminalsof the circuit to be tested.Often many or all
outputvariablesof a combinationaffunction dependonly
on a small subsetof input variables.The 8-input-circuit
in Figure 1 consistse.g. of 4 subfundions with only 4
inputs. The subsetof inputs effecting an outputi is also
called conei andits numberof inputs conewidth (w.).
Locally exhaustivetest, to stimulatenot the whole func-
tion but onlythe coneswith all input variations,allowsto
reduce the number of test stemkown to

S
M= <t < ZZW' )

(W5 - maximumnumberof inputs of a cone)i.e. down
to the numberof testsbetweenthe amountto test the
largestcone (the other conesare testedsimultaneously)
andthe numberof testsfor all cones.A restrictedcone
size:

w,,, <20...30 ©)

is substituted for a restricted number of inputs under test.



Locally exhaustivetestingis much less restrictive than

totally exhaustivetesting. Neverthelessthe maximum
cone size of real circuits exceedsoften the tolerable
bound.In [7] the maximum conewidth of the generally
used test-benchmarksare listed which goes up to

w,.., >100. Additional control gates[9], segmentation
cells or scancells [6] hasto be built into the circuit to

reduce the cone size under test.
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Figure 2: Test pattern generators to test the circuit
in Figure 1in the locally exhaustive way

samepropertiescan be producedby an (n,k) cyclic code
over GF(2) [5] or a counterwith an EXOR-Array [11].

Since,in arealcircuit theinput spansof the single cones
are not cortiguous inputs, a special assignmentof the
outputsof the test patterngeneratorto the inputs of the
circuit under test (CUT) is needed.

Figure 2c shows a locally exhaustive test pattern
generatordesignedfor the conestructurein Figure 1. It
consistsof a 4-bit exhaustivepattern generator,which
stimulatesthe majority of inputs under test, and linear
sums to stimulate the inputs left (only one in the
example).In comparisonto the Figure 2a and b the
generatorin Figure 2¢ needsonly half of the numberof
flip-flops, which means significantly less hardwvare.
However,the structureis not regularandthe calculation
of it is very time consuming.

Next sectionwill discusghe bottleneckin the calcuation

and derivesa new mathematicabpproachto mager the

complexity. Section3 presentsthe completealgorithm.
This algorithm has beenusedto calculatethe structure
and size of test patterngeneratordor seweral thousand
different cone structuresproducedby a randomnumber
generator.In section4 the experimentsand resultsare
described.

2 Mathematical background

The computationof linear sumsfor a locally exhautive
test patterngeneratorcan be relatedto a problemof the
linear algebra.The whole generatorconsistsof a k-bit
long exhaustive generdor and networks to produce
modulo-2sums.The exhaustivegeneratomay be a feed-
backshift registerasin Figure 2c or a binary counteras
in Figure 3. Its outputs are corsideredas independent

Locally exhaustive test pattern generators can be designeg) outcomes of a binary counter

for universalinput spang[3], contiguousinputs[2], [11]
or for application-specifignput spans[3], [7]. Universal
test patterrgeneratorproduceall 2"~ differenttestvec-
tors for each and every possible w,_-bit input span.
Although, such a generatorcan be constructed[3], it
becomesmuch to large for real applications.A proper
substitutes a pseudo-randorgeneratoi8], e.g.a primi-
tive feedbackshift register (Figure 2a). The random
sequencemust be I-times longer than the exhaustive
sequencdor the cone(l =4...10). In this case,it con-
tains on average tHe-e™ part of the input variations.

Exhaustivepatternsfor each spanof w,, contiguous
inputscanbe producedon chip by a feedbackshift regis-
ter (Figure 2b). The feedbackedart (the first w,., flip-
flops) forms an exhaustivegeneratorThe restof the shift
register distributes the patterns.A sequencewith the
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Figure 3: Linear sums of test sequences



variables.Independentneansin this contextthat all 2*

different statesare producedduring the test. This is only
a mathematicalwording for exhaustive test pattern

generation. The modulo-2 sums consistof those inde-
pendentvariables(alias outputsof the exhaustivegenera-
tor). A generator output itself monsiceredto bea single-
sunmand sum.

By substitutingmultiple-surmandsums(Figure 3b,c) for
single-summandsums (Figure 3a), the following two
effects are possible. Ifso constructedsetof sumsis line-
arly independentthe generatoproducesanotherexhaus-
tive test sequencgFigure 3b). Each linear dependence
(onesumis the sumof others)halvesthe cycle length of
the produced patternbigure ).

