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Abstract. We show that the test generation problem for all single stuck-at faults in sequential circuits with internally balanced structures can be reduced into the test generation problem for single stuck-at faults in combinational
circuits. In our previous work, we introduced internally balanced structures as a class of sequential circuits with the
combinational test generation complexity. However, single stuck-at faults on some primary inputs, called separable
primary inputs, corresponded to multiple stuck-at faults in a transformed combinational circuit. In this paper, we
resolve this problem. We show how to generate a test sequence and identify undetectability for single stuck-at faults
on separable primary inputs.
Keywords: test generation, combinational circuit, sequential circuit, balanced structure, internally balanced
structure

1.

Introduction

Test generation for sequential circuits is, in general,
a difficult and intractable task which may be unsolvable within reasonable amount of time for a large-scale
circuit [1, 5]. When all the flip-flops of a circuit are
∗ Currently

with Synopsys, USA.

replaced with scan flip-flops ( full scan design), all the
scan flip-flops are treated as equivalents to external I/O
terminals and hence the test generation can be performed for the remaining circuit (called the “kernel
circuit”) with the exclusion of all flip-flops, i.e., for
the combinational part of the sequential circuit. Therefore, the full scan design method can reduce the test
generation problem for a sequential circuit to the test
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generation problem for a combinational circuit. We
shall consider only stuck-at faults in this paper, and
refer to stuck-at faults to hereafter just as faults.
To reduce area and delay overhead while preserving the above good feature of the full scan design, a
class of sequential circuits that allows test generation
with combinational test generation algorithms has been
investigated [2, 6–9]. Balanced structures [8] are one
class of circuit structures with this feature. A sequential circuit is a balanced structure if it is acyclic and all
paths between any pair of primary input and primary
output have the same number of flip-flops. For a balanced sequential circuit, test generation problem can
be reduced into the test generation problem for a combinational circuit obtained by replacing all flip-flops
with wires. In this transformation, all single faults on a
balanced circuit correspond to single faults on the transformed combinational circuit. In [2], a sub-class of balanced structure called strongly balanced structures is
introduced to reduce test application time. In [7], a balanced structure is considered at register-transfer level.
At this level, the functional behavior of the combinational logic such as “switch” can be considered, and
switched balanced structures are introduced as a larger
class of the balanced structures. For an acyclic structure, test generation method that uses combinational
test generation algorithm for a time expansion model
is proposed [9]. Although this model allows test generation with combinational test generation algorithm,
it includes multiple copies of the combinational blocks
of the original sequential circuits. Therefore, the transformed circuits is much larger than the original circuit,
and moreover, a single fault in the original circuit may
correspond to a multiple fault in the transformed circuit. In general, the single stuck-at faults can be used
to model other type of faults (see [1], pp.111, 112),
and hence multiple stuck-at faults can be modeled by
single stuck-at faults. However, the approach requires
additional circuitry for each fault to the circuit, and
therefore, the size of the circuit under test is enlarged.
In [6], we introduced a new class of sequential circuits with combinational test generation complexity
called internally balanced structure. This class is larger
than the class of balanced structures. When considering
realization possibility of finite state machines (FSMs),
it is shown that {FSMs which can be realized as a sequential circuit of acyclic structure} = {FSMs which
can be realized as a sequential circuit of internally balanced structure} ⊃ {FSMs which can be realized as a
sequential circuit of balanced structure}. We reduced

Fig. 1. Correspondence of faults: (a) A
separable primary input in S, (b) separated
primary inputs in C.

