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Abstract

The test generation problem for a sequential cir-
cuit capable of generating tests with combinational
test generation complexity can be reduced to that for
the combinational circuit formed by replacing each FF
in the sequential circuit by a wire. In this paper, we
consider an application of this approach to general se-
quential circuits. We propose a test generation method
using circuit pseudo-transformation technique: given
a sequential circuit, we extract a subcircuit with bal-
anced structure which is capable of generating tests
with combinational test generation complexity, replace
each FF in the subcircuit by wire, generate test se-
quences for the transformed sequential circuit, and fi-
nally obtain test sequences for the original sequential
circuit. We also estimate the effectiveness of the pro-
posed method by experiment with ISCAS’89 benchmark
circuits.

1 Introduction

Test generation for sequential circuits is a well-
known hard problem, and is considerably difficult
compared to that for combinational circuits[1l]. The
search space of test generation for a sequential cir-
cuit depends on the state space of the sequential cir-
cuit and hence on the number of FFs of the circuit.
If the number of FFs can be reduced, the sequen-
tial test generation time will be reduced. In order
to reduce the number of FFs in a sequential circuit
tentatively during test generation for the sequential
circuit, we shall propose circuit pseudo-transforma-
tion(CPT for short). CPT changes a circuit under
consideration into a different circuit whose test gener-
ation is easier than the original one, where the circuit
is not changed physically but is just transformed ten-
tatively only during test generation. A test generation
method for sequential circuits based on CPT consists
of the following three steps: given a circuit, trans-
form the circuit by CPT, generate a test sequence for
the transformed circuit, and make a test sequence for
the original circuit from the test sequence obtained
for the transformed circuit. The software transforma-
tion, presented by Balakrishnan and Chakradhar[2],
is a CPT based on retiming technique[3]. Though
the software transformation can reduce the number
of FFs, transformed circuits are not sufficiently easy
to generate test sequences.

The test generation problem for a sequential cir-

cuit capable of generating tests with combinational test
generation complexity can be reduced to that for the
combinational circuit formed by replacing each FF in
the sequential circuit by a wire. Balanced structures[4]
and internally balanced structures[5] are known as se-
quential circuits capable of generating tests with com-
binational test generation complexity. In this paper,
we shall present a test generation method using a
CPT called combinational circuit pseudo-transforma-
tton(CCPT for short). CCPT consists of two steps:
find a balanced subcircuit in a given circuit, and re-
place each FF in the subcircuit by a wire. The test
generation method using this CCPT has the follow-
ing three steps: given a sequential circuit, transform
the circuit by CCPT, generate a test sequence for the
transformed circuit, and make the sequence for the
original circuit from the generated sequence. Since the
number of FFs in the transformed circuit is smaller
than that in the original circuit, it will be expected
to reduce the test generation time and to increase the
fault coverage by this transformation. Although the
test generation method requires a circuit (physical)
modification, which adds a hold mode to some FFs,
the hardware overhead is negligible and the perfor-
mance degradation dose not occur.

This paper is organized as follows: Section 2.1 pro-
poses the definition of CCPT. K-clock hold transfor-
mation, k-clock hold sequence transformation and k-
clock hold testing are proposed in Section 2.2, 2.3 and
2.4, respectively, to use the test sequence of the trans-
formed circuit by CCPT as a test sequence of the origi-
nal circuit. Section 3 presents testability preservation
of both CCPT and that of k-clock hold transforma-
tion, and describes the reducibilities of test generation
problems. Section 4 presents a test generation method
based on CCPT and estimates the effectiveness of the
method by experiment with ISCAS’89 benchmark cir-
cuits. The experimental results show that the pro-
posed method can reduce test generation time for most
circuits and can increase the fault coverage for several
circuits.

