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Abstract

A selfish gene (SG) algorithm differs from the genetic
algorithm (GA) because it evolves genes (characteristics)
that provide higher fitness rather than evolving individu-
als with higher fitness. We enhance the spectral method
of sequential circuit test generation by using a SG algo-
rithm. The objects of evolution are the Hadamard spectral
matriz, non-linear digital signal processing (DSP) filtering
cutoff values, vector holding time, and relative input phase
shifts, which are all modeled as genes. These character-
istics, extracted from compacted test vectors, are used to
create mew vector sequences to be further compacted with
higher fault coverage. Alternatively, new vectors were gen-
erated by holding randomly selected vectors and then ran-
domly perturbing some bits in 8-bit chunks of bit streams.
Both the SG algorithm and holding with bit-perturbation
can outperform the previously-published spectral method in
either fault coverage, or shorter vector length, or both. The
SG algorithm is often superior to random bit-perturbation
but it requires more CPU time.

1 Introduction

We propose sequential test generation, using random
bit-perturbation. Initially, random patterns are generated,
fault simulated, and compacted, using linear reverse order
restoration (LROR) vector compaction [9, 10, 12, 22]. A
selfish gene (SG) algorithm [5, 6] extends the test sequence,
randomly perturbs bits within 8-bit chunks of the primary
input (PI) patterns, and evolves probabilities of flipping
bits. Winning mutations cause the bit flipping probabili-
ties to change to favor the bits being set as in that muta-
tion. Results of this method matched Giani et al.’s spectral
test generator [7], but it may be faster, because random bit
flipping uses less computation than matrix algebra.

We also improved on Giani et al.’s spectral automatic
test-pattern generation (ATPG) work [7]. They applied
non-linear digital signal processing (DSP) techniques to
sequential ATPG. After generating random patterns and
fault simulating and compacting them, the correlation of
the serial input bit streams in the circuit test patterns
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was calculated with respect to the basis vectors of the
Hadamard matrix. These vectors, called spectra, are or-
thogonal, and from the correlation coefficients for the bit
stream, the original test vectors can be reconstructed. Gi-
ani et al. used non-linear signal filtering to remove basis
vector correlations that were less than a correlation coeffi-
cient cutoff (or in the noise floor). They also used random
vector holding, since Guo et al. [11, 12] showed that this
vastly improved sequential circuit fault coverages.

The SG genetic algorithm [5, 6] has the gene as the ba-
sic element of evolution, rather than the individual, as in
the genetic algorithm. A gene is a specific genetic trait of
the individual, and is inherited from parents. An allele is
the specific value assigned to a gene. The genotype is the
collection of genes that completely determines the individ-
ual’s traits. The evolution optimization is preserved by
the genotype, and directly passed to the next generation,
rather than being preserved by individuals and passed to
the next generation via the crossover mechanism. In the
Hadamard matrix, genes are assigned for each spectra, for
the cutoff coefficient for non-linear filtering, for the vector
holding time, for the number of bits flipped in the matrix to
introduce entropy into the system, and for the phase shift
for each PI, relative to PI;. The SG algorithm indepen-
dently evolves these genes, to produce better test patterns.
Its evolutionary spectral techniques are often better than
Giani et al.’s method for a particular circuit. On average,
Giani’s method tests almost as many faults, but has 80.4%
longer test sequences.

It was observed that a combination of all bit-
perturbation and enhanced spectral methods is most ef-
fective, and we implemented this in the SG algorithm
framework. On the ISCAS ’89 circuits, this method out-
performed Hitec [21] (a time frame expansion type of de-
terministic sequential test generator) by detecting 3.64%
more faults, using 74.2% fewer test vectors. We outper-
formed Giani et al.’s method, by detecting the same aver-
age number of faults with 4.7% fewer vectors.

In this paper, Section 2 describes prior work, Section 3
describes new simulation-based ATPG methods, Section 4
presents results, and Section 5 draws conclusions.
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2 Prior Work

ATPG techniques for sequential circuits are either de-
terministic or simulation-based. Deterministic techniques
use either branch-and-bound search [2, 3, 21], or observed
test sequence properties, to derive tests. The simulation-
based techniques fault-simulate sequences that are gener-
ated randomly, or otherwise, and keep only the patterns
useful for detecting faults. They have the advantage of be-
ing adaptable to any simulatable fault model. Simulation-
based ATPG efficiency is controlled by the concurrent
fault simulation algorithm [25] and the sequence genera-
tion method. Random patterns, weighted random patterns,
cost-function directed patterns [4], and genetic algorithms
(GAs) [19, 23, 24] were used with simulation-based ATPG.

Sequential test compaction techniques have reduced the
test length drastically by simulating the test sequences and
discarding useless vectors for detecting faults [22]. Several
methods generate new sequences using the compacted se-
quence for guidance [7, 8, 11, 12]. Vector restoration-based
compaction [9, 10, 22] is the fastest method.

