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SUMMARY A test generation method with time-expansion
model can achieve high fault efficiency for acyclic sequential cir-
cuits, which can be obtained by partial scan design. This method,
however, requires combinational test pattern generation algo-
rithm that can deal with multiple stuck-at faults, even if the
target faults are single stuck-at faults. In this paper, we propose
a test generation method for acyclic sequential circuits with a cir-
cuit model, called MS-model, which can express multiple stuck-
at faults in time-expansion model as single stuck-at faults. Our
procedure can generate test sequences for acyclic sequential cir-
cuits with just combinational test pattern generation algorithm
for single stuck-at faults. Experimental results show that test
sequences for acyclic sequential circuits with high fault efficiency
are generated in small computational effort.
key words: test generation, acyclic sequential circuits, stuck-at
fault, partial scan, multiple fault

1. Introduction

Test generation for sequential circuits is known to be a
hard problem. For such sequential circuits, design for
testability (DFT ) is an important approach to reduc-
ing the test generation cost. Full scan design, referring
to chaining all flip-flops (FFs) into a shift register, is
a practical DFT method. In the full scan design, the
portion of the circuit excluding the scan path, which
is called the kernel, is a combinational circuit, and ac-
cordingly a test generation algorithm for combinational
circuits (combinational ATPG) can be applied to the
kernel circuit. Consequently, high fault efficiency can
be obtained for full-scanned circuits. However, full-
scanned circuits require large hardware overhead as well
as delay penalty.

Partial scan design [1]–[8] in which a subset of FFs
are scanned, is an approach to solve such a overhead
problem. In the partial scan design methods presented
in [4]–[8], by selecting a sufficient set of scan FFs, the re-
sultant kernel circuits become combinationally testable
sequential circuits, whose test sequences can be gener-
ated using only a combinational ATPG. Consequently,
high fault efficiency can be obtained in spite of par-
tial scan. In particular, the literatures [7], [8] presented
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methods for generating test sequences for acyclic se-
quential circuits, which require a small number of scan
FFs. Note that the class of acyclic sequential circuits
includes the other classes of combinationally testable
sequential circuits [4], [5]. However, the literature [6]
reported that the structures of these subclasses require
large scan overhead, and furthermore, the advantages
in test generation using these subclasses are marginal.
Hence, test generation using acyclic circuits is superior
to that using circuits in these subclasses.

In [7] and [8], test generation for an acyclic sequen-
tial circuits is performed by using its time-expansion
model. A time-expansion model is combinational, and
hence a combinational ATPG can be applied. Thus, a
test sequence for a fault in an acyclic sequential circuit
can be obtained by transforming a test-pattern gener-
ated for the corresponding fault in its time-expansion
model. In general, however, a single (stuck-at) fault
in an acyclic sequential circuit is mapped to a multi-
ple (stuck-at) fault in the corresponding time-expansion
model, and hence test generation for time-expansion
model requires a combinational test generator that can
deal with multiple faults theoretically. From the practi-
cal point of view, this property may not be acceptable.

In this paper, we present a method for generat-
ing test sequences for acyclic sequential circuits by us-
ing a combinational test generation algorithm that can
deal only with single (stuck-at) faults. Unlike multi-
ple faults in general circuits, the number of possible
multiple faults in a time-expansion model is equal to
that of single faults in its original acyclic sequential
circuit or less. Focusing on this property, we present a
method for transforming time-expansion model into an-
other model, called MS (multiple-to-single) transformed
time-expansion model in which a multiple fault is ex-
pressed as a single fault with small extra logics. Note
that this transformation does not modify the design
of given sequential circuits, but just generating cir-
cuit models for test generation. Thus, test generation
for acyclic sequential circuits can be performed by us-
ing a combinational ATPG just for single (stuck-at)
faults. Experimental results for several benchmark cir-
cuits show that our method can achieve high fault effi-
ciency with small computation time compared to those
obtained by a test generation algorithm for general se-
quential circuits.

The rest of this paper is organized as follows. Sec-
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tion 2 presents multiple-to-single transformation, and
Sect. 3 shows a method for generating tests by using MS
(multiple-to-single) transformed time-expansion model.
Section 4 presents experimental results for ISCAS89
benchmark circuits, and Sect. 5 discusses the conclu-
sions and future work.

