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Abstract test sequences andv are considered, by copying a randomly
Test generation procedures based on genetic optimization wer@etermined prefix ofi and a randomly determined suffix of
shown to be effective in achieving high fault coverage for bench-into a new test sequence. In [3] and [5], each individual input is
mark circuits. In a genetic optimization procedure, the crossoverrandomly copied from one of two sequencesniform
operator accepts two test pattetpandt,, and randomly copies  crossove). The mutationoperator complements each bit in the
parts oft; and parts of, into one or more new test patterns. new tests(s) with probabilityy,. The value ofpy, is typically
Such a procedure does not take advantage of circuit propertieyery small. Mutation creates new solutions and explores parts of
that may aid in generating more effective test patterns. In thisthe search space that would not be explored otherwise.

work, we propose a representation of test patterns where subsets Considering combinational circuits, the crossover opera-
of inputs are considered as indivisible entities. Using this repre-tor is expected to combine useful information from two test pat-
sentation, crossover copies all the values of each subset eithd@ernsu andv into new test patterns that will detect faults that are
from t, or fromt,. By keeping input subsets undivided, activa- not detected by eitheror v. However, an arbitrary combination
tion and propagation capabilities of andt, are captured and of values from two different tests may not be useful in detecting
carried over to the new test patterns. The effectiveness of thimew faults. The crossover procedure in [2] attempts to alleviate

scheme is demonstrated by experimental results. this problem by taking test generation objectives into account.
) Given two test vectorsi and v, the procedure first identifies
1. Introduction input values iru andv that are useful in creating circuit activity

Test generation procedures based on genetic optimization [1jn subcircuits that currently have low levels of activity. Activity
were shown to be effective in achieving high fault coverage for is measured by the number of events created during logic simu-
benchmark circuits [2]-[5]. However, as stand-alone procedures,lation of a vector. An input value that creates activity is identi-
test generation procedures based on genetic optimization mafied by complementing it and simulating the resulting vector.
fail to achieve complete fault coverage in reasonable time. Forlnput values that create activity are copied from the two vectors
example, in [2], the fault coverages achieved for almost all theu andv to create a new vector. This crossover procedure has the
ISCAS-85 benchmark circuits are smaller than those achievabldollowing disadvantages. (1) It relies on consideration of single
by deterministic test generation procedures. To alleviate thisinput values, whereas fault detection may require to simultane-
problem, test generation procedures based on genetic optimizadusly assign specific values to specific inputs. (2) Circuit activity
tion were combined with deterministic test generation proce-is not an accurate measure of fault detection, and its determina-
dures [6], [7]. In this work, we address one of the possible tion requires logic simulation.
causes of this deficiency of genetic optimization. To alleviate the shortcomings of the crossover operators
In the context of test generation, the genetic optimization used in [2]-[5], we propose the following approach. We find
procedure starts with an initial test set (typically, a set of randomsubsets of inputs that determine the values of internal lines in the
patterns). At every iteration, fitnessvalue is ascribed to every  circuit. In test patterns that detect one or more faults, such sub-
member of the test set. Pairs of tests from the test set are rarpets of inputs contribute to the activation and/or propagation of
domly selected and used for creating new tests. The probabilityfaults within the subcircuits they affect. During crossover, we
of selecting a test to be part of a pair is proportionate to its fit-consider these subsets as whole entities, and we copy the values
ness value. The selected pairs are used to create new tests 16§ all the inputs in a subset together into new test patterns. The

using the genetic operators @bssoverand mutation The con- new patterns created in this way maintain the activation and
ventional crossover operator [1], [3] proceeds as follows. Con-propagation capabilities of the original patterns, and are likely to
sider two test patterns = [u;u, - --u,] and v =[vyv, - v, ). A detect additional faults. In addition, no logic or fault simulation

numberc between 0 and - 1 is randomly selected. This num- is required during crossover. To comply with the genetic algo-
ber is called therossover point Two new patterns are obtained rithm terminology [13], the proposed approach can be viewed as

by copying the first bits of u (v) and the lash — ¢ bits of v (u) a representation scheme, as follows. Conventionally, a test pat-
into the same vector. The two new vectors obtained aretern is represented as a bit vector. In the proposed scheme, a test
Wy = [Ug -+ *UgVerg -+ - Vy] @nd Wy = [y« - Velgp - - -Up]. In [4], pattern is defined over precomputed subsets of inputs. For

this basic crossover operator is extended to the case where twexample, consider a four-input circuit with inpws X, X3, X4.