2 Circuit Pseudo-Transformations

If a transformation modifies both the hardware de-
sign of a circuit and the circuit model for test gener-
ation, the transformation is said to be circuit trans-
formation(CT). On the other hand, a transformation
which only modifies the circuit model for test gener-
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ation is called circuit pseudo-transformation and de-
fined as follows.
Definition 1 A transformation which transforms
“tentatively” a circuit into another circuit is said to
be circuit pseudo-transformation(CPT). Here, “tenta-
tively” means that the circuit model for test genera-
tion is modified tentatively during test generation but
the hardware design of the circuit is not changed. O
As one of the CPTs, we shall propose combinational
circuit pseudo-transformation(CCPT) in Section 2.1.
The CCPT can reduce the number of FFs in a se-
quential circuit. We shall consider a test generation
method based on CCPT. We expect that the test gen-
eration time for a circuit which is obtained by CCPT
is less than the original circuit. We shall present such
a test generation method using CCPT in Section 4.
A test sequence which is obtained by the test gener-
ation method using CCPT can not be used as a test
sequence for the original (before CCPT) circuit. In
order to use the generated sequence as a test sequence
for the original circuit, we shall propose a CT (called
d-clock hold transformation) in Section 2.2 and a se-
quence transformation for the obtained test sequence
(called k-clock hold sequence transformation) in Sec-
tion 2.3.

2.1 Combinational Circuit Pseudo-Trans-
formation

Let S be a sequential circuit(see Figure 1). Let Q
be the set of all FFs in S and let Qg be a subset of Q.
An FF in Qg is said to be an external FF and an FF
in Q@ = Q — Qg is said to be an internal FF. Then,
we can define a kernel circuit as follows.
Definition 2 A subcircuit Sk, which is formed by
replacing each external FFs in S by primary in-
put/output, in S is said to be a kernel circuit of S
(see Figure 2). The inputs to the kernel circuit from
external FFs is said to be pseudo-inputs. Similarly,
the outputs from the kernel circuit to external FFs
is said to be pseudo-outputs. The inputs of the ker-
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nel circuit are primary inputs of S and pseudo-inputs
from external FFs. Similarly, the outputs of the kernel
circuit are primary outputs of S and pseudo-outputs
to external FFs. a

The process to determine external FFs and a kernel
circuit for a circuit is called partitioning. If a sequen-
tial circuit has no feedback loops, the circuit is said
to be an acyclic structure. In the rest of this paper,
we assume that the kernel circuit is an acyclic struc-
ture. Suppose a path P from an input to an output
of a circuit. The number of FFsin P is said to be the
sequential depth of P. The largest sequential depth in
the kernel circuit is said to be the sequential depth of
the kernel circuit.

Suppose that a sequential circuit S is partitioned
into a kernel circuit and several external FFs (see
Figure 2). Then, we can define combinational circuit
pseudo-transformation as follows.

Definition 3 A circuit pseudo-transformation 7" that
transforms S into a circuit ST by replacing each in-
ternal FF by a wire is said to be combinational circuit
pseudo-transformation(CCPT) (see Figure 3). |

2.2 d-Clock Hold Transformation

We suppose that a sequential circuit is synchronized
by a single system clock, called a normal clock (see
Figure 4(a)). An FF to which the normal clock is
supplied 1s said to be a normal FF (see Figure 4(c)).
We define k-clock and k-clock hold FFs as follows.
Definition 4 Let k£ be a positive integer. A clock
that generates pulses at every (k 4 1)-th cycle of the
normal clock is said to be a k-clock (see Figure 4(b)).
O
Definition 5 Let k& be a positive integer. An FF to
which the k-clock is supplied is said to be a k-clock
hold FF (see Figure 4(d)). O

The k-clock hold FF holds a current data during &
cycles and loads a new data at the next cycle.
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Let S be a sequential circuit (see Figure 1). Sup-
pose that circuit S is partitioned into a kernel circuit
and external FFs (see Figure 2). Let d be the sequen-
tial depth of the kernel circuit. Then, we can define
d-clock hold transformation as follows.

Definition 6 A circuit transformation H that trans-
forms S into a sequential circuit S¥ by replacing each
external FF by the d-clock hold FF is said to be d-clock
hold transformation (see Figure 5). O

Note that the d-clock hold transformation requires
a hardware design modification. The hardware design
modification will be described in Section 2.4.