2. Multiple-to-Single Transformation

In general, single stuck-at fault model can be used to
model other type of faults [9]. Here, a circuit transfor-
mation to express a multiple stuck-at fault as a single
stuck-at fault with an additional circuit is shown.
Definition (MS (Multiple-to-single) transforma-
tion): Suppose a circuit C and a multiple stuck-
at fault fm consisting of n (single stuck-at) faults
{f1, f2, . . . fn} on lines {l1, l2, . . . ln} in C as shown in
Fig. 1(a). Note that a multiple fault is denoted with
superscript m in this paper. Here, we consider the fol-
lowing two transformations.
(1) Circuit transformation: For each line li, a two-input
gate Gi is inserted and one input line of the gate Gi is
fed from the ground of C as a fanout branch of a ground
line k (Fig. 1(b)). The inserted gate Gi is determined
according to the corresponding fault fi: if fi is a stuck-
at-1 fault, Gi is an OR gate, otherwise (i.e., stuck-at-
0) Gi is an AND gate whose input fed from line k is
inverted (Table 1).
(2)Fault transformation: A multiple fault fm(= {f1, f2,

. . . , fn}) is represented by a single stuck-at-1 fault on
the fanout stem k.

We call this pair of transformations MS (multiple-
to-single) transformation. ✷

A circuit model obtained by transforming a circuit
C with a multiple fault fm is called MS-model (of C)
based on fm. Note that an MS-model has no faults.
Furthermore, note that MS transformation does not
modify the design of given sequential circuits, but just
generates circuit models for test generation.

A test-pattern for the single stuck-at-1 fault on the
fanout stem k in the MS-model of C is a test-pattern
for a multiple fault fm(= {f1, f2, . . . , fn}) in a circuit
C. This can be proven as follows. In Fig. 1(b), consider
a test-pattern T = (l1 = v1, l2 = v2, . . . , ln = vn) which
can propagate the influence of the stuck-at-1 fault into
the output of gate Gi, (1 ≤ i ≤ n). In T , vi is the non-
controlling value of gate Gi, i.e., when gate Gi is AND
(OR) gate, vi = 1 (vi = 0). If test-pattern T is applied
to the original circuit C, shown in Fig. 1(a), then it can
activate fault fi because vi is 0 (1) when gate Gi is OR
(AND) gate, i.e., fault fi is stuck-at-1 (0). This means
that test-pattern T is a test-pattern for multiple fault
fm in C.

In Fig. 1(b), the logic function of line li is equiv-
alent to the output function of gate Gi because one
input line of Gi, except li, is always fixed to logical
0. Namely, the inserted gates and lines composes a

Fig. 1 Multiple-to-single transformation.

Table 1 Inserted gates for MS transformation.

fault fi: stuck-at-1 fault fi: stuck-at-0

Fig. 2 An example of MS-model.

logically redundant sub-circuit for a MS-model. This
property is focused in Sect. 3.2 again.
Example 1: In Fig. 2(a), consider a circuit C with a
double stuck-at fault fm consisting of stuck-at-0 fault
fa on line a and stuck-at-1 fault fb on line b. The
MS-model of C based on fm and a single fault fs rep-
resenting the multiple fault fm are shown in Fig. 2(b).

✷

3. MS Transformation on Test Generation for
Acyclic Sequential Circuits Using Time-
Expansion Model

In this section, we review test generation for acyclic
sequential circuits using time-expansion model (TEM)
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Fig. 3 An acyclic sequential circuit: S.

Fig. 4 A time-expansion model: C(S).

[7], [8], and then show a method for generating tests
by using MS (multiple-to-single) transformed time-
expansion model.