Guo et al. [11, 12, 13] generated new sequences by per-
turbing and randomly holding (repeating) some vectors in
the compacted test set to extend it, probabilistically select-
ing some vectors (with probability 1/6) or subsequences of
length 5 (with probability 5/6) from the compacted test
set to extend it, and generating weighted random patterns
using the probabilities of 1s and 0Os in the compacted test
set.

Hsiao et al. [16] used a hybrid ATPG method that com-
bined simulation-based and deterministic algorithms. A
simulation-based GA algorithm first generated tests for
easy faults. Then, a deterministic algorithm found tests
for random-pattern resistant faults. Finally, faults not de-
tected in the first two stages were targeted individually.

Giani et al. [7] used DSP to analyze the digital spectra
of the compacted sequence and generate new tests. They
used the state and fault-detection data from the compacted
vectors to generate new sequences [8]. All of these methods
were superior in terms of fault coverage, test length, and
CPU time. In the spectral algorithm, a random test set is
first created and compacted. First, 0 bits in the compacted
test set are replaced with —1s. Then the algorithm finds
the correlation coefficients of the PI bit stream with the
basis vectors, and filters out coefficients that fall below the
cutoff. Then, all —1 bits are replaced with Os.

The Hadamard matrix H is computed as follows:

ro= |y L] me= FEY

where k£ = 2, ..., n. They showed how the following 8-bit
stream is extended: [1,0,1,1, 1,0,1,O]T. They replaced
cach 0 with a —1 and got: [1,—1,1,1,1,—1,1,—1]". Next,
the bit stream was left multiplied by an 8 x 8 Hadamard

H(k—1)
“H(k—1)
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matrix, H(3), to obtain the spectral coeflicients:

111 1 111 1] 17 [ 2]
1-1 1-1 1-1 1-1 -1 6
1 1-1-1 1 1-1-1 1 -2
1-1-1 1 1-1-1 1 1| 2
111 1-1-1-1-1 1|~ 2
1-1 1-1-1 1-1 1 -1 -2
1 1-1-1-1-1 1 1 1 -2

| 1-1-1 1-1 1 1-1 ] | -1 | |2 ]

Every coeflicient in the coefficient vector whose absolute
value was less than 4 (the cutoff) was set to 0. After fil-
tering, they got: [0,1,0,0,0,0,0,0]". Left multiplying the
new vector by H(3) yielded: [1,0,1,0,1,0, 1,O]T, so the
4th bit in the original vector changed from 1 to 0.

Corno et al. [5] implemented Dawkins’s new selfish gene
algorithm [6], where the gene, rather than the individual, is
the element of evolution. A conventional genetic algorithm
uses a sizable number of individuals as the element of evo-
lution, and creates new individuals through crossover and
mutation operations. Survival of individuals depends on
their ranking by a fitness function. However, the SG algo-
rithm maintains a generic genotype, consisting of all genes,
and the probabilities of various alleles occupying the locus
(location) of each gene. The SG algorithm uses a virtual
population, where specific individuals are not of interest
and not stored. Instead, it models the gene pool, and
stores, as a vector, the marginal probabilities that the var-
ious alleles for a particular gene will actually occupy that
locus. The SG algorithm does not use a crossover opera-
tor, but instead uses a tournament mechanism, where new
individuals are generated solely for competing in a tourna-
ment, and statistics are recorded only about the winner,
which is still determined by a fitness function. The winner
can reproduce, but the loser may not. All alleles belong-
ing to the winner increase their selection probability, at the
expense of those of the loser. The steady state condition
occurs when, for each locus L;, there exists an allele, a;;,
whose probability exceeds a threshold p; (usually 0.95).
The SG algorithm always found a better solution than the
genetic algorithm for a 0/1 multiple knapsack problem.

Hamzaoglu and Patel [15] created a deterministic se-
quential test generator based on atom, a combinational
ATPG program. This test generator uses improved unique
sensitization, improved backtracing with conflict checks,
multiple PI and flip-flop assignments, lookback search
techniques, support regions (the logic that affects state
justification for the faulty line), and state space reduc-
tion. Ichihara and Inoue [17] used the sequential holding
theorem [20] to improve sequential ATPG by generating

sequential circuit tests using combinational ATPG.
2.1 Sequential Holding Theorem

Guo et al. [12] showed that holding some vectors of the
compacted test set improved fault coverage for sequen-



tial ATPG. Acyclic sequential circuits, which contain no
cyclic paths involving flip-flops, have an ATPG complex-
ity similar to combinational circuits [1, 14, 17, 18, 20]. We
show why holding is effective for acyclic and cyclic sequen-
tial circuits, using the converse of a theorem by Min and
Rogers [20].

Consider an acyclic sequential circuit C, called a Type-

Combinational CBB cB 5
1 Vi ] Vi f
— SAO0 — SAO
Sequential C l CA\
] Vi f _ Vi
—1 j SAO0 ) >I - jSAOISAOISAO@ >’I‘
fO fl f2
Casel Case2
Figure 1: Corresponding Combinational and Sequential

Faults

S circuit, and its kernel combinational circuit CZ, which
is created by replacing all flip-flops in C' with wires, and is
called a Type-C circuit [20]. Let fZ be a stuck-at fault at
arc v; — v; in CB. Consider two cases:

1. In circuit C, arc v; — v; has no flip-flops. Thus fB
corresponds to one fault f of the same stuck-at value
at arc v; — v; in C.