Let the input subsets bex{, x5, X3} and {xs, X,} (note that the

+ Research supported in part by NSF Grant No. MIP-9220549, and in part subsets are overlapping). Then the test pattern conventionally

by NSF Grant No. MIP-9357581 written as (0011) is viewed under the proposed scheme as the
pattern (001)(11), where the inputs X,X3) assume the pattern
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(001) and the inputx¢x,) assume the pattern (11). 1

The proposed representation scheme is embedded into a 2 | &
test generation procedure for combinational circuits that uses 1

\
=

uniform crossover and mutation to generate new test patterns, + |13
starting from randomly selected ones. The input subsets are com- 3
puted in a preprocessing step. Alternatively, it is possible to com- 4 | &

pute them dynamically during the test generation process. For —
comparison purposes, the conventional representation scheme of

test patterns as bit vectors using several crossover operators [1], 5

[3], [5] are also embedded into the same test generation proce- 6 | & 1

dure. Comparison of the results demonstrates the advantages of —

the proposed scheme in terms of fault coverage and/or the num- + |14
ber of iterations required to achieve the fault coverage. Prelimi- 7

nary results for synchronous sequential circuits are also pre- 8 & 1%

sented. We expect that embedding of the proposed representa- |
tion scheme into the test generation procedures of [3]-[5] would Figure 1: An example circuit

result in similar improvements. _ cones of all the lines in the circuit excluding primary inputs and
The paper is organized as follows. In Section 2 we show fgnout branches are shown in Table 1.

an example to motivate the proposed scheme. Section 3 1
describes the selection of input subsets. In Section 4 we describe — e
the test generation procedure for combinational circuits. In Sec- 4 ° 8
tion 5 we present experimental results of the proposed procedure 16
and compare it to several other schemes. In Section 6 we show 3 > 13| & p
preliminary results for synchronous sequential circuits. Section™ | — 12
7 includes concluding remarks. 5 10 | & P 14
— 9 17
2. An example 6 | & p— 1 15| & b——
For illustration, we use the circuit of Figure 1. In this circuit, the
following subsets of inputs determine the values of internal lines. 7] &
The subset of inputs {1,2} determines the value of line 9; the . P
subset of inputs {3,4} determines the value of line 10; the subset F'Q“re 2.‘ Circuit ¢17
of inputs {5,6} determines the value of line 11; and the subset of Table 1: The input cones ot17
inputs {7,8} determines the value of line 12. Thus, these input line | inputcone Iine‘ input cone
subsets may be effective in activating and propagating faults.
Given two tests that detect some faults in the circuit, we would 8113 151 367
like to maintain the values of these input subsets and create new 1§2’ 32 6 116; 122336’56;
tests that include them. For example, the test(11101101) = e
detects the faults 9 s.a. 0 and 11 s.a. 0. Thetes{01111011) Several considerations are used in selecting the input
detects the faults 10 s.a. 0 and 12 s.a. 0. If we take the values qones (or input subsets) for the proposed representation scheme.
inputs {1,2} fromt,, the values of inputs {3,4} fromy, the val- (1) Regarding the sizes of the input subsets, we would like the