3.1 Time-Expansion Model for Acyclic Sequential Cir-
cuit

In test generation for acyclic sequential circuits using
TEM, first, a given acyclic sequential circuit S is trans-
formed into a TEM C(S)†.
Example 2: Figure 3 shows an acyclic sequential cir-
cuit S. Lines PI and PO are a primary input and a
primary output, respectively. Squares 1, 2, 3 and 4 are
combinational logic blocks and rectangles a, b, c, d and
e are registers. Figure 4 shows a time-expansion model
(TEM) C(S) for S. TEM C(S) is a combinational cir-
cuit derived by connecting logic blocks according to
their sequential distances. A sequential distance be-
tween two blocks is defined by the number of registers
on a path between the two blocks. (e.g., the sequential
distance between logic block 3 and 4 is one.) If a logic
block has several different sequential distances from an-
other logic block in S, the logic block is duplicated in
C(S). (e.g., logic block 2 has two different sequential
distances to logic block 4 in S, two and three, and hence
it is double in C(S).) ✷

A shaded part of a logic block in Fig. 4 represents a
portion of the lines and gates removed. The portion re-
moved is unnecessary for test generation because there
are no paths from the lines and gates in the portion to
any input of other logic blocks or any primary output
of TEM C(S).

All faults in an acyclic sequential circuit S can be
mapped into faults in TEM C(S). The authors of [7]
proves that (1) a fault is testable in circuit S if and only
if the corresponding fault in TEM C(S) is testable, and
(2) a test-pattern for a fault in C(S) can be transformed
into a test sequence for the fault in S corresponding to

Table 2 Input and output sequences transformed for S.

Time 0 1 2 3
Input PI Ia Ib X X

Output PO X X X Oa

the fault in C(S).
Consider a test-pattern IC = (I1, I2, . . . , In) for a

TEM C(S). Here, Ik(1 ≤ k ≤ n) is an input pattern
for a logic block bk in C(S). The transformation of
the test-pattern IC for TEM C(S) to the correspond-
ing test sequence IS for the sequential circuit S is as
follows. For each logic block bk, let the input pattern
Ik be an input pattern in IS which is applied to the
logic block corresponding to bk at time dm−d(bk) in S.
Here, d(bk) is the sequential distance of a path in S that
corresponds to the path in C(S) from bk to the primary
output at which a test-response for test-pattern IC is
obtained, and dm is the time when the test-response is
obtained at the primary output in S.
Example 3: Assume that a test-pattern IC = (PI1 =
Ia, P I2 = Ib) and the corresponding response pattern
OC = (PO = Oa) for C(S) in Fig. 4. The sequential
distances d for two logic blocks 1, to which test inputs
Ia, Ib are applied, are three and two. Therefore, when
dm is three, this test-pattern and its response can be
transformed into the sequences as shown in Table 2.
Here, X denotes a don’t-care value. ✷

Since a TEM is a combinational circuit, a combina-
tional ATPG can be applied. In general, however, test
generation with TEM should target multiple stuck-at
faults even if the target faults in S are single stuck-
at faults. This is because a logic block in an acyclic
sequential circuit S is often mapped to multiple logic
blocks in TEM C(S).
Example 4: Suppose two single faults f1 and f2 in
S (Fig. 3). The faults corresponding to f1 and f2 are
fm

c1 and fm
c2 in C(S), respectively (Fig. 4). As shown in

Fig. 4, fm
c1 is a double fault consisting of all the faults

existing on the same line in every logic block 1. Note
that fm

c2 is still a single fault because the line on which
fault f2 exists is removed in one of logic blocks 2 dupli-
cated in TEM C(S). ✷

3.2 MS Transformation for Time-Expansion Model

As mentioned in the previous section, a multiple fault
can be transformed into a single fault by MS transfor-
mation, and a test-pattern for the single fault is that
for the corresponding multiple one. Hence, a multiple
fault in a TEM can be also transformed into a single
fault with extra logics, and consequently a combina-

†In general, several TEMs are obtained from an acyclic
sequential circuit, if the sequential circuit has a hold register,
which retains its value across consecutive clock cycles. In
this section, we omit the details of the transformation from
acyclic sequential circuits to TEMs for the sake of simplicity.
See [7], [8] for details.
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Fig. 5 Circuit transformation and fault mapping.

tional ATPG that can deal only with single faults can
be used for generating test sequences of single stuck-at
faults in an acyclic sequential circuit. Figure 5 illus-
trates the concept of such test generation approach.
Suppose that an acyclic sequential circuit S with a sin-
gle fault f is given. First, circuit S is transformed into
a TEM C(S). Single fault f in S is mapped into a
multiple fault fm

c in C(S). Next, for multiple fault fm
c ,

TEM C(S) is transformed into an MS-model by MS
circuit transformation. The derived MS-model is called
MS-TEM, and denoted by Cms(S, f). Furthermore, by
MS fault transformation, multiple fault fm

c is mapped
into a single fault fms in Cms(S, f). Since MS-TEM
Cms(S, f) is a combinational circuit, a test-pattern of
single fault fms can be generated by a combinational
ATPG that can deal only with single faults, and then
the generated pattern can be transformed into a test
sequence for fault f of S.