2. In circuit C, arc v; — v; has p flip-flops. So, fB
corresponds to p+1 faults fo,f1, ..., fp, all of the same
stuck-at value at arc v; — vj in C (see Figure 1).

We restate the converse of Min and Rogers’s theo-
rem [20] with a more succinct proof using Figure 1, where
black boxes represent flip-flops.

Theorem 2.1 Holding a test vector VP for a testable
stuck-at fault 2 in combinational circuit CB d+ 1 times,
where d is the sequential depth of the corresponding acyclic
sequential circuit C created by adding flip-flops at any wire
of CB, gives a test sequence for all sequential faults in C
corresponding to f7 [20].

Proof: Adding flip-flops at any wire is viewed as in-
creasing the wire length. The equivalent length increases
when adding one flip-flop equals the signal propagation
distance in one clock period. Sequential circuit C' can be
viewed as combinational circuit CB with its wires replaced
by longer wires. Since f2 can be detected by VB, then this
vector sensitizes and propagates fault fB. If VB is held
at inputs of C' long enough for all logic transitions to fin-
ish, then the circuit eventually reaches steady state, and
the correct logic values required to sensitize and propagate
fault B will be set at all wires. Circuit C' with long wire
delays will eventually have the same logic values as circuit
CB. For both cases 1 and 2 above, the corresponding se-
quential faults will be detected. Since the sequential depth
of C' is d, when any vector is held for d+1 clock cycles, at

the (d+ 1)st clock cycle, there will be no more signal tran-
sittons at any wire and the circuit reaches steady state.
Thus, we need to hold VB at most d+1 clock cycles to test
all sequential faults corresponding to f5.

For case 2, the vector set resulting by repeating V2
d+1 times will test all p+ 1 sequential faults fo,f1, ..., fp.
The combinational vector, upon holding, detects the cor-
responding faults in all acyclic sequential circuits formed
by any arbitrary distribution of flip-flops in the combina-
tional circuit. If f? is untestable, we do not know whether
its corresponding sequential fault is testable.

The following procedure tests some of the cyclic se-
quential circuit faults using Theorem 2.1 [20]. Cut the
minimum number of wires in sequential circuit C' to make
it an acyclic circuit C,. Each cut adds one S-input and
one S-output to the original circuit. Replace all flip-flops
in C, by wires to get the kernel combinational circuit C,”.
The subset of the testable stuck-at fault set of CZ that can
be tested without using the S-inputs and S-outputs corre-
sponds to a sequentially testable fault set F' in C. Each
fault in F is tested by repeating the test vectors for CP at
most d 4 1 times, where d is the sequential depth of C,.

3 Selfish Gene Algorithm Formulation

We now formulate simulation-based sequential ATPG
with compaction using the SG algorithm. Algorithm I be-
low is used for combining any simulation-based ATPG with
the SG Algorithm [5, 6]. We customize this algorithm into
five different algorithms, and ultimately, we combine all of
the features of those five into a single algorithm.

e Step 1: On the first iteration, generate random vec-
tors and compact them, but on subsequent iterations,
use the compacted test sequence of the last iteration.

e Step 2: In all algorithms except Spectral + Selfish
Gene 2 (Section 3.2.1), for each vector in the com-
pacted sequence, randomly generate a vector holding
time between 0 and 64 and hold the vector accord-
ingly to extend the sequence. If the holding time is
0, discard the vector. Holding a vector for some clock
cycles is very important for high fault coverage. Fur-
ther expand the test sequence (explained below for
each algorithm).

e Step 3: Evolve the genotype using the expanded se-
quence to get better fault coverage (explained below).

e Step 4: Fault simulate and compact the best se-
quence. If the fault coverage is satisfactory or 125
iterations are finished, stop. Otherwise, iterate.

3.1 Bit-Perturbation + SG Method

Randomly flipping some bits and holding the com-
pacted vectors for some clock cycles produces good test
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sequences. We use random bit-perturbation, in periodic
8-bit chunks of PI bit streams, instead of the matrix filter-
ing operation, to generate new test sequences. There is no
spectrum concept in this bit-perturbation method.

Genes and Alleles. There is a gene for each bit in the
original sequence. The probabilities p; of flipping each bit
1 are also stored, and initially set to 0.5.

Selfish Gene Algorithm (Algorithm I): We use the

SG algorithm for random bit perturbation.

e Step 2: Hold vectors to form a new sequence Speq -
After that, the following procedure is performed 50
times:

— Generate a random perturbation € in the range
(—0.05,40.05) for each bit i in the original se-
quence. Flip each bit with p; + € > 0.5. Do this
twice, to generate two new sequences, S1 and Ss,
which are fault-simulated. The winning sequence
has the highest fault coverage. Change the bit-
flipping probabilities in the gene. If the bit was
flipped (not flipped) in both the winner and the
loser, there is no change. If it flipped in the win-
ner but not in the loser, p; = p; +0.01, otherwise
Pi = DPi — 0.01.