The computationof the structureof a locally exhautive
test pattern generatorfor an applicdion-specific cone
structure can be described by a rideeachcone.The set
of sumsassignedo its inputs mustbe linearly independ-
ent. Theserules imply that the numberof independent
variables(outputsof the exhaustivegeneratormustbe at
least as large as the size of the maximum-sizecone.
Other requirementf the calculationare low overhead
andlow testtime. The latter is equivalentto a low num-
ber of independent variables.
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Figure 4: Checking for linear dependence

The testfor linear dependencen its own is a complex
task.For eachtupel of two inputs,threeinputsandsoon,
it hasto be checkedthat the result of adding up the
correspondingsumsis unequalto zero.In Figure 4, the
dependencevill not be visible before the 9th step. To
guaranteeindepenénce 2" —w-1 checksare required,
wherew is the conesize. It is the sameorder of magni-
tude as verifing the exhaustive test by simulation.

The checkfor linear dependencealreadytime consum-
ing, does not include the calculation of the sums. A

purposefulstrategywith low risk of rejectsis neededlin

[10], agenericstrudureis assumeddescribingthe linear
sumsfor eachnumberof indegpendentvariablesand each
numberof inputsof the circuit undertest.If for a number
of independenvariablesno locally exhaustiveestcanbe
performedthe numberof variableswill be incremented.
In otherwords, after eachunsuccessfulrial the testtime
doubles. At the latest, when the generator ssaehegthe

number of inputs of the wholgrcuit, which is equivalent
to a totally exhaustivetest, each linear dependence
vanishes.

In [3] and [7] the compuation starts with trying to
connect inputs witleachotherundertest. Thesearepairs
of inputs that lead to different cones. The circuit in
Figure 1 hasthree of such pairs: (x1-x5), (x2-x7) and
(x3-x8). As theresult,linear sumsfor lessinputshaveto
be calculated No purposefulstrategyhasbeenpresented
to selectthe sumsthemselves.The cone sizes of the
examplespresentedin [3] and[7] are so small that the
complexity of the dependence check does not matter.

The basicideato handlethe complexityis the following:
The sums are assigned input bguh The actual surhas
to introducea fresh variableinto the sum array of each
conethe input is connectedo. In Figure 4, the sumsa,
allb andalbc areassignedo thefirst 3 inputsof a
cone.Selectingthe nextsum,it mustincludeat leastone
of the unused(fresh) variables |9, e, f,...\ as a sum-
mand.The fourth sumin Figure4 b c would e.g.need
an additional summand.Other cones having also this
input, will alsocall for freshvariables.All requirements
togetherform a restrictedsetof altemativesfor eachnew
sum.

Linear dependenceannotarisein the assigningprocess.
The first sum, assigned a cone,is linearlyindepenént,
since it containsat least one variable. The next sum
containsa variable,which is not in the first sum. Sum-
ming upbothsumsat leastthe freshvariablewill beleft.
Sothey are alwaysindependentHaving n—1 independ-
ent sums anéhtroducingthe nextsumcortaining a fresh
variable,the effectis similar. Summingup the new sum
with anytupelof old sums,at leastthe freshvariablewill
be left. The independenceas proved by recursion:One
sum is independen&ndn sumsareindependenthecause
n-1 sums are independent.

The technique solves two problems: It allowsuaposeful
searchfor sums,ratherthana plain trial and error tech-
nigue,andit avoidsthe checkfor linear dependencelhe
next section presentsa completealgorithm to calculate
linear sums.

3 The calculation of linear sums

The input of the calculationis the cone structureof the
circuit that shouldbe testedexhausively. The first steps
are two simplifications, reducingthe numberof inputs
and reducing the number of cones (Figure 5). As in

Figure 2c, tupelsof inputs which haveno conein com-
mon can— andfrom the point of view of hardwaremini-

mization should- be linked togetherduring test. As the



result,the numberof inputsdecreaseandthe coneover-

lapping, i.e. the numberof conesper input, increases.

The problem has bedarmulatedascliquescoveringof a
graph[7]. We did the samewithout optimization. The
inputs are checkedtwo by two. If they haveno conein

common they are linked by substitutinga new virtual

input for bothinputs,andthe procedurds continued.For
large circuits, the effect of this simplification is remark-
able.During the testthe numberof inputsof a 100-input
circuit with 20 conesof the size 16 (randomlyinput-cone
assignment,see section 4) can be reducedto about
25...40 inputs.