the test generation problem for faults in a circuit S
with an internally balanced structure into the test generation problem for faults in a combinational circuit
C where some primary inputs with fanout branches in
S are separated into two or more primary inputs according to some partition of the fanout branches. We
call such primary inputs in S separable primary inputs.
Any part in S except for the separable primary inputs
is not replicated in C. Therefore, each single fault on a
separable primary input in S corresponds to a multiple
fault on the separated primary inputs in C, while the
other single faults in S correspond to single faults in C.
Fig. 1 shows an example. The original circuits S has
a separable primary input x (Fig. 1(a)) separated into
three primary inputs x1 , x2 , x3 in the transformed circuit C (Fig. 1(b)). In such transformation, the fault on
x in S corresponds to a multiple fault on x1 , x2 , x3 in C.
In this paper, we desire to generate test sequences for
single faults on the separable primary inputs without
any modification of S or C. The separable primary inputs have fanout branches, and we consider the relation
between a multiple faults on all the fanout branches
and single faults on the fanout branches. There are
many works on fanout faults or multiple faults including [3, 4, 10].
First, we show that test sequences corresponding to
test patterns for single faults on separated primary inputs do not always detect faults on the separable primary inputs. This means that even if we can find test
patterns for all detectable faults on the primary inputs
in C separated from a primary input x in S, test sequences corresponding to these test patterns may not
detect the fault on x though it is detectable.
Next, we present how to find test sequences for single faults on the separable primary inputs. We show
that we can get a test sequence for a single stuck-at-v
fault on a separable primary input directly from a
test pattern for a single stuck-at-v fault on one of the
separated primary inputs. Finally, we show that a single
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stuck-at-v fault on a separable primary input is undetectable if all single stuck-at-v faults on the separated
primary inputs are undetectable. In this way, we reduce the test generation problem for single faults in
circuits with internally balanced structures into the test
generation problem for single faults in combinational
circuits. Moreover, the size of the transformed combinational circuit is not larger than the original sequential
circuit.
The rest of this paper is organized as follows. In
Section 2, the internally balanced structure and some
notations are provided. We show that faults on the separable primary inputs may not be detected by test sequences for the separated primary inputs, and show
how to generate complete test sequences and identify
undetectable faults in Section 3. Section 4 concludes
the paper.
2.

Preliminaries

First, we briefly define the internally balanced structure
[6]. For simplicity, we shall limit flip-flops (referred to
hereafter as FFs) to DFFs. Another kind of FFs can be
handled similarly.
The number of FFs included in a path is called a sequential depth of the path. The largest sequential depth
over the paths from the primary inputs of a sequential
circuit to a primary output is regarded as a sequential depth of the primary output. The largest sequential
depth over the primary outputs is regarded as a sequential depth of the sequential circuit. In this paper, we
treat only acyclic sequential circuits, and therefore, we
can find the sequential depth of any primary output and
the sequential depth of the sequential circuit. Suppose
x is a primary input, and yi and y j are fanout branches
of x. If there is no primary output that can be reached
from yi and y j over equal depth paths, then yi and y j
are called separable.
A partition  on a set A is a collection of disjoint
subsets whose set union is A. The disjoint subsets are
called the blocks of . A partition 1 on A is said to
be “smaller than or equal to” 2 on A if and only if
each pair of elements which are in a common block of
1 are also in a common block of 2 .
Extended Combinational Transformation: A transformation based on the following two operations
with a sequential circuit S of acyclic structure
is called an extended combinational transformation
(C ∗ -transformation), and the resulting combinational
circuit is denoted by C ∗ (S).

Fig. 2.

Fig. 3.
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Primary input separation.

Deletion of flip-flops.

1. Separation of primary inputs: For each primary
input x with fanout branches, separate it as follows. Let Y denote a set of the fanout branches
of a primary input. Let us obtain the smallest
partition  of Y which satisfies the following statement: If branches ya and yb belong to different blocks Y (i), Y ( j) of partition (ya ∈ Y (i),
yb ∈ Y ( j), Y (i) = Y ( j)) then ya and yb are separable. As shown in Fig. 2, each partitioned block Y (i)
is provided with a new primary input xi separated
from the original primary input x.
2. C-transformation: Replace each FF by a wire (for
the case of negative FF output, a NOT gate is added,
see Fig. 3).
Note that we can uniquely obtain the smallest partition  for each primary input as connected components of a graph such that the vertices are the fanout
branches and an edge exists iff two fanout branches
are not separable. In this way, for a given acyclic circuit S, the resulting circuit from the operation (1) of the
C ∗ -transformation and the resulting circuit C ∗ (S) from
the C ∗ -transformation are uniquely determined.
Balanced Structure [6]: For any pair of primary input
and primary output in an acyclic circuit S, if the sequential depths of all paths connecting these two points are
equal, then S is regarded as a balanced structure.
Internally Balanced Structure [4]: An acyclic circuit S
is regarded as an internally balanced structure if
the circuit resulting from the operation (1) of the
C ∗ -transformation on S is a balanced structure.
The circuit shown in Fig. 4(a) is an internally balanced structure but is not a balanced structure where
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path from x to z is uniquely determined. The value
of x in Tc (T, S, z, τ ) is the value of x of T in time
frame τ − d.
2. Case where x is a primary input in S and is separated in C ∗ (S): Assume that the primary input
x in S is separated to obtain the primary inputs
x1 , x2 , . . . , xn in C ∗ (S). Since S is an internally balanced structure, any path from x j ( j = 1, 2, . . . , n)
to z has unique sequential depth d j . The value of
x j ( j = 1, 2, . . . , n) of test pattern Tc (T, S, z, τ )
is the value of x of T in time frames τ − d j
( j = 1, 2, . . . , n).