Finally, only the bit with highest p; in each 8-bit chunk
of each PI bit stream is flipped, provided that its p; >
0.5 (only one flip/chunk). This sequence becomes the
extended sequence Speqw .

e Step 3: The final probabilities p; as evolved in Step
2 are discarded and reset to 0.5 for the next round of
holding and perturbation.

This bit-perturbation method differs from generating
random test patterns [25]. We are not perturbing bits in a
random test set, but in periodic chunks of the compacted
test set. Vectors in the compacted test set are good for
detecting faults, so by perturbing this set, we reuse its
good properties and detect new faults.

3.2 Enhanced Spectral Test Generation

We use the SG algorithm [5, 6] to improve the spectral
test method by evolving better parameters for spectral ma-
trix filtering. We then use the SG algorithm to randomly
introduce noise into the Hadamard matrix, and to phase
shift PI bit streams to detect more faults.

3.2.1 Enhanced Hadamard Matrix Methods

We evolve the best digital spectrum, the best vector hold-
ing time, and the DSP filtering cutoff to generate good
sequences using the compacted test set.

Paper 21.3
620

Principles. Row vectors in the Hadamard matrix that
are dominant show up in the testing bit stream with a
larger contribution. Non-dominant spectral vectors show
up with a smaller contribution. By fault-simulating two
bit streams, we find which detects more faults. We reward
the spectra of the better bit stream with higher probability
of survival. We use the spectra of the compacted test set
as a seed and search for better spectra.

Genes and Alleles. The Spectral + Selfish Gene 1 Al-
gorithm decomposes any given 16-bit/32-bit stream (de-
pending on the dimension of the Hadamard matrix used)
into a linear combination of the basis vectors in the
Hadamard matrix. We assign a gene whose allele is the cor-
relation coefficient of each column in the 16 x 16 Hadamard
matrix, to get 16 genes. Any 16 x 1 vector can be linearly
composed from these 16 genes. We evolve the best spectra
that compose the best vector. Initial values of these genes
are the spectral coefficients from compacting the initial,
randomly-generated test sequence.

The spectral coefficients range from —32 to 32 for a
32 x 32 Hadamard matrix. The single cutoff value used in
matrix filtering of the absolute values of coefficients is an
integer randomly picked in this range, {0, 32}.

Spectral + Selfish Gene 1 (Updated Algorithm I):

e Step 2:  Extend the test set with two wvector se-
quences, which use the best spectra genes with some
random perturbation, simulate them, compare fault
coverages, and use the best sequence. For non-linear
filtering, randomly select a cutoff value.

e Step 3: Favor the winner’s spectral coefficients in the
genotype by adding the winner’s spectral coefficients to
and subtracting the loser’s from the genes.

Spectral + Selfish Gene 1 Pseudo-Code [5, 6]

spectrum SG (spectrum initial)
{
spectrum Best, Spectrumy, Spectrums ;
initialize all coef[i] to initial[i] ;
Best = initial ; /* use initial as the first best */
do {
Spectrumy = select_individual () ;
Spectrumg = select_individual () ;
/* tournament */
if (flt_cvrg (Spectrum,) > flt_cvrg (Spectruma)) {
evolve_spectrum (Spectrumy, Spectrums) ;
if (flt_cvrg (Spectrum,) > flt_cvrg (Best))
Best = Spectrumy ; /* update best */
} else {
evolve_spectrum (Spectrums, Spectrumy) ;
if (it_cvrg (Spectrums) > fit_cvrg (Best))
Best = Spectrums ; }



} while (steady_state ()J==FALSE or
max_iteration==FALSE) ;
return Best ;

}

Individual Selection

spectrum select_individual ()
{
spectrum Individual ;
for (each locus i = 1...Hg;ze )
Individualli] = coefli] + random numb(—e, €) ;
return Individual ;

}

Evolution Mechanism

evolve_spectrum (spectrum winner, spectrum loser)
{
for (each locus i = 1...Hg;e)
coefli] = coefli] +
(winnerli]-loser[i])x evolve_step ;

}

Variable max _iteration is 125 and evolve_step is 1. Hg; e
is the Hadamard matrix size being used. Variable €, the
amplitude of random perturbation, is set to Hg;.e/8.

The Spectral + Selfish Gene 2 algorithm holds vectors
for some clock cycles to extend the test sequences, and
evolves genes for the best cutoff value and holding time.

Genes and Alleles. Add one gene Rpes for the hold-
ing time. Add one gene Cpes: for the filtering cutoff value
between 2-14 for H(4) (16 x 16 matrix) or 2-30 for H(5)
(32 x 32 matrix). Rpest and Ches are initialized as de-
scribed below in Step 2, 1 (a).