2.3 k-Clock Hold Sequence Transforma-
tion

Suppose a sequence t whose length is a multiple
of k + 1, where k is a positive integer. Let t;(¢ =
1,2,...,n) be the ith vector in ¢, where n is the length
of t. Then, we can define a k-clock hold sequence as
follows.
Definition 7 For any integer 2,7 and m such that
1<m<nflk+1)and (m—1)(k+1) <i<m(k+
DAm-1(k+1)<j<m(k+1)Ai#7,if t; =tj,
sequence t is said to be a k-clock hold sequence. a

Let t be a sequence of vectors. Let ¢;(: =1,2,...,n)
be the 7th vector of ¢, where n is the number of vectors
in t. Let k be a positive integer. Let t* be a k-clock
hold sequence and let t¥(I = 1,2,...,n(k + 1)) be the
Ith vector in t*, where n(k + 1) is the number of vec-
tor in t*. Then, we can define k-clock hold sequence
transformation as follows.
Definition 8 Let M be a sequence transformation.
For any integer 7,j such that (1 — 1)(k+ 1) < j <
1(k+1), ift;-C = t;, M is said to be k-clock hold sequence
transformation. a

2.4 d-Clock Hold Testing

Let S be a sequential circuit (see Figure 1). Sup-
pose that a sequential circuit S is partitioned into a
kernel circuit and external FFs (see Figure 2). Let d

be the sequential depth of the kernel circuit. Let S
be a sequential circuit which is obtained from .S by the
d-clock hold transformation (see Figure 5). In order

to realize S, the original circuit S is augmented to
S’ so that S’ has two configurations of a normal mode
and a test mode. That is, the normal mode of S’ is
equivalent to S and the test mode of S’ is equivalent
to SH. To implement such S/, we need to add an ex-
tra clock, d-hold clock, which is applied to external
FFs in test mode. Although the hardware modifica-
tion is required for the test generation method based
on CCPT, the hardware overhead is negligible and the
performance degradation does not occur. When S’ is
configured to the normal mode S, the normal clock is
supplied to external FFs. A test application method
for the normal mode S is said to be normal testing.
On the other hand, when S’ is configured to the test
mode S¥, the d-clock is supplied to external FFs. A
test application method for the test mode S called
d-clock hold testing, is defined as follows.

Definition 9 Let ¢ be a d-clock hold sequence. A test
application method for S which applies ¢ as an input
sequence is said to be d-clock hold testing. a

3 Testability Preservation

Here, we assume that when a circuit is given the
test application method for the circuit is also given.
Let C be a circuit and let 7 be a CT either or a CPT.
Let C7 be a circuit obtained from S by 7. Let F' and
F7 be the sets of all faults in C and C7, respectively.
Let f be a fault in C' and let C; be the faulty circuit
of C caused by f. When an input sequence t of C is
applied to C and CYy, if the response of C' is different
from that of Cy, t is said to be a test sequence for f
and f is said to be testable by t.

Definition 10 Transformation 7 is said to be a testa-

bility preserving transformation if the following three

conditions are satisfied.

(1) There exists a mapping ¢, : F'— F7.

(¢2) Forany fin F, if f is testable by the test applica-
tion method of a circuit C, ¢.(f) is also testable
by the test application method of C7.

(4i) Forany fin F,if f is not testable by the test ap-
plication method of C, ¢.(f) is also not testable
by the test application method of C7. m|

Let T(f) denote the set of all test sequences for f.
Then, we define the property of the test generation
problem reduction as follows.

Definition 11 For C and C7, the test generation

problem of C can be reduced to the test generation

problem of C'7, if the following two conditions are sat-
isfied.

(i) Transformation 7 is a testability preserving trans-
formation.

(%) Let ¢, be a mapping from F to F7 and let F’
(C F7) be the set of testable faults of C" by
the test application method of C7. For all f
in F’', there exists transformation o such that
Uiern{o(®)} € Ngep rir) T(9)- =

Note that the condition (77) means that any test se-
quence for a testable fault f in C™ can be transformed
into that for a testable fault g, which corresponds to



f,in C by o.

Suppose that a sequential circuit S (see Figure 1)
is partitioned into a kernel circuit Sx and a set of ex-
ternal FFs Qg (see Figure 1). Let Qr be the set of
internal FFs and let d be the sequential depth of the
kernel circuit. Let H be the d-clock hold transforma-
tion and let S be the sequential circuit obtained from

S by H (see Figure 5). Let T be the CCPT and let
ST be a circuit obtained from S by T' (see Figure 3).
The test application method of S¥ is the d-clock hold
testing and that of ST is the normal testing. We con-
sider a new transformation HT which transforms S
into ST. The transformation HT changes each normal
FF into a wire and also changes each d-clock hold FF
into a normal FF. Let 7 be any of transformations of
H, T and HT. Let S be a sequential circuit (before
transformation 7) and let S7 be the circuit obtained
from S by 7. We consider the fault mapping from the
set of faults in S to that in S7.