ues of inputs {4,5} front,, and the values of inputs {6,7} from  jnput subsets to be large enough to capture activation and propa-
t;, we obtain the pattern= (01101001), that detects the faults 1 gation information. At the same time, we would like the input
sa.l,4sa 1,6sa.1,7sa 1, 13s.a 1and 14 s.a. 1. Thus, Bypsets to be small enough to allow a large variation in the gen-
maintaining the values of the pairs of inputs above intact, we canerated test patterns due to crossover. In the proposed procedure,
representation scheme may not readily lead to such a new test. e input subsets considered. We Bt max to be as low as pos-
L sible, but not lower than another constlip . In our experi-
3. S_electlng Input SUb_SEtS . . ments,Np, 7t = 10. (2) We require that every primary input of
In this section, we describe the selection of the input subsetshe circuit would participate in at least one input subset. This
whose values will be manipulated as single entities during ensyres that when a new test is generated, every one of its input
genetic optimization. values is determined. (3) We allow an input to participate in
To ensure that input subsets are effective in activating andmore than one cone. This is required since in some cases, it is
propagating faults in the circuit, we select the input subsets suchmpossible to avoid overlapping input cones. Crossover using
that each one of them is the input cone of some line in the Cil’-oveﬂapping input subsets is considered in Section 4.
cuit. Theinput cone cof line g is the set of all the primary The procedure for selecting the input subsets proceeds as
inputs that drive lineg. We exclude from consideration input  fo|jows. We set an upper bourd, s 0N the size of an input

cones of primary inputs since they have size 1; input cones Ofone that will be considered. The valuegf, ey is initialized to
fanout branches since they are the same as the cones of t constantNp, 7, and it is increased until a subset of input

fanout stems; and input cones of outputs of single-input gates,,,oq can be'selected, that includes all the inputs. For a given
since they are the same as the cones of the gate inputs. To '”u§/'alue of Np, we execute Procedure 1 shown in Figure 3 to
trate the procedure for selecting the input cones we use omexe

ISCAS-85 benchmark circuil7, shown in Figure 2. The input select a set of input cones. In Procedure 1, we assume that the



lines in the circuit are numbered 1;2,, L in increasing order - _
from inputs to outputs. The lines in the circuit are considered Procedure 2:Finding input cones for test generation

from primary outputs to primary inputs. The cone of lgés (1)  LetNp;max= NppniT-

selected by Procedure 1 if its size does not exdged ... Sup- (2) For each primary input

pose that the cone of lirgis selected. Leh be a line that drives (a8  LetN;nn be the number of inputs in the smallest
g. Then the input cone df is contained in the input cone gf cone that includes inpuit

andh is not considered by Procedure 1. Of the cones selected in () I Ny min > Npj max S€tNp; max = N min-

this process, some may be redundant. A cone is said to bg3) Call Procedure 1 witlp, .« t0 Obtain a set of coné€x
redundantif all its inputs are also included in other cones. We (4) If, for every primary input, there exists a cone O C

use a greedy procedure in Step 4 of Procedure 1 to find an irre- such that O c, returnC.
dundant coveC;, of the set of cone€ produced in Steps 1-3. (5) Letg be the line with the smallest comethat is larger
For c17 with Np, 1o = 3, Procedure 1 selects the set of cones thanNp, max- SetNp; max €qual to the size af.

{{3,6,7}, {2,3,6}, {1,3}} belonging to lines 15, 12 and 8, respec- (6) Goto Step 3.
tively. All the primary inputs are included in these cones. None

of the cones is redundant. Figure 4: Procedure 2
next. Thus, we have a test Jethat grows from one iteration to
Procedure 1:Finding input cones foNp; max the next by adding new tests that detect yet-undetected faults.
(1)  Unmark every line in the circuit. Mark the primary out- Only fault dropping simulation is performed to determine the
puts. Seg= L. SetC = ¢. effectiveness of a test (ifitness functiorvalue). The fitness

(2) If (@) gis a primary output or the output of a multi-input  function value of a testis equal to the number of yet-undetected
gate, (b)g is marked, and (c) the size of the input cone of fayits detected by when it is first entered into the population
g does not exceeNp; max (the fitness of a test can also be determined by using non-fault
Add the cone of ling to the set of cones. dropping simulation, however, this would require larger simula-

Else, mark all the lines that immediately drive lgdine A L . A
his said toimmediately drivdine g if h is an input of a tion times). In addition, each test in the population is simulated

gate with outpug, or if h is a fanout stem with a branch only once throughout the iterations. This is accomplished by

0). maintaining a single fault list that initially contains all the target
(3) Setg=g-1.Ifg=1goto Step 2. faults, and dropping detected faults from this list every time a
(4)  Find an irredundant covex,, of C. new test is added to the population. Since the fitness values tend
(5) ReturnCy,. to decrease as more tests are produced and the fault list shrinks,

we distinguish between three levels of fitness (instead of consid-
ering specific fitness values). Tests that do not detect any new
faults when they are generated are given a fitness value of 0, and
are not used for producing new tests. Tests that detect large num-
bers of faults are selected to create new tests with twice the prob-
ability of tests that detect low numbers of faults. This selection
process is explained below.