Fig. 4. (a) Example of internally balanced structure, (b) Circuit resulting from the operation (1) of
the C∗ -transformation.

A, B, C, D are blocks of combinational logics and
R1, R2, R3 are registers (collections of FFs). Fig. 4(b)
shows the circuit resulting from the operation (1) of
the C∗ -transformation on the circuit in Fig. 4(a), where
a primary input x1 is separated into two primary inputs x1,1 and x1,2 , and the circuit in Fig. 4(b) is a
balanced structure. Therefore, the circuit in Fig. 4(a)
is an internally balanced structure. Clearly, if the circuit is balanced structure then it is also internally balanced structure. The relation among the structures is as
follows: {sequential circuits with acyclic structure} ⊃
{sequential circuits with internally balanced structure}
⊃ {sequential circuits with balanced structure}.
Let S be a circuit with an internally balanced structure. We consider a transformation of a test pattern for
C ∗ (S) into a test sequence T for S. First, we define a
transformation of a test sequence T for S into a test
pattern for C ∗ (S). The transformaion of a test pattern
into a test sequence is defined as the reverse function.
Let z be a primary output in S such that T propagates
a fault effect to a primary output z in time frame τ .
Let Tc (T, S, z, τ ) be a test pattern for C ∗ (S) which is
transformed from a test sequence T for S as follows.
Assume that the length of T and the time frame τ are
both more than the sequential depth of z. If there is no
path from a primary input x to z in C ∗ (S), we consider
the value of x as don’t care, otherwise, the following
two cases exist.
1. Case where x is a primary input in S and is not
separated in C ∗ (S): The sequential depth d of any

Now we consider the reverse transformation. Let t
be a test pattern for C ∗ (S) that propagates a fault effect to a primary output z, and let d be the sequential
depth of z. We can define a test sequence that propagates a fault effect in time frame d + 1. Since all
the sequential depths d j ( j = 1, 2, . . . , n) in the second case are different from each other, the values of x j
( j = 1, 2, . . . , n) correspond into the values of x of the
test sequence in distinct time frames. Therefore, we can
define a test sequence T from a test pattern t satisfying
t = Tc (T, S, z, d + 1).
Example 1. Fig. 5(a) shows a sequential circuit S with
an internally balanced structure where a primary input x2 is separable. We can obtain a circuit C ∗ (S)
in Fig. 5(b) where x2 is separated into x2,1 and x2,2 .
For S, input sequence T = (000, 101) is a test sequence detecting the stuck-at-1 fault on y1 which