Lemma 1 Transformation 7 maintains a one-to-one
correspondence between a fault on each line in S and
the fault on the same line in S7.

Proof : Transformation 7 changes some normal FFs
into wires, changes normal FFs into d-clock hold FFs,
or changes d-clock hold FFs into normal FFs. Let F
be the set of all FFs in S such that any FF in F is
changed into a wire by 7. Let F be the set of all faults
in S and let F'7 be the set of all faults in S7. Let Fg
be the subset of I’ such that any fault in F'g is neither
the input line fault nor the output line fault of FFs
in F. Therefore, each fault in Fg is mapped to the
fault on the same line in S7. On the other hand, both
the input fault and the output fault of an FF which is
changed into a wire are represented by a fault of the
wire. |

Let ¢, be a fault mapping from the set of all faults
in S to that in S7. Let ¢! be the one-to-one mapping
from a fault on each line in S to the fault on the same
line in S7. For transformation 7, we assume that ¢,
is restricted to ..

Definition 12 Let S be a sequential circuit which is
an acyclic structure. With regard to S, for any pair
of a primary input and a primary output, if all the
paths from the primary input to the primary output
are of equal sequential depth, S is said to be a balanced
structure[4]. |

If a sequential circuit is a balanced structure, the
test generation problem for the circuit is reduced to
the combinational circuit which is replaced each FF in
the sequential circuit by a wire. We consider an appli-
cation of this approach to general sequential circuits.
Section 4 presents a test generation method based on
CCPT.

Given a sequential circuit S, a test sequence ¢ ob-
tained by the test generation method based on CCPT
is an input sequence for the circuit S¥ which is trans-
formed from the given circuit S by transformation H.
Therefore, the obtained sequence ¢t can be used as a
test sequence for the circuit S¥. In order to clarify the
reducibility between the test generation problem for a
general circuit and that for the circuit transformed by
H, we consider the reducibility between the test gen-

eration problem for a given circuit and that for each
circuit transformed by each of transformations HT
and T. The following theorems show the reducibility
for these transformations in two cases: when a circuit
whose kernel circuit is a balanced structure and when
that is an acyclic structure.
Theorem 1 Let S be a sequential circuit. If kernel
circuit Sg in S is a sequential circuit which is a bal-
anced structure, the test generation problem of SH,
which is obtained from S by transformation H, is re-
duced to the test generation problem of ST, which is
obtained from S by the transformation T'.
Proof : We show that transformation HT satisfies
the two conditions (z) and (i) of Definition 11.
(Definition 11-(4)) In order to show that the transfor-
mation HT is a testability preserving transforma-
tion, we show that the three conditions (), (i) and

#4i) of Definition 10 are satisfied.

Definition 10-(¢)) From Lemma 1, it is obvious
that there exists a one-to-one mapping from faults
in S to those in ST.

(Definition 10-(i)) Let f¥ be any fault of S¥
and let fT be a fault of ST which corresponds
to fT. We show that if f¥ is testable by the
test application method of S¥, #7 is also testable
by the test application method of ST. If f¥ is
testable, there exists a test sequence t. The
test sequence t7 is a d-clock hold sequence, be-
cause the test application method of S¥ is d-clock
hold testing. Let (d + 1)n be the number of vec-

tors of t¥ and let O = of",of,...,ogpﬂ)n be
an output sequence of S¥ for t7. Let OF' =
oﬁI_H, Ogi+1)2’ . ,ogiJrl)n be a sequence extracted

from O at every (d + 1)-th cycle. Let M be
the d-clock hold sequence transformation and let
M~! be the inverse transformation of M. Note
that the number of vectors in M~! is n. Let
OT = of of,...,0F be an output sequence of
ST for M~'(t). Then, the equation OT = O’
holds because the kernel circuit is a balanced
structure. The error caused by f7 is observed in
OT because the error caused by f¥ is observed in
O™'. Furthermore, there exists a one-to-one map-
ping between f# and fT (from Lemma 1). Thus
fT of ST is testable by M ~1(tf) if the fault f¥
of SH is testable by t¥.