Test generation starts by creating an initial test set. The
initial test set is created by simulating a constant nurhhgfax
of random patterns. The patterns effective in detecting any yet-
undetected faults are kept in a test BeThe other patterns are

Figure 3: Procedure 1

Procedure 1 is called repeatedly with increasing values of
Np max: until for every primary input, there is a cone 0 C
such that O c. The following observations are used to shorten
the search for an appropriate valueNg§ .

Consider the set of all input con€g, of all the lines in
the circuit excluding primary inputs, fanout branches and outputs
of single-input gates (e.g., Table 1 sha®g for c17). For each
primary inputl, let N, ;, be the number of inputs in the smallest

cone that includes input To allow inputl to be included in  yisearded. Eliminating patterns that do not detect any new faults
some cone irC, we must haveNp) max 2 Ni.min- We can thus g equivalent to giving them a fitness function value of 0, and not
start with Np; max = Max {Npy iirs Ny min: 1 1S @ primary inpu selecting them for crossover to create new tests. The initial test
(Npi,nir was defined to ensure that the cones are not too small)get T js generated in Step 2 of Procedure 3. Several iterations
For example, forcl7 with Npj it =1, Npimax=3 since the — foljow, where new patterns are generated based on the existing
smallest cone that includes input 2 (7) is of size 3 (cf. Table 1). patterns inT. Each new pattern is simulated, and if it detects
Next, consider the case where the set of c@hsslected any new faults, it is kept ili. At most Ny yax patterns are gen-
for Npj max does not include all the primary inputs. We observe erated, or until the size af reachesNy yax. Generation of new
that unless we increadép, na sufficiently to allow new cones to  patterns is controlled by Steps 3-6 of Procedure 3.

be included inC, that were not included based on the previous New patterns are generated in Procedye® tes{). The
value 0fNp| ma, We will obtain the same set of cones again. Let procedure uses uniform crossover over the proposed representa-
g be the line with the smallest conehat is larger thamp, yax. tion of test patterns. The procedure accepts the current test set
We increaseéNp max to the size of. The complete procedure for T, and the following subset. Let the test Sebefore the begin-
finding the set of cones is shown in Figure 4. ning of the current iteration BE. We define a subsat,..; of T',

. that contains the tests that detect the larger numbers of faults in
4. Test generation T'. Tests are included ife Starting from the tests that detect

The test generation procedure is described in this section andhe largest number of faults, followed by the tests that detect the
summarized in Procedure 3 shown in Figure 5. In the proposedsecond-to-maximum number of faults, and so on, until the size
procedure, a single test is aividual in the genetic optimiza-  of Tpeg iS at leastTpegwn. IN our experimentsTpesoun = T'/3.
tion terminology. All the tests together form thepulation The New patterns are created using two teégts,. The tests; and
tests that detect any new faults are carried over from one iterat, are randomly selected either out Bfor out of T, as fol-
tion (or generation of the genetic optimization procedure to the |ows. First, eithef} . 0r T is selected with probabilitg. Then,



two tests are randomly selected out of the selectedTgegt ¢r

T). SinceTie O T, the tests il have twice the probability
of being selected over the testsTin Tf.. Thus, this selection (1)
scheme gives higher probability to the selection of tests that
detect larger numbers of faults, yet it allows every teSt o be (2
used with non-zero probability. The selectiontpfandt, is
done in Steps 1 and 2 of Procedgea test().