Spectral + Selfish Gene 2 (Updated Algorithm I):
e Step 2:

1. Use modified random holding to expand the given
test sequence:

(a) If iteration = 1, randomly hold vectors for
R = 2 to 50 clock cycles, compare fault cov-
erages of the 49 different holding times, and
select the best holding time as Rpest. Use the
sequence corresponding to Rpest. In this pro-
cess, try all matriz filtering cutoff values in
the range 2 to 14 for H(4) or 2 to 30 for
H(5) and save the best cutoff value in Cpest.

(b) Otherwise, try random holding for i clock cy-
cles, 1= Rpest — 4, ..., Rpest +4, compare the
fault coverages, and use the best sequence of
the 9 generated. The cutoff values are tried
in the range j = Chest — 4, ..., Chest + 4.

2. Use Step 2 of the Spectral + Selfish Gene 1 algo-
rithm to evolve the spectra using Cypest and extend
the test sequence.

e Step 3: Update Rpest and Chest with the best values
from Step 2. Fwolve the spectral coefficients as in
Step 3 of the Spectral + Selfish Gene 1 algorithm.

3.2.2 Perturbed Hadamard Matrix Method

Principles. Instead of using a pure Hadamard matrix
for spectral filtering, we use a Hadamard matrix with
noise. Some elements in the Hadamard matrix are flipped,
from 0 to 1 or from 1 to 0. We started with the pure H(4)
(16 x 16) matrix. In each subsequent round, we incre-
mentally flipped 16 more elements, randomly selected in
the matrix. For the 17th round, 256 matrix entries were
flipped, the same as the number of elements in H(4). For
each round, each element flipped was selected randomly, so
it can be one flipped before or one never flipped. These 16
rounds of flipping make the matrix random. The matrix
filtering operation using either H(4) or a perturbed H(4)
is periodic with a period of 16 clock cycles.

Genes and Alleles. The gene gp.st added for the per-
turbed 16 x 16 Hadamard matrix method is the best num-
ber of rounds of random flips (0 to 16) done on the matrix.
In each round, 16 matrix elements are randomly selected
and flipped. The matrix positions flipped are not remem-
bered. Initialization is described below in Step 2.

Updated Algorithm I:
e Step 2: Generate the perturbed Hadamard matrix:

1. For the first iteration, gy, values from 0 to 16
are applied to generate 17 matrices, with the first
matrix being the pure Hadamard matrix, and the
last one being almost random.

2. Otherwise, g¢;;p takes the three values gpest — 1,
Gbest, and gpest + 1 to generate three matrices.

Using each of the perturbed matrices above, apply the
matrix filtering operation on the sequence by holding
vectors in the compacted sequence from the last itera-
tion to generate 17 (3) expanded sequences in the first
(subsequent) iteration. Select the sequence with the
highest fault coverage to extend the test sequence.

e Step 3: Replace gpest With the gy, value for the
sequence with highest fault coverage in Step 2.

Filtering using a perturbed Hadamard matrix differs from
random bit-perturbation, because it decomposes each bit
stream into a linear combination of its row vectors. The
combination coefficients are the spectra. Perturbing one
basis vector may change the entire bit pattern in a range
equal to the basis vector size, so this filtering is periodic.
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3.2.3 Spectral + Phase Shifting Method

Figure 2: Example Sequential Circuit Cy

Principles. Consider the circuit Cy in Figure 2. The
black boxes represent D flip-flops. The complete test set
and the faults tested by each vector are given in Table 1.

Table 1: Test Set for Circuit Cy

C Faults Detected
sa0 — AD, BD, DE, EF, FG
sal — BD, DE, CE, EF, FG
sal — AD, DE, CE, EF, FG
sa0 — CE, EF, FG

oo | |
ol o~

ol k=) Kev) Nan}
I

Denote the circuit in Figure 3 as C. Sub-circuit part I
is exactly the same as Cjy. The alphabetic gate numbers
of Cy from Figure 2 are shown in parentheses in Figure 3.
Denote sub-circuit part I as C;. Notice that the output of
sub-circuit C4, i.e., the output of gate 14, is 0 iff the input
sequence of (1000) is given to input /1 in Figure 3.

(D)
(A) 12 ¢
(B) 13 <
(©) 145

Figure 3: Sequential Circuit C'

In circuit C, if gate 14 can be set to 0, then we can
use the test set in Table 1 to test faults in sub-circuit Cy.
We use (1000) at input I1, and the input values for 12, I3,
and I4 in Table 1, to form the test sequence:

cycle# I1 12 I3 I4
cyclel— 1 1 1 0
cycle2— 0 1 0 0
cycle3— 0 0 1 0
cycled— 0 0 0 1
Since gate 14 is set to 0 only at clock cycle 4, only fault
effects that approach the input of gate 15 at clock cycle
4 can propagate to a primary output (PO). Fault effects
that approach gate 15 at other times are blocked. At clock
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cycle 4 the tested faults are sal faults at AD, DE, CE, EF,
and FG. We repeat the test set once from clock cycle 5 to
8. Since gate 14 is set to 0 only at clock cycle 8 this time,
only fault effects that approach the input of gate 15 at
clock cycle 8 can propagate to a PO. Thus, only the same
set of faults can be tested and no new faults are tested.