(Definition 10-(4)) Let fT be any fault of ST
and let f¥ be a fault of S¥ corresponding to
fH. We show that if f7 is testable by the test
application method of ST, f¥ is also testable
by the test application method of SH. If f7 is
testable, there exists a test sequence t7. Let n
be the number of vectors of tf and let OT =
of ol ... oL be an output sequence of ST if ¢t¥
is applied to ST. The test sequence t¥ must
be a d-clock hold sequence, because the applica-
tion method of S¥ is d-clock hold testing. Let
M be the d-clock hold sequence transformation



and let M (tT) be the sequence obtained from tT
by M. Let OF = of,of,...,o{fHUn be an out-
put sequence of S¥ for M(tT) and let O’ =
0§+1, og+1)2, . >0(’§+1)n be a sequence extracted

from OF at every (d + 1)-th cycle. Then, the
equation OF' = OT holds because the kernel cir-
cuit is a balanced structure. The error caused by
fH is observed in O’ because the error caused by
fT is observed in OT. Furthermore, there exists
a one-to-one mapping between f7 and f¥ from
Lemma 1. Thus f# of S¥ is testable by M (¢tT)
if fT of ST is testable by t7.

(Definition 11-(i5)) Let f be any testable fault in
SH and let fT be the testable fault corresponding
to f# in ST. Let M be the d-clock hold sequence
transformation. From Lemma 1, there exists a one-
to-one mapping between f¥ and f7. Furthermore,
from (Definition 10-(i41)), for 7 (fT) which is the
set of all test sequences of f7 by the test applica-
tion method of ST, Usez () {M(t)} is a set of test

sequences of f¥ for the test application method of
SH. Thus there exists a sequence transformation

M such that U,er ;) {M(t)} C T(fH).

Hence the theorem is proved. a
Theorem 2 Let S be a sequential circuit. If kernel
circutt Sk in S is a sequential circuit which is an
acyclic structure, the test generation problem of ST,
which is obtained from S by transformation H, is not
always reduced to the test generation problem of ST,
which ts obtained from S by transformation T.
Proof : We give an example of a case when the trans-
formation HT does not preserve testability.

We consider a sequential circuit Sy in Figure 7. We
select FF2 as an external FF. Let a subcircuit, which
is formed by replacing FF2 to pseudo input/output,
in S7 be a kernel circuit. Note that the kernel circuit
is an acyclic structure. The sequential depth of the
kernel circuit is 1. Let S (see Figure 8) be a circuit
obtained from S; by 1-clock hold transformation and

Figure 7: Sequential circuit S;.
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Figure 8: Sequential circuit S¥.

let ST (see Figure 9) be a circuit obtained from S; by
T. We consider a s-a-1 (stuck-at-1) fault f; on signal

ein Sy. The fault f{f corresponding to f; existsin S{
(see Figure 8) . Similarly, the fault fI corresponding
to fi exists in ST (see Figure 9). The test application
method of S is 1-clock hold testing. We can find a
test sequence t¥ for f{f such that tf = [0011]. We
observe the error caused by fi at the third cycle when
tf is applied to S (see Figure 10). On the other
hand, the fault f¥ of ST is untestable fault because

we can not control signal ¢ to 1 and signal e in ST to
0 at the same cycle (see Figure 9). Hence the theorem
is proved. O
Theorem 3 If Sk ts a sequential circuit which is a
balanced structure, the test generation problem of S is
not always reduced to the test generation problem of
ST,

Proof : We give an example of a case when the trans-
formation T does not preserve testability.

We consider a sequential circuit S, in Figure 11. We
select FF3 and FF4 as external FFs. Let a subcircuit,
which is formed by replacing each external FFs by
pseudo input/output, in S» be a kernel circuit. Note
that the kernel circuit is a balanced structure. Let ST
(see Figure 12) be a circuit obtained from Sz by 7.
We consider a s-a-1 fault f, on signal ¢ in S;. The

fault fI corresponding to f» exists in SI (see Figure
12). We can find a test sequence t; for f> such that

ty = 8)1(§(1))1(§] We observe the error caused by

fo at the sixth cycle when ¢, is applied to Sy (see
Figure 13). On the other hand, the fault fI in ST is
untestable fault because we can not control FF3 to 1
and FF4 in ST to 1 at the same cycle (see Figure 12).
Hence the theorem is proved. O
Corollary 1 If Sk is a sequential circuit which is an
acyclic structure, the test generation problem of S is
not always reduced to the test generation problem of
ST,

Proof : It is obvious from Theorem 3 and {acyclic
structure} O {balanced structure}. ad

4 Test Generation Method

In this section, we propose a test generation method
using CCPT. We assume that a circuit structure of a
kernel circuit is a balanced structure. The reason of
this assumption is that if a kernel circuit is a balanced
structure, the test generation problem of S¥ can be
reduced to the test generation problem of ST (from
Theorem 1). However, even if the kernel circuit is
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Figure 9: Sequential circuit S7.
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Figure 12: Sequential circuit S7.

a balanced structure, the test generation problem of
S can not always be reduced to the test generation
problem of ST (from Theorem 3). That is, the set of
faults detected in ST with a test sequence obtained
by test generation for ST differ from that in S by a
test sequence obtained by test generation for S. We
evaluate the difference between faults detected in S
and those in ST by experiments in Section 4.2.