A new testt is created by selecting some input cone val-
ues out ot; and some values out tf The source of the values
is determined by the variablesrém tesi(c): c OC} in Step 3 of
Proceduragen test). For each input cong we randomly deter-
mine whether its values will come frotpor fromt,. The val- (3)
ues are assigned intdn a random order (Steps 4 and 5 of Pro- (4)
ceduregen tesi)), for the following reason. Consider a circuit
with 5 inputs §;, X,, X3, X4, Xs} and two conesg,; andc,, with (5)
inputs  {Xq, X5, Xg} and {Xxq, X4, Xs}, respectively. Let
t; = (00000) and let, = (11111). Letfrom tes{c,) =t; and let
from_tesi(c,) =t,. If we assign the values tb in the order
<cq, C,>, we first assign 0s t&;, X5, X3, and then assign 1s to
X1, X4, X5. The result is the pattern (10011). If we assign the val-
ues tot in the order <,, ¢c;>, we obtain the pattern (00011). We
obtained two different patterns, depending on the order in which
the input cone values were assigned. This is a consequence éb)
the overlap between the subsets of inpytsand c,. To avoid

Procedure 3:Test generation

Let F be the set of target faults. Lét= ¢. Let C be the
set of cones produced by Procedure 2.

RepealNt yax times:

(@) Generate a random pattern

(b)  Simulatet. Let F(t) be the set of faults detected

by t.
(c) If|F@)|>0:

0) AddttoT.

(i) SetF =F-F().
SetNjer = 1.

SetT' =T. Let Tpeg cONtain at leasTpeq iy tests out of

T that detect the larger numbers of faults.

RepealNt yax times, or until T| = Nt yax:

(@) Generate a new test, by calling procedure
gen tes(T, Thesy-

(b)  Simulatet. Let F(t) be the set of faults detected

by t.
() [If|F®)]>o0:
() AddttoT.

(i) SetF =F-F().
Set Niter = Niter +1.If Niter < Niter,MAX andF # @, go to
Step 4.

giving preference to the input values of certain cones, we ran_l(ilr)ocedure gen tes(T, Thes):

domly permute them before determining
The probability of mutation in our implementation of the @

. o 1 .
genetic optimization procedureﬁ, whereNp, is the number
P

|
of circuit inputs. Probability values that are inversely proportion-
ate to the number of bits in a solution were found to be effective
in [8]. Mutation is done in Step 6 of Procedgen tesk).

Note that the value oNpyax in Procedure 3 must be (4)
larger than the minimum test set size, otherwise, after finding
Nt max tests that detect any faults, no additional patterns will be (5)
considered. We experimented with various valuedNgfax as
reported in the next section. It is also possible to dynamically
increase the test set size beyddgyax if it contains close to (6)
N+ vax tests. We did not explore this option.

5. Experimental results .
Experimental results of the proposed procedures are reported ilg )

Lettypg be a random number out of {0,1}.
If typg =0, select two tests, andt, randomly out of

E?gg, select two tests andt, randomly out ofT.

For every cone:

(a) Lettypg be a random number out of {0,1}.

(b) Iftype =0, setfrom test(c) = t;.
Else, setfrom_tes{c) = t,.

Let cone order = < ¢y, Cip, - * *, Cin > be a random per-

mutation of the input cones @.

Forj=1,2, -+, N¢:
Copy the input values of cone; in test
from_tes{(c;) into t.

For every primary input
Select a random numbercompl out of
{0,1,---,Np, —1}. If compl=0, complement the
value of input in t.

Returnt.

this section for ISCAS-85 benchmark circuits [9]. The circuit
€6288 is omitted since it is testable by a small number of pure-
random patterns.

Information about the input cones generated by Procedure
2 is shown in Table 2. After circuit name we show the number of
primary inputs, the value dfip| . for which a set of cones was
found, and the number of cones after removing redundant cones
Note thatNp nax is the maximum number of inputs in a cone,
and that there may be a large number of cones with smaller num:
bers of inputs. For example, o#32, we have (after removing
redundant cones) one cone with 18 inputs, and 18 cones wit
two inputs each. Thus, there is overlap between the inputs in
different cones. Procedure 3 was designed to handle such ove
lap.

Results of the proposed test generation procedure usin
the cones reported in Table 2 are also shown in Table 2. We use

Figure 5: Procedure 3

we show the number of faults detected by the proposed proce-
dure. The number of patterns simulated by Procedure 3 before
the final test set was obtained is shown under colpaih The
number of simulated patterns is computed as follows. If Proce-
dure 3 goes through iterations, simulatingN; yax patterns at
every iteration, then the total number of simulated patterns is not
larger than if + 1)Nt yax (including the construction of the ini-
tial test set). Note that the final fault coverage may be reached
rpefore an iteration is completed, however, we count the number
of simulated patterns in multiples dd; yax. Under column
jestswe show size of the test set derived. It may be possible to
further compact the test set, e.g., by reverse order fault simula-
tion. It can be seen that the proposed procedure detects all the
etectable faults in all the circuits.