The test set for Cy is a sensitization sequence X, though
this sequence also partially propagates the fault effects.
The sequence to set gate 14 to 0, (1000), is the fault prop-
agation sequence Y. X and Y have the same length. When
we repeat them to extend the test sequence, they are phase-
locked with each other and no new faults are tested. In
order to test new faults, we have to rotate either the sen-
sitization sequence X or the propagation sequence Y to
break the phase-lock. From clock cycles 5 to 8, we rotate
the sequence X by 1 and keep sequence Y as it is.

cycle## I1 12 I3 14
cyclebs— 1 1 0 O

cycle6— 0 0 1 0
cycler— 0 0 0 1
cycle8— 0 1 1 0

New faults sa0 at CE, EF, and FG are tested. We rotate
the sequence X by 2 and form another set:

cycle#t 11 12 I3 I4
cycle9 — 1 0 1 O
cycleldo— 0 0 0 1
cyclell—- 0 1 1 0
cyclel2— 0 1 0 O
New faults sa0 at AD, BD, and DE are tested. Rotating
X by 3 clock cycles leads to the following set.

cycle#t 11 12 I3 I4
cyclel3— 1 0 0 1
cycleld — 0 1 1 0
cyclels - 0 1 0 O
cyclel6— 0 0 1 O
A new fault (sal at BD) is detected, so all faults in sub-
circuit C are detected. By doing such digital phase shift-
ing 3 times, together with the original non-shifted se-
quence, we detected all faults in sub-circuit Cj.

Useful Cases for Phase Shifting. A sequential cir-
cuit contains three sub-circuits A, B, and C, each driven
by different PIs. B controls the sensitization of faults in A,
and C' controls the propagation of faults in A. Sometimes
B and C are the same circuit. Both B and C cannot stay
in their desired states for more than one clock cycle in a
row, due to their structure. So, B (or C) must leave the
state and then return to it. This loop corresponds to an
input sequence of B (or C). To test faults in A, we syn-
chronize this input sequence with the input sequence of A,
but with different shift offsets. Other methods may also



Table 2: Results of the Spectral Method with SG Algorithms 1 and 2, Perturbed Matrix, and Phase Shifting

Ckt. Pure Spectral + Spectral + Spectral 4+ Perturbed Spectral +

Hadamard [7] Selfish Gene 1 Selfish Gene 2 Hadamard Matrix Phase Shifting

Flt. # Time Flt. # Time Flt. # Time Flt. # Time f Flt. # Time p

Det. Vec. (min.) | Det. Vec. (min.) | Det. Vec. (min.) | Det. Vec. (min.) Det. Vec. (min.)
$382 364 567 1 364 594 12,5 364 574 47 364 538 4.9 9 | 364 544 1024 2
5400 382 588 1.5 382 519 44 382 509 4.8 382 492 31 6| 382489 34.0 4
s713 476 89 04 476 84 1.1 476 84 1.1 476 78 0.4 7| 476 80 4.7 16
s1196 1239 244 1.2 1238 232 35.6 1239 232 23.1 | 1239 227 290.0 9 | 1238 235 630.8 16
s1238 1283 255 1.1 1282 245 4.2 | 1283 240 26.1 1283 240 146.4 7| 1281 241 264 14
s1423 1416 927 16.3 14161051 516.0 | 14174359 732.2 14161224 146.9 12 | 14161884 403.8 6 |
51488 1444 384 3.2 | 1444 342 31.0 1444 342 67.2 1444 427 51.0 8 ’ 1444 402 162.6 6 |
s1494 1453 388 2.9 | 1453 328 334 1453 328 58.0 1453 379 25.2 2 | 1453 489 123.7 14 |
sb378 || 3643 734 43.5 | 35101409 49.1 3631 9311316.2 | 33171923 712.0 10 | 35352591 140.2 4 |
|Avg. [ 1300 464 7.9 | 1285 534 76.4 | 1209 844 248.2 | 1264 614 153.3 8 | 1288 773 181.0 9 |

test faults detected by phase-shifting. This sequence also
tests Cp, and phase-shifting cannot generate it:

cycle## 11121314 cycle# 11121314
cyclel =1 0 0 0 | cycle9— 1 0 0 0
cycle2— 0 0 0 0 | cyclel0 -0 0 0 0
cycle3— 0 0 1 0 |cyclell -0 1 1 0
cycled — 0 0 0 0 | cyclel2— 0 0 0 0
cycleb — 1 0 0 0 |cyclel3—1 0 0 0
cycle6 — 0 0 0 0 | cycleld— 0 0 0 0O
cycleT— 0 0 0 1 |cyclel5—0 1 00
cycle8 — 0 0 0 0 | cyclel6—0 0 0 O

Genes and Alleles. The genes are the best phase shifts
dpest,, (k= 2,3, ..., #PI), for each PI, relative to PI;.
P1I; is never shifted. The alleles are the amounts of phase
shift (0 to 16 clocks) for each PI.