4.1 Processes of Test Generation and Ap-
plication

Let S be a given sequential circuit and let Sg be
a balanced kernel circuit of S. Let Qg be a set of
external FFs and let Q7 be a set of internal FFs. Let
d be the sequential depth of Six. The test genera-
tion method using CCPT counsists of the following four
steps:

1. Partition S (see Figure 1) into Sk and Qg (see
Figure 2).

2. Transform S into a circuit ST (see Figure 3) by
CCPT.

3. Generate a test sequence t for ST by applying a
test generation algorithm to ST.

4. Transform the test sequence t¥ generated at step
3 into a d-clock hold sequence t¥ by d-clock hold
sequence transformation.

The test application method corresponding to the test
generation method using CCPT consists of two steps:

1. Transform S into a sequential circuit S (see Fig-
ure 5) by the d-clock hold transformation.

2. Apply the sequence t to SH and observe the
response.

4.2 Experimental Results

In order to estimate the effectiveness of the pro-
posed test generation method, we implemented it
and experimented on test generation with ISCAS’89
benchmark circuits. In our experimentation, we used
the FASTEST test generation algorithm[6] on the S-
4/20 model 712 (Fujitsu) workstation. Table 1 shows
circuit characteristics of ISCAS’89 benchmark cir-
cuits. The first column “circuit” shows circuit names.
The rest columns #gate, #PI, #PO and #FF show
the number of gates, PIs, POs and FFs, respectively.

A procedure of CCPT was implemented in a C lan-
guage program. The program consists of the following
three steps: finding a subcircuit which is an acyclic
structure in a original benchmark circuit S as to find
a MFVS (Minimum Feedback Vertex Set)[7] in S, find-
ing a subcircuit which is a balanced structure in the
acyclic subcircuit as a kernel circuit, and transforming
S into SH by replacing each internal FF of S with a
wire. The second step of finding a balanced subcircuit
is described in [4]. In our experiments, the second step
of the program finds more simply a balanced subcir-
cuit.

Table 2 shows circuit characteristics after CCPT.
Column #I-FF and #E-FF show the number of inter-
nal FFs and external FFs, respectively. The internal
FFs are changed into wires. Column d shows sequen-
tial depths of kernel circuits and cpu(sec) shows CPU
time (in seconds) required to CCPT.

Table 3 shows the experimental results of the
FASTEST. Column #fault shows the number of
faults. Column S shows the results of test genera-
tion for S and column ST shows the results of test
generation for ST. For both cases, the fault cover-
age of generated test sequences is shown in column
%f.cov.. Column cpu(sec) shows CPU time (in sec-
onds) required to generate the test sequence. Col-
umn #vec. in column S shows the number of vectors
(or length) of the generated test sequence and column

#vec. in column ST shows the number of vectors of
the d-clock hold sequence which is transformed from
the test sequence generated for ST by the d-clock hold
sequence transformation, i.e., [the number of vectors
of generated test sequence for S”] x [d+1]. From this
experiment, with regard to the fault coverage and the
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Table 1: Circuit characteristics of ISCAS’89 benchmark

circuits.

circuit [| #gate | #PI | #PO | #FF |
5382 99 3 6 21
5400 106 3 6 21
s444 119 3 6 21
s641 107 35 24 19
s713 139 35 23 19
5953 311 16 23 29
s1196 388 14 14 18
$1238 428 14 14 18
s1423 490 17 5 74
s5378 1004 35 49 179
$9234.1 2027 36 39 [ 211
59234 2027 19 22 228
s13207.1 2573 62 152 | 638
513207 2573 31 121 669

test generation time, the result of ST is better than
the result of S for five circuits s382, s400, s444, s713
and s1423. The test generation time of ST is less than
that of S for four circuits s1196, s1238, s9234.1 and
$9234. In this case, the difference between the fault
coverage of S and that of ST is not observed. The
test generation time of ST is less than of S at two cir-
cuits s13207.1 and s13207. Their fault coverages are
degraded a little. For the other circuits, the differ-
ence between the fault coverage of S and that of ST
is small.