In Table 3, we compare the proposed test generation pro-
cedure to several other procedures. The number of faults
detected in [2] is shown under column [2] of Table 3. Next, we

Nt max = 1,000 in this experiment and allowed at most 1,000
iterations. Under columrdet.able we show the number of
detectable stuck-at faults in each circuit. Under colulehed



Table 2: Results usingNt yax = 1, 000 proposed procedure detected all the faults after simulating

circuit inp Np max cones| detable deted patt tests 787,000 patterns (or 786 'ter_at'ons)' o

c432 36 18 19 550 550 2000 76 To capture variations in the results due to the initial ran-
c499 41 10 8 750 750 2000 g7 dom set ofNt yax tests, we repeated 10 times the test generation
c880 60 18 16 942 942 3000 115 process for c2670. In each of the 10 runs we used
c1355 41 10 8 1566 1566 3000 109 Nt yax =1,000, but we started the random pattern generation
€1908 33 15 8 1870 1870 3000 176 for the initial test set from a different seed. The proposed proce-
2670 | 233 14 10§ 2630 2630 138000 187 (yre achieves complete fault coverage in all 10 runs, whereas the
ggg‘llg 1%?5 ii 9? 3;22%11 222%11 ziggg gi procedure with uniform crossover achieves complete fault cover-
07552 | 207 21 o 7419 7419 787000 3go 2gein 9 out of 10 cases. In all but one case, the proposed proce-

dure requires simulation of fewer patterns to achieve complete
show the number of faults detected by applying up to 1,000,000fault coverage. On the average, the number of patterns simulated
pure-random patterns (this is also the number of patterns simuby the proposed procedure is three times smaller than that of the
lated by the proposed procedure in 1,000 iterations). We alsgorocedure with uniform crossover.
show the number of patterns that needed to be applied before the Next, we checked the effect of varyingr yax on the
reported number of detected faults was reached. For examplefault coverage obtained by Procedure 3, using uniform crossover
for 432, 520 faults were detected after 1,190 random patternsyith the conventional representation and with the proposed rep-
were applied. Under columconv 1point we show the results  resentation. We considereN; yax =200 using 10 different
of test generation using Procedure 3, except that the convenseeds for the initial random pattern generation. The results for
tional representation is used and the crossover operator uses @670 showed that uniform crossover did not result in complete
single crossover point. Under colunmonv.uni we show the  fault coverage for any seed, whereas the proposed procedure
results of test generation using Procedure 3, except that the corresulted in complete fault coverage for 9 out of 10 seeds. The
ventional representation with uniform crossover are used. Thisresults reported above clearly indicate the superiority of the pro-
implies that each input value in a new test is randomly selectquosed representation compared to the conventional one.

out of one of two tests. _ The goal of the next experiment is to demonstrate that the
Table 3: Comparison with other procedures proposed test generation procedure may generate tests to detect
pure random conv.1point conv.uni faults that are aborted by a deterministic test generation proce-
circuit | [2] | deted  patt | deted patt| det.ed patt  dure. For this purpose, we considered the circuit SQR from [10].
c432 519 520 119 520 2000 520 2000 The circuit has 12 inputs and 6 outputs. It has 1750 faults in its
c499 749 750 115 750 2000 750 2000 collapsed fault list. The deterministic test generation procedure
880 937, 942 1010 942 3000 942 3000 from [11] fails to generate completedetection test sets for

c1355 1556 1566 252 1566 3000 1566 3000 1 i
n=6. An n- ion is one th h tar
<1908 | 1822 1870 674 1870 20bo 1870 4000 6 detection test set is one that detects each target

stuck-at faultn times, byn different tests. If a fault hasi<n
gggzg g;gg gggz 12323 ggg(l) 8;; 88 gggf 358888 different tests, a complemqletection test set sh_ould contain _aII
c5315 | 5258 5291 393 5291 4000 5291 4000 M tests for the fault. The importance wfdetection test sets is
c7552 | 7120 7270 12800 7366 587000 7376 699000 that they allow the stuck-at fault model to be used in generating
tests with high defect coverages [12]. Information about the