Updated Algorithm I:

e Step 2: Hold vectors to form a new sequence Syeq -
For the first iteration, select dy, from the range (0, 16)
for all Pls. Subsequently, select dy from the range
(dest,, — 2, .., dpest,, +2). Generate three random
numbers di,, da,, ds, in the range for each PI} (ex-
cept for PIy). The input bit stream Sy, corresponding
to Py, is delayed by d;, clock cycles and put back
into the initial sequence. Perform this phase shifting
three times to generate three expansions for each PL
Matriz filtering is not used. Use the sequence with
highest fault coverage.

e Step 3: Save the best of dy,, dg,, and ds, (with
the highest fault coverage in Step 2) for each PIj
mn dbestk .

4 Results

Using the combined SG Spectral method, we generated
tests for the ISCAS 89 benchmarks in Table 2. The sec-

ond through sixth major blocks of the table represent the
results for the Pure Hadamard [7], the Spectral + Selfish
Gene 1, the Spectral + Selfish Gene 2, the Spectral + Per-
turbed Hadamard Matrix, and the Spectral + Phase Shift-
ing methods. In this table, as also in subsequent tables,
the best result for each circuit is in bold. A result is best
if it has the highest fault coverage, or equal fault coverage
but shorter vector length, or equal fault coverage and vec-
tor length but shorter CPU time (measured on a SunBlade
2000 workstation). Each algorithm extended the test set
125 times, but may have achieved the best results before
the last iteration. For the Perturbed Hadamard Matrix
method, f is the best number of matrix element pertur-
bations. For Phase Shifting, p is the maximum number of
bit-stream shifts.

Spectral + Selfish Gene 2 always does better than Spec-
tral 4+ Selfish Gene 1 by achieving the same or higher fault
coverage with shorter test sets. So, evolving the holding
time and the DSP cutoff is productive. No one method in
the table is clearly superior, as each was best for at least
one circuit. For some circuits, the Perturbed Hadamard
Matrix method detects fewer faults than the Pure one,
but the Perturbed method is better for 6 out of 9 circuits.
The spectral matrix filtering method adds periodic proper-
ties to the compacted tests. Periodicity is the reason why
both the Pure and Perturbed matrix methods succeed. For
Spectral + Phase Shifting, different circuits need different
phase shifts. We experimented with up to 256 shifts, but
the results are poor. Shifting more clock cycles causes the
test patterns to be less like the compacted patterns, so we
lose the good features of the compacted test set. Phase
Shifting never reached a higher fault coverage than the
Pure Hadamard method, so it is useful but not required.
The Avg. row of Table 2 is a reasonable way to compare
these algorithms, and we see that Giani et al.’s method [7]
is still the best, but Spectral + Selfish Gene 2 attains al-
most the same fault coverage, though with significantly
longer tests. It detected one more fault than Giani et al.’s
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method for 1423, but 12 fewer for s5378.

The results for the Bit-Perturbation method are com-
pared with Giani et al.’s results [7] and the Best of En-
hanced Spectral Methods (i.e., the bold entries from Ta-
ble 2) in Table 3. We see that random Bit-Perturbation
gave the same fault coverage as the Pure Hadamard
method for all circuits except s1423, where it detected 1
more fault, and s5378, where it detected 4 fewer. Perturb-
ing no bits or all bits in an 8-bit chunk was unsuccessful.
If one flips all of the bits in compacted vectors that de-
tect faults, one discards all of the good patterns for fault
detection. Repeating the exact same compacted vectors
detects very few new faults. While repeating the vectors
and then flipping some bits, one reuses the good patterns
of the compacted vectors and detects new faults.

In order to generate good test sequences using
simulation-based ATPG, holding is important. Using hold-
ing with the Bit-Perturbation + SG method and a vector
compactor, the test sets are essentially just as good as
those from the Pure Hadamard method of Giani et al.,
and the test lengths are similar. The Bit-Perturbation
method detected one more fault than Giani et al.’s method
on s1423, with only slightly more test patterns. The Best
of Enhanced Spectral Methods had the best results for 7
out of the 9 circuits, and the fault coverage was almost as
good as Giani et al.’s, but the test length was far longer,
because of the huge number of patterns generated to detect
one more fault in s1423. The CPU time for all new meth-
ods in the tables includes compaction time, and is much
higher than for the Pure Hadamard method, because our
algorithms used omission-based compaction in their last
pass (which is very time-consuming), whereas the Pure
Hadamard method only used LROR compaction.