A straightforward test generation approach using
MS-TEM is to transform a given sequential circuit S
into an MS-TEM Cms(S, f) for every fault f in S, i.e.,
n MS-TEMs are generated when the number of faults
in S is n. For a practical test generation approach us-
ing MS-TEM, therefore, we focus on the redundancy of
the gates and lines inserted by MS circuit transforma-
tion. As mentioned in Sect. 3.1, the inserted gates and
lines in an MS-model composes a redundant sub-circuit.
Hence, it is possible to generate one MS-TEM that can
express two multiple faults fm

c1 and fm
c2 in a TEM as

two single faults fms1 and fms2 because the redundant
inserted gates and lines for fms1 does not affect test
generation for fms2, and vice versa. Consequently, any
number of faults in a circuit S can be expressed by one
MS-TEM. Here, we extend the definition of MS-TEM
Cms(S, f) that can only express a fault into Cms(S, F )
that can express several faults f1, f2, . . . , fn ∈ F .

Consider an acyclic sequential circuit S and its
fault set FS consisting all single stuck-at faults in
S, and the corresponding TEM C(S) and MS-TEM
Cms(S, FS). The additive logics (i.e., gates and lines
inserted by MS circuit transformation) of MS-TEM
Cms(S, FS) increase with the number of faults in FS

and the number of faults composing a multiple fault to
which a single fault in FS is mapped in TEM C(S). In
general, the number of possible faults in S is at most
2n where n is the number of signal lines in S. More-
over, the number of faults composing a multiple fault

in TEM C(S) is equal to or less than the number of du-
plicated blocks in which the corresponding fault exists,
it may be practically small. Therefore, we can expect
that the additive logics of MS-TEM Cms(S, FS) is also
small. As a result, our test generation procedure uses
MS-TEM Cms(S, FS) expressing all single faults in S.

3.3 Fault Collapsing

When a large number of faults are targeted in test gen-
eration, fault collapsing is performed in order to reduce
the number of the target faults. In particular, equiva-
lence fault collapsing according to the logic function of
a logic gate is conventionally used [9]. This fault col-
lapsing targets only faults on the inputs and the out-
puts of a logic gate. For example, for an AND gate, a
stuck-at-0 fault on an input of the AND gate is equiv-
alent to a stuck-at-0 fault on the output of the AND
gate, and hence a representative fault of these equiv-
alent faults is left in a fault list and other faults are
neglected. Here, we call this fault collapsing local fault
collapsing for short.

If the number of target multiple faults in a TEM
C(S) can be reduced by local fault collapsing, then it is
expected that the additive logics for modeling multiple
faults as single faults in the MS-TEM Cms(S) are also
reduced. However, local fault collapsing cannot be ap-
plied to multiple faults in TEM C(S) because it targets
single faults, not multiple faults. Therefore, we expect
that local fault collapsing can be applied to single faults
in S for the purpose of reducing the number of target
multiple faults in C(S). To achieve this collapsing, it
is required to assure that equivalent faults identified by
local fault collapsing in S are still equivalent in C(S).
Since portions at several logic blocks in a TEM are
removed as shown in Sect. 3.1, some fault composing
a multiple fault is removed in C(S). For example, in
Fig. 4, fault fm

c2 is a single fault due to the removal of
the portion of logic block 2, even though logic block 2 is
duplicated. This means that, when faults f1 and f2 are
equivalent in S, there is a possibility that the number of
faults composing multiple fault fm