It can be seen that in most cases, the fault coveragenumber of detectable faults in the circG@QRfor n between 1
achieved by the proposed procedure is higher than the fault covand 10 is shown in Table 4, as follows. Each row corresponds to
erage achieved by the procedure of [2]. Circa#d82, c499, a different value oh. Following n we show the number of faults
€1355 andc5315 are testable by small numbers of random pat- that have at least different tests. For example, from the entry
terns, and the genetic optimization procedures do not performfor n = 5, 1628 faults each has at least five tests. Next, we show
better than pure random patterns. E880 andc1908, fewer pat-  the total number of fault detections if each fault is detected by
terns are simulated by using the genetic optimization proceduresithern tests or by the maximum number of tests if the fault has
than when pure random patterns are used. All three genetic optifewer thann tests. For example, far=1, we have 1630 fault
mization procedures perform the same d880. Forc1908, the  detections; fom = 2, we have 1629 faults that can be detected
proposed procedure requires the smallest number of iterationsiwice (contributing 16292 = 3258 to the number of detections),
Circuit ¢3540 is random pattern testable by approximately and one additional fault that can be detected only once, for a
37,000 patterns. The genetic optimization procedures based orotal of 3259 detections. In general, kf faults havei tests,
conventional representation require more patterns to detect alll <i < n, then the number of detections of mdetection test set
the faults; however, the proposed procedure requires only 24,000 2 )
patterns to be simulated. Circut8670 andc7552 are not ran- 1S 2 ki Under columndetections GAve show the number of

i=1
dom pattern testable. After 1,000,000 random patterns, not alljetections by an extension of the proposed genetic optimization

the faults are detected. F@2670, the proposed procedure paseq procedure that generatedetection test sets. This exten-
requires less than half the number of patterns than when the consion maintains new tests that detect faults which are not yet
ventional representation and uniform crossover are used, and 'e%tectem times. The number of fault detections by the test gen-
than a fifth of the number of patterns when conventional repre-gration procedure of [11] is shown in the last column. It can be
sentation and single point crossover are used. All three proceyeen that the proposed genetic optimization procedure detects

dures detect all the faults within 1,000 iterations. 4552, the g1y detectable fault the required number of times. The proce-
two genetic procedures with the conventional representation didy,re of [11] aborts on several faults foe 6.

not detect all detectable faults after 1,000 iterations (no addi-
tional faults were detected after iterations 586 and 698). The




Table 4: Results forSQR

detections

n detectable GA | [11]

1 1630 1630 163 1630
2 1629 3259 325 3259
3 1629 4888 488 4888
4 1629 6517 651 6517
5 1628 8145 814 8145
6 1628 9773 977 9768
7 1626  11399| 1139 11388
8 1618 13017 1301 13003
9 1615 14632| 1463 14603
10 1615 16247 1624 16209

6. Preliminary results for sequential circuits
The proposed representation was incorporated into a test gener
tion procedure based on genetic optimization for synchronous
sequential circuits. The procedure is different from the procedure
for combinational circuits in the following points.

(1) Input cones are defined only over the primary inputs

Table 5: Results for synchronous sequential circuits

proposed det.ed
circuit | iter deted| [2] | [3]
s386 68 309 29 295
s420 28 155 14 NA
51238 61 1282 122 1274

based on structural preprocessing of the circuit, where input
cones of internal lines in the circuit were used to define candi-
date input subsets. This scheme was based on the observation
that maintaining subsets of values that determine values of inter-
nal lines helps maintain activation and propagation properties
that may be useful in detecting new faults. The effectiveness of
this scheme was demonstrated by incorporating it into a generic
&J_rocedure based on genetic optimization. With the proposed
scheme, complete fault coverage was achieved for all ISCAS-85
benchmark circuits. Preliminary results of the incorporation of
this scheme into a test generation procedure for synchronous
sequential circuits were also presented.

of the circuit, i.e., present-state variables that affect an internaIReferences
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