In Table 4, we use all random Bit-Perturbation and En-
hanced Spectral Methods (evolving spectra, holding time,
and cutoff value; perturbed matrix filtering; and phase
shifting). We combine all of these techniques into one
SG framework, in which vector compaction is the core
and the above techniques are used to extend sequences.
We compared our method with SEST [3], Gentest [2], and
Hitec [21] for ISCAS ’89 benchmarks in Table 4. For the
average results row, the comparison universe is the set of
circuits with results for all four test generators. We do not
include Giani et al.’s results from the last major column in
the average, because of missing results. The SG Spectral
ATPG system has the highest average fault coverage, and
the lowest average test vector length. In Table 4, the SG
Spectral algorithm has lower fault coverage than Gentest
on circuit s38584; than Pure Hadamard on s5378; and than
Hitec on s208, s400, s420, s820, and s838. The SG Spectral
test generator had the best results for 22 out of 30 circuits.
In three circuits marked with *, the SG Spectral algorithm
results were far worse than existing algorithms, because it
could not initialize all flip-flops. Our results were also bet-
ter than other recent work [13, 15, 17], as well.
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5 Conclusions

It was shown that random holding of the combinational
test vectors [7, 12] can test corresponding sequential faults
not only in balanced sequential circuits, but also any gen-
eral acyclic sequential circuit, based on the work of Kim et
al. [18]. If partial-scan design makes the sequential circuit
acyclic in test mode, one can use holding.

We developed a new sequential ATPG method in which
we perturb bits in 8-bit chunks of the input test vector
streams. We also investigated enhanced spectral sequential
ATPG methods, where we used a selfish gene algorithm to
evolve the spectra used for non-linear signal filtering of
the test vectors, the cutoff for non-linear signal processing
coefficients, the vector holding time, the amount of entropy
inserted in the Hadamard DSP matrix, and the phase offset
between different PI bit streams. Table 4 gives averages
for all circuits with results for each test generator, and
for common circuits among all methods. In both cases,
the SG spectral test generator performed the best. These
improvements were observed in Tables 2, 3, and 4:

1. Perturbing some bits after randomly holding vectors
in the compacted test set gave equally good results
to using a Hadamard matrix to expand the sequence.
With the same fault coverage, it shortened the test se-
quence for s400, s713, s1196, s1238, s1423, and s1494,
but lengthened it for s382 and s1488. It was more than
twice as fast as the enhanced spectral techniques, but
slower than the Hadamard spectral method, due to
the SG algorithm.

2. The SG algorithm improved performance, because of
its ability to incorporate multiple evolution methods
for test patterns. It was just as important to evolve
holding times and cutoff values as to evolve spectra.

3. The specific signal processing matrix for spectral
ATPG was less important than generating entropy in
the system by perturbing matrix entries (see Table 2).
Adding noise to the transformation matrix improved
results for s382, s400, s713, s1196, s1238, and s1494,
but worsened them for s1423 and s1488.

4. Spectral + Phase Shifting (see Table 2) generated a
better test sequence for s400 and worse sequences for
8 other circuits. Finding the optimal phase shift in a
circuit or test set was difficult.

5. Fault coverage of the Best Enhanced Spectral Meth-
ods (see Table 2) was nearly as good as for Bit-
Perturbation or a Pure Hadamard matrix, but vector
lengths were longer.

These methods use longer CPU time than the Pure
Hadamard method by Giani et al. [7], for two reasons.
We used the omission-based vector compaction method in
the last iteration of each experiment, and LROR in earlier



Table 3: Spectral Method vs. Random Bit-Perturbation

+ the SG Algorithm vs. Enhanced Spectral Methods

Ckt. Pure Hadamard [7] Bit-Perturbation + SG Best of Enhanced Spectral Methods

Det. # Vec. Time (min.) | Det. # Vec. Time (min.) | Det. # Vec. Time (min.)
$382 364 567 1 364 584 1.9 | 364 538 4.9
5400 382 588 1.5 382 561 25.0 | 382 489 34.0
s713 476 89 0.4 476 82 3.8 | 476 78 0.4
s1196 || 1239 244 1.2 1239 239 7.6 | 1239 227 290.0
s1238 || 1283 255 1.1 | 1283 247 26.4 | 1283 240 26.1
s1423 || 1416 927 16.3 | 1417 991 403.8 | 1417 4359 732.2
s1488 || 1444 384 3.2 | 1444 426 162.6 | 1444 342 31.0
s1494 || 1453 388 2.9 | 1453 369 123.7 | 1453 328 334
s5378 || 3643 734 43.5 | 3639 741 431.7 | 3631 931 1316.2

| Avg. ][ 1300 464 7.9 | 1300 471 131.8 | 1299 837 274.2 |

iterations, whereas they only used LROR. Also, the SG
algorithm is slower than Giani et al.’s algorithm.

For a large subset of the ISCAS ’89 benchmarks, the
SG Spectral algorithm detected 3.64% more faults than the
best of the existing deterministic algorithms, using 74.2%
fewer test vectors. For 22 of the 30 ISCAS ’89 circuits, the
SG Spectral algorithm gave the best result.

The limitation of this work is that for extremely large
circuits, the fault simulation time of the compactor be-
comes excessive. Future work must find efficient ways to
obtain the spectral coefficients of a sequential circuit, with
many fewer fault simulation and compaction iterations.
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