1 that corresponds to
f1 is different from that composing multiple fault fm

2 in
C(S). In such a case, the following Theorem 1 assures
that locally equivalent faults in S are still equivalent in
C(S).
Theorem 1: Consider an acyclic sequential circuit S
and its TEM C(S). If single faults f1 and f2 in S are
identified as equivalent by local fault collapsing, then
multiple faults fm

c1 and fm
c2 in C(S) corresponding to f1

and f2, respectively, are also equivalent.
Proof: From the definition of local fault collapsing,
faults f1 and f2 exist on input/output lines of an iden-
tical gate G in logic block B in circuit S. Consider
faulty gate Gf1 and Gf2 corresponding to f1 and f2,
respectively. Since faults f1 and f2 are equivalent,
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α(Gf1) = α(Gf2), (1)

where α(G) is the output function of G.
In TEM C(S), assume that logic block B is dupli-

cated n times, and gate G in logic block B is duplicated
k times. Here k ≤ n because several duplicated gates of
G are removed, as mentioned in Sect. 3.1. When a du-
plicated gate of G is removed in C(S), all the inputs and
the output of the gate are also removed. Hence, every
input/output of G is also duplicated k times. Accord-
ingly, the number of faults composing multiple fault
fm

c1 is always equal to that composing multiple fault
fm

c2 , and it is k.
Let G1, G2, . . . Gk be the duplicated gates of G in

TEM C(S). Clearly, from equation (1),

∀i(1 ≤ i ≤ k), α(Gfm
c1

i ) = α(Gfm
c2

i ), (2)

where G
fm

c1
i and G

fm
c2

i are faulty gates of Gi correspond-
ing to fm

c1 and fm
c2 , respectively. Consequently, multiple

faults fm
c1 and fm

c2 in C(S) corresponding to f1 and f2

are equivalent. ✷

According to Theorem 1, the number of faults tar-
geted by our test generation procedure can be reduced
by local fault collapsing for S. Consequently, the reduc-
tion of the target faults can reduce additive logics for
modeling a multiple fault as a single fault in MS-TEM.

3.4 Procedure

From the above discussion, we summarize our proce-
dure for test generation of acyclic sequential circuits,
as follows.
1. Given an acyclic sequential circuit S and its single

stuck-at fault set FS .
2. Perform local fault collapsing of FS , and a col-

lapsed fault set FCS is obtained.
3. Transform S into a TEM C(S) from using the

heuristic algorithm for minimizing test cost, pro-
posed in [7]. Convert FCS into a multiple fault set
FCm

C(S) for C(S).
4. Transform TEM C(S) and its fault set FCm

C(S)

into an MS-TEM Cms(S, FCS) and a correspond-
ing single stuck-at fault set FCCms(S,FCS), respec-
tively, by MS (circuit/fault) transformation.

5. Generate a set of test-patterns Tc for MS-TEM
Cms(S, FCS) with fault set FCCms(S,FCS) using a
single stuck-at fault combinational ATPG.

6. Convert test-pattern set Tc into a test-sequence set
Ts for S.

4. Experimental Results

We implemented the above test generation procedure,
and then applied it to acyclic sequential circuits, de-
rived from logic-level ISCAS89 benchmark circuits by
partial scan design, on SUN Ultra 10 workstation
(UltraSPARC-IIi 440MHz, Memory: 1GB). The used

Table 3 Benchmark circuits.

Acyclic TEM MS-TEM
circuit #ff #sff #lin #lin #lin
s382 21 15 376 376 376
s400 21 15 394 394 394
s444 21 15 438 438 438
s641 19 15 635 638 651
s713 19 15 709 712 725
s953 29 6 930 930 930
s1196 18 0 1178 1654 4501
s1238 18 0 1220 1722 4785
s1423 74 71 1420 1425 1452
s5378 179 33 5094 8830 20737
s9234 211 137 9158 10285 13668

single stuck-at combinational ATPG is implemented
based on SOCRATES [11].

Table 3 shows benchmark circuits used in the ex-
periment. Following to circuit name, the number of
FFs (#ff), the number of scan FFs (#sff), the num-
ber of signal lines in acyclic sequential circuits(#lin un-
der Acyclic), the number of signal lines in TEMs (#lin
under TEM) and the number of signal lines in MS-
TEM(#lin under MS-TEM) are presented. By com-
paring the column #lin under Acyclic with #lin under
MS-TEM, the circuit size of MS-TEMs are comparable
to the original acyclic sequential circuits. For s1238,
s1423 and s5378, however, the sizes of MS-TEMs are
unexpectedly large. Note that larger ISCAS 89 bench-
mark circuits than s9234 can not be currently treated
because the ATPG used in the experiment is inade-
quately implemented. This does not mean an essential
limitation of our method.