Next, we estimate the difference between the set of
faults detected in S and that in ST. The difference
is shown in Table 4. The number of faults detected
in S and in ST are shown in column #Sp and #57%,
respectively. Column #SpS¥ , shows the number of

faults detected in S which is not detected in ST. In-
versely, column #SypSE shows the number of faults

not detect in S which is detected in ST. #SUDS%;

is superior to #SDSIQ;D for five circuits s382, s400,
s444, s713 and s1423 that are improved by the pro-
posed method for both the fault coverage and the test
generation time. As an example, consider the circuits
s400 and s713. For these circuits, all faults detected

Table 2: Circuit characteristic after the CCPT.
circuit H #I-FF | #E-FF ‘ d H cpu(sec) ’

5382 6 15 | 1 0.45
5400 6 15 |1 0.44
s444 6 15 |1 0.54
5641 4 15 | 1 1.71
s713 4 15 | 1 2.21
s953 23 6 |1 2.08
51196 2 16 | 1 2.07
51238 2 16 | 1 2.01
51423 2 72 |1 4.70
s5378 55 124 | 2 44.65
59234.1 18 193 | 4 162.00
59234 18 210 | 4 161.50
$13207.1 197 441 | 8 429.57
s13207 198 471 | 8 418.67

in S are also detected in ST and furthermore several
faults not detected in S are detected in ST. For cir-
cuits 51196, s1238, s9234.1 and 59234, #SypSE and

#SpSE,, are 0, i.e., detected faults are the same for

both S and ST. Therefore their fault coverage are
equal.

As seen in the above observation, the proposed
method increases the number of test vectors. However,
in return for this disadvantage, the proposed method
can reduce test generation time for most circuits and
can increase fault coverage for several circuits.

5 Conclusions

In this paper, we have proposed a test genera-
tion method based on combinational circuit pseudo-
transformation and have presented k-clock hold test-
ing which is a test application method using a test se-
quence generated by the proposed method. We have
considered test generation problems of an original cir-
cuit and its transformed circuits by combinational cir-
cuit pseudo-transformation and d-clock hold transfor-
mation, and also clarified the reducibility of those test
generation problems. Furthermore, we estimated the
effectiveness of the proposed method by experiments
using benchmark circuits. The proposed method could
reduce test generation time for most circuits and could



Table 3: Experimental result of FASTEST.

S sT

circuit Ffault || #vec. | %f.cov. | cpu(sec) || #vec. | %f.cov. | cpu(sec)
5382 764 51 55.63 630 172 82.98 399
s400 800 51 54.63 680 140 81.00 388
s444 888 47 18.92 1680 174 79.73 410
s641 1278 146 87.32 48 318 87.25 53
s713 1426 137 83.10 234 282 83.24 233
953 1906 12 7.92 20 14 7.82 14
s1196 2392 347 99.87 210 768 99.87 204
51238 2476 368 96.65 555 668 99.65 515
s1423 2846 550 87.16 7298 954 88.97 5627
s5378 10590 856 78.57 154397 1605 77.75 168018
s9234.1 18468 51 10.02 236206 245 10.02 212121
9234 18468 4 0.38 3170 20 0.38 3059
s13207.1 26358 117 11.64 226916 513 11.53 188256
s13207 26358 161 7.23 250668 702 6.84 153687

Table 4: The difference between faults detected in S and

faults detected in S7T.

circuit [[ #Sp | #Sb [ #SpStp | #SupSh
5382 425 | 634 3 212
400 437 | 648 3 214
s444 168 | 708 0 540
$641 || 1116 | 1115 1 0
s713 || 1185 | 1187 0 2
953 151 | 149 3 1
s1196 || 2389 | 2389 0 0
1238 || 2393 | 2393 0 0
1423 || 2481 | 2532 14 65
5378 || 8821 | 8234 182 95
$9234.1 || 1851 | 1851 0 0
59234 70 70 0 0
s13207.1 || 3069 | 3041 40 12
s13207 || 1906 | 1803 103 0

increase fault coverage for several circuits.
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