To calculatethe test patterngeneratorconeswith equal
input spans can be combintexform onecone(Figureb).
If thefirst will be stimulatedexhaustivelythe otherwill

also. Having a smaller and a larger cone, where the
smaller onesharesall inputswith thelargerone,only the
larger coneis neededfor the calculationof the test pat-
tern generator. Such a cone relation may af&eduring
the reduction of inputs. In our experiments with
randomly overlappingcones,cone reductionwas unim-
portant.
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Figure 5: Initial simplifications of the cone struc-
ture

The outside loop of computing the set of linear sums
initializes the number of generatorvariableswith the

maximum cone size and incrementsit in the case,the

algorithm doesnot find a solution. However,in the first

step it finds only &olutionfor circuitswith no morethan
about16 maximum-sizecones For circuits with substan-
tially more maximum-sizecones,up to 10 and more
iterations may be necessary by our experience.

For a given numberof generatorvariables,firstly, each
generatowvariableis assignedo oneinput. Within those
sumsof single summanddinear dependencean never
arise.Next, sumsare assignedne after anotherto each
input still vacant.As discussedn the previoussection,
linear dependencés avoidedby introducing at leastone
fresh generatorvariableinto the array of sumsof each
cone which the input is linked to.

If multiple conesare linked to the actual input, it is
sometimesmpossibleto introduceexactly onefreshvari-
ablefor eachcone.The consumptiorof freshvariablesis
greater than the reduction of themberof coneinputsto
which sumshasstill to be assigned.From this follows
that for most conesthe number of generatorvariables
mustbelargerthanthe numberof inputs.If a shorbgeis
foreseeablethe calculationis discontirued and started
again with an increased number of get@mraariables.
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Figure 6: The procedure of sum assignment

Aims of optimizationin the processof sum assignment
areminimum testtime and minimum hardwaresize. An
essentialpart of the hardwareare the sum networks.
Roughlyestmated,an additional summandn one of the
sums causesan overheadof an additional EXOR-gate.
So, the number of summandsin each sum has to be

minimized. The size of the exhaustive test pattern genera-

tor and the testtime dependupon the numberof inde-
pendentgeneratorvariables.The correspondingstrategy
for sumselectionis to avoid a shortageof generatowari-

ablesfor eachcone.Both aims for optimizationare not
the same.ln manycasesa sumwith a minimum number
of summandsdoes not use generatorvariables most
sparinglyandvice versa.By our experimentsve cameto

the conclusionthat it is betterto selectsumsthat intro-

ducelessfresh variablesinto the conesthan thosewith

less summandsThis strategyincreaseghe freedomfor

the remaining sumsto be selected.And in the end, it

reduces the generator size.

4 Experimental evaluation

As shownin [7] the maximum cone size of the bench-
mark circuits, generallyusedto evaluatetesttechniques,
exceedghe boundof 20...30 inputs. Additional control
and observationpoints have to be included. Of course,
thesetest points affect the cone structureof the bench-
marks to such an extentthat one cannotcomparetest



patterngeneratorsvithout using the samemodifications
under test.

The proposedtest pattern generatorshave an irregular
structure. To estimate with a sufficient levelcohfidence
the averagegeneratosizeandtesttime, a largernumber
of exampleshasto be investigated.For this reason we
decided to do the evaluation with cone structures
producedby a randomnumbergenerator,100 for each
input and cone number.

Circuitswith a largenumberof equalsizeconesare most
difficult for the proposedalgorithm. Additional smaller
coneshaveno substantiakffectto generatosizeandtest
time. Only the worst caseof equalsize conesis docu-
mented inTable 1. Havinga circuit wherethe coneshave
different width, for an initial estimationit is enoughto
concentrate on the maximum size cones.

Figure 7 showsthe generalstructureof the test pattern
generator the values fable 1basedupon.Forthelinear
sumsit is assumedhat eachsumis producedby a sepa-
rate EXOR-tree.The numberof EXOR-gateds the num-
ber of variableswithin the sum assignedto the corre-
spondinginput minus one.In Table 1 only the average
numberof EXOR-gatesfor the whole sum network e is

listed (averagevalue for the test pattern generatorsfor
100 differentcircuits). It hasto be notedthat the number
of EXOR-gatescan be reducedby sharingpartial sums
betweendifferent EXOR-trees,i.e. the real generators
will be a bit smaller.

primitive feedback shift
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Figure 7: Assumed generator structure