Table 4 shows the results of the proposed test gen-
eration method and sequential test generator HITEC
[10]. The second and third column of Table 4 are the
number of target faults (#faults) and the maximum
number of faults composing a multiple fault(MaxMul).
For the proposed test generation method, the num-
ber of detected faults(#det), the number of redun-
dant faults(#red), the number of aborted faults(#abt),
the fault efficiency (eff) and the computational time
(time) are shown. The fault efficiency is given by
(#det+#red)/#fault×100. The numbers in brackets
at column time are the computational time for trans-
forming a TEM to an MS-model. Such computational
time seems to depend on the maximum number of faults
composing a multiple fault. The last two columns show
the results of test generation for acyclic sequential cir-
cuits using HITEC [10].

Comparing the proposed method with HITEC by
Table 4, the fault efficiency by the proposed method is
equal or higher than that by HITEC for all circuits ex-
cept s5378. In particular, for s1423 and s9234, the pro-
posed method can provide test sequences with higher
fault efficiency. On the other hand, the computational
time by the proposed method is also comparable to
that by HITEC for all circuits except s5378. For s1238,
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Table 4 Test generation results by proposed method and HITEC.

Proposed test generation method HITEC [10]
circuit #faults MaxMul #det #red #abt eff(%) time(sec.) eff(%) time(sec.)
s382 387 1 387 0 0 100.0 0.04 (0) 100.0 0.00
s400 412 1 405 7 0 100.0 0.03 (0) 100.0 0.01
s444 462 1 443 19 0 100.0 0.05 (0) 100.0 0.05
s641 459 2 459 0 0 100.0 0.08 (0) 100.0 10.00
s713 573 2 543 30 0 100.0 0.09 (0) 100.0 1.31
s953 1033 1 1033 0 0 100.0 0.17 (0) 100.0 0.06
s1196 1206 4 1206 0 0 100.0 1.17 (0) 100.0 0.05
s1238 1319 4 1277 42 0 100.0 1.77 (0) 100.0 0.76
s1423 1509 2 1501 8 0 100.0 0.25 (0) 99.8 9.56
s5378 4201 10 834 3249 118 97.2 1377.79 (169) 99.3 278.93
s9234 6775 6 6299 468 8 99.9 165.00 (11) 98.0 388.06

Table 5 An analysis of test generation for s5378.

#faults time(sec.)
Mul det red abt det red abt

1 465 2286 0 7.77 77.13 0
2 109 763 1 1.46 909.02 33.24
3 53 117 1 1.07 719.69 22.35
4 37 78 3 4.50 148.02 42.45
5 84 40 9 7.11 174.67 88.89
6 25 48 14 0.87 617.83 249.34
7 28 0 0 0.66 0 0
9 4 5 3 0.12 134.27 41.85

10 28 0 0 1.11 0 0

s1423 and s5378, however, the computational time for
the proposed method is larger than that for HITEC.
Since the sizes of MS-TEMs for these benchmark cir-
cuits are unexpectedly large, shown in Table 3, it is
conceivable that the computational time increases ac-
cording to the increase in the size of MS-TEMs.

As seen in Table 4, for s5378, our method cannot
achieve high fault efficiency in spite of large computa-
tional effort compared to HITEC. We can consider that
this is because the maximum number of faults compos-
ing a multiple fault is large, it is ten. In order to analyze
the relationship between the maximum number of faults
composing a multiple fault and the computational ef-
fort, first, we classified faults in s5378 according to the
number of faults composing a multiple fault, and then
examined the number of faults and the computational
time for each class. The results are shown in Table 5.
From this table, we can see that many redundant faults
exist in s5378 and most of the test generation time is
accounted for the time to identify the redundant multi-
ple stuck-at faults. We can consider that this is because
the size of the TEM is large owing to logic duplication.
One approach to solve such a problem is to identify
combinationally redundant faults in a given sequential
circuit prior to MS-TEM generation. By using this ap-
proach, the number of target faults can be reduced, and
hence, the size of MS-TEM can also be reduced. The
detailed analysis about this effect is a future work.

5. Conclusion

This paper presented a method of generating test

sequences for acyclic sequential circuits using single
stuck-at fault combinational ATPG. In order to express
multiple stuck-at faults in a time-expansion model of
an acyclic sequential circuit as single stuck-at faults,
we use MS (Multiple-to-single) transformation. By us-
ing MS transformation, a time-expansion model and
its multiple fault set are transformed into a combina-
tional circuit model, called MS-TEM, and its single
fault set. Since the size of an MS-TEM increases with
the number of faults targeted by test generation, lo-
cal fault collapsing, proven to be available for our test
generation procedure in this paper, is performed to re-
duce the number of the target faults. Experimental
results show the proposed method can generate test se-
quences in equal or lower computational effort than a
conventional test generator for sequential circuits. Fur-
thermore, from the experimental results, we can expect
that redundancy identification prior to MS-TEM gen-
eration is useful for reducing the computational effort
of test generation. Integrating a redundancy identifica-
tion method into our method is a future work.

References

[1] K.-T. Cheng and V.D. Agrawal, “A partial scan method for
sequential circuits with feedback,” IEEE Trans. Comput.,
vol.39, no.4, pp.544–548, April 1990.

[2] D.H. Lee and S.M. Reddy, “On determining scan flip-
flops in partial scan design approach,” Proc. Int’l Conf.
Computer-Aided Design, pp.322–325, Nov. 1990.

[3] S.T. Chakradhar, A. Balakrishnan, and V.D. Agrawal, “An
exact algorithm for selecting partial scan flip-flops,” Proc.
Design Automation Conference, pp.81–86, 1994.

[4] R. Gupta, R. Gupta, and M.A. Breuer, “The BALLAST
methodology for structured partial scan design,” IEEE
Trans. Comput., vol.39, no.4, pp.538–544, April 1990.

[5] T. Takasaki, T. Inoue, and H. Fujiwara, “Partial scan de-
sign methods based on internally balanced structure,” Proc.
Asian & South Pacific Design Automation Conf., pp.211–
216, 1998.

[6] Y.C. Kim, V.D. Agrawal, and K.K. Saluja, “Combinational
test generation for various classes of acyclic sequential cir-
cuits,” Proc. Int’l Test Conf., pp.1078–1087, 2001.

[7] T. Inoue, T. Hosokawa, T. Mihara, and H. Fujiwara, “An
optimal time expansion model based on combinational
ATPG for RT level circuits,” Proc. IEEE the 7th Asian
Test Symp., pp.190–197, Dec. 1998.



3078
IEICE TRANS. FUNDAMENTALS, VOL.E86–A, NO.12 DECEMBER 2003

[8] T. Inoue and H. Fujiwara, “Test generation for acyclic se-
quential circuits with hold registers,” Proc. Int’l Conf. of
Computer-Aided Design, pp.550–556, Nov. 2000.

[9] M. Abramovici, M.A. Breuer, and A.D. Friedman, Digital
systems testing and testable design, IEEE press, 1990.

[10] T.M. Niermann and J.H. Patel, “HITEC: A test generation
package for sequential circuits,” European Design Automa-
tion Conference, pp.214–218, 1991.

[11] M.H. Schultz, E. Trischler, and T. Sarfert, “SOCRATES:
A highly efficient automatic test pattern generation sys-
tem,” IEEE Trans. Comput.-Aided Des. Integr. Circuits
Syst., vol.7, no.1, pp.126–137, Jan. 1988.

Hideyuki Ichihara received his M.E.
and Ph.D. degrees in Applied Physics
from Osaka University, Japan, in 1997,
1999, respectively. He was a research
scholar of University of Iowa, U.S.A. from
February 1999 to July 1999. Since De-
cember 1999, he has been an assistant
professor of Hiroshima City University in
Japan. His research interests are test gen-
eration for logic circuits, logic optimiza-
tion using test generation techniques and

design for testability. He is a member of the IEEE.

Tomoo Inoue is an associate profes-
sor at the Faculty of Information Sciences,
Hiroshima City University. His research
interests include test generation, high-
level synthesis and design for testability,
and testing for reconfigurable devices such
as field-programmable gate arrays. He re-
ceived the B.E., M.E. and Ph.D. degrees
from Meiji University, Kawasaki, Japan,
in 1998, 1990 and 1997, respectively. Pre-
viously, he was an assistant professor at

the Graduate School of Information Science, Nara Institute of
Science and Technology. He is a member of the IEEE and IPSJ.