The exhaustivetest patterngeneratorshouldbe a primi-
tive feedbackshift registerof lengthk (k-flip-flops for the
register;1 or 3 EXOR-gatedor the feecback[1]). It pro-
ducesall variationsof binary statesexceptthe one with
all zero.The all zero statecan be includedby inverting
the feedbackvalue for the generatorstages J30...0X),
which canbe doneby a NOR-gatewith k -1 inputsand
an additional EXOR-gate[4]. For most generatorgthis
extensions unnecessaryAs seenin Table1 for a larger

equal number of generator variablks
inputs| size e 16 | 17 | 18 | 19 | 20| 21 | 22 | 23 | 24 | 25| 26 | 27 | 28
cones *3 ¢ | 1 | *3 | *L | 1 | *L | *1 | *3 | *1 | *3 | *3 | *1
50 4 1.84 | 98 | 2 - - - - - - - - - - -
8 894 | 70 | 30 | - - - - - - - - - - -
16 19.24| - 33| 60| 7 - - - - - - - - -
32 38.44| - - - | 44| 53| 3 - - - - - - -
64 64.23| - - - - - 4 | 77| 19| - - - - -
128 | 76.58| - - - - - - - - 26 | 65| 9 - -
256 | 86.65| - - - - - - - - - - 65 | 35
100 4 0.39 | 100| - - - - - - - - - - - -
8 346 | 88 | 12 | - - - - - - - - - - -
16 1300 3 | 91| 6 - - - - - - - - - -
32 27.74| - - 15| 77 | 8 - - - - - - - -
64 5485| - - - - 43 | 55 | 2 - - - - -
128 | 103.57| - - - - - - - 1 |63]| 36| - - -
256 | 184.40| - - - - - - - - - - - 61 | 39
200 4 0.04 | 100| - - - - - - - - - - - -
8 1.07 | 99 | 1 - - - - - - - - - - -
16 513 | 39| 61| - - - - - - - - - - -
32 15.73| - 11| 8 | 4 - - - - - - - - -
64 3454 | - - - 1| 71] 26| 2 - - - - - -
128 | 71.75| - - - - - - 1148 |50 1 - - -
256 | 137.27| - - - - - - - - - - 6 | 78 | 16

Table 1: Expected test time and hardware size of locally exhaustive test pattern generators using
linear sums (K - number of generator variables and flip-flops; e - average number of EXOR-gates
for the linear sums; *1/*3 - minimum number of EXOR-gates for the feedback of the shift register)



number ofequalsizeconesthe exhaustivegeneratomust
be at leastone bit longer than the maximum conesize.
So, during the generatorcycle eachconewill be stimu-
lated at leasttwo times with eachpatternunequalzero.
The all zero vector is also included, but one time less
than the others.

To recapitulatea testpatterngeneratorconsistsin refer-
ence toTable 1of :

* k edge-triggered D-flip-flops

* on averagee+1...3 EXOR-gates

* if k=w,, 1 additional EXOR-gate, 1 NOR-gate.
The test time is,, = 2*.

test
The most important alternativetest pattern generators,
providing alsoa locally exhaustivetest, are shift regider
basedones(pseudaandompatterngenerator®r genera-
torsfor contiguousinput spansseesectionl). The hard-
ware size of thosegeneratorss approximately one edge-
triggeredD-flip-flop perinput of the circuit undertest.A
measureto comparethe linear sum basedtest pattern
generatorswith shift register basedonesis the ration
betweerthe numberof additionalneededEXOR-gatego
the number of saved flip-flops:

e
inp—k

4

It can be assumed thah EXOR-gatedoesnot needmore
areaon chip than an edge-triggeredlip-flop. So, up to
r =1 the sum basedgeneratorswill be smaller. For
circuits with 50 inputsthe economicrangeis aboutup to
50, for circuitswith 100inputsup to 100 andfor circuits
with 200 inputs up to 200 equalsize cones.To summa-
rize, the statisticsfrom the calculatedestpatterngenera-
tors (all togetherfor 2,100 different cone structures)
allow the rough estimation that thestpatterngenerators
basedon linear sumsare on averagesmallerif the num-
ber of equalsize conesdoesnot exceedthe number of
inputs of the circuit under test.

S5 Summary

An algorithmto computelinear sumsfor locally exhaus-
tive testpatterngeneratorhrasbeenpresentedA strategy
of introducing fresh variablesinto the set of sums for

eachconeis sulstituted for the trial and error technique

of selecting sums and the linear dependence test. The new

algorithmis muchlesscomplexand allows the calcula-
tion of test patterngeneratordor large circuits without

time problems.The expectablesize of the calcuated test
pattern generatorsand the expectabletest time were
examinedby a large numberof calculations.The experi-

mentspoints out the tendencythat for locally exhautive

testable circuits with no more equal-size cones than
inputsthe so computedgeneratorsare smallerthan shift

regider based ones. So, it offexsvay to reducethe hard-
ware costs of BIST solutions while performingamplete
locally exhaustive test.
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