Fig. 5. (a) Internally balanced structure
S, (b) Combinational equivalent C ∗ (S).
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propagates a fault effect to a primary output z 1 in time
frame 2. This sequence is transformed to a test pattern t = Tc (T, S, z 1 , 2) = ((x1 = 1, x2,1 = 0, x2,2 = 0,
x3 = 1) for the stuck-at-1 fault on x2,1 in C ∗ (S).
On the other hand, any test sequence T satisfying
(1001) = Tc (T, S, z 1 , 2) detects the stuck-at-1 fault on
y1 in S. Since the sequential depth of a path from x2,1
to z 1 is 1 and the sequential depth of the other path to
z 1 are 0, the value of x2,1 corresponds to the value of x2
in time frame 2 − 1 = 1 and the other values corespond
to the values in time frame 2 − 0 = 2. Therefore an
input sequence (−0−, 101) is such a sequence where
‘−’ means don’t care.
Possibility of Test Generation with Combinational
Test Generation Complexity
In [6], we defined the possibility of test generation with
combinational test generation complexity as follows:
If the test generation problem for a sequential circuit
S can be reduced to the test generation problem of
C ∗ -transformed combinational circuit C ∗ (S), S allows
test generation with combinational test generation
complexity. Such a sequential circuits is called a
sequential circuit allowing test generation with combinational test generation complexity, or, simply, a
sequential circuit with combinational test generation
complexity. We showed that the test generation problem for a sequential circuits S with internally balanced
structure can be reduced to the test generation problem
for a combinational circuit C ∗ (S).
This is the extension of the definiton of the possibility of test generation with combinational test generation complexity in [8], where they use C-transformaion
as the transformaiton to combinational circuits. We extended the defintioin by introducing C ∗ -transformaion.
In [6], we further extended the definition to more general form, where we require the time complexities of the
transfromation and test generation of the transfromed
combinational circuit are less than the time complexity
of the test generation of the original sequential circuit.
Theorem 1 ([4]). If a sequential circuit S is an internally balanced structure, S allows test generation with
combinational test generation complexity.
However, each fault on a separable primary input x in
S corresponds to a multiple fault on all the separated
primary inputs of x in C ∗ (S). On the other hand, any
other single fault f in S corresponds to a single fault f
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on the same line in C ∗ (S), and a test pattern t detects f
iff any test sequence satisfying t = Tc (T, S, z, d + 1)
detects f in S where t propagates a fault effect to a
primary output z with a sequential depth d.
3.

Detection of Separable Primary Input Faults

In this section, we consider whether the test generation
problem for single faults in a sequential circuit S with
internally balanced structures can be reduced to the test
generation problem for single faults in a combinational
circuit C ∗ (S). Since the test generation problem for all
single faults except on separable primary inputs in S
can be reduced into the test generation problem for
single faults in C ∗ (S), we only consider single faults
on separable primary inputs.
We consider whether the test generation problem for
a single fault on a separable primary input x in S can
be reduced into the test generation problem for single
faults on primary inputs separated from x in C ∗ (S).
First, we show that test sequences corresponding to test
patterns for single faults on separated primary inputs
do not always detect faults on the separable primary
inputs.
Theorem 2. Let S be a sequential circuit S with internally balanced structure. The following statement does
not hold: For any primary input x in S which is separated into x1 , xi , . . . , xn in C ∗ (S), if {t1 , t2 , . . . , tk } =
∅ is a complete test set for the single stuck-at-v faults
on x1 , xi , . . . , xn in C ∗ (S) then there exists a test pattern t ∈ {t1 , t2 , . . . , tk } such that any test sequences T
satisfying t = Tc (T, S, z, d + 1) detects a stuck-at-v
fault on x in S where t propagates a fault effect to a
primary output z and d is a sequential depth of z in S.
Proof: Consider the circuits in Fig. 5 again. To prove
the theorem, it is sufficient to show that, for each x2, j
( j = 1, 2), there is a test pattern t such that it detects the
single stuck-at-v fault on x2, j and that some sequence T
satisfying t = Tc (T, S, z, d + 1) cannot detect the
stuck-at-v fault on x2 , where t propagates a fault effect
to a primary output z and d is the sequential depth of z
in S.
Now, we show such test patterns for stuck-at-1 faults
on x2,1 and x2,2 . The test pattern t = (x1 = 1, x2,1 = 0,
x2,2 = 0, x3 = 1) can detect both stuck-at-1 faults on
x2,1 and x2,2 in C ∗ (S). It propagates D to z 1 for the
fault on x2,1 and D̄ to z 2 for the fault on x2,2 . Both
sequential depths of z 1 and z 2 are 1, and the sequence
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T = (000, 101) satisfies t = Tc (T, S, z 1 , 2) and t =
Tc (T, S, z 2 , 2) but does not detect the stuck-at-1 fault

on x2 .
Although Theorem 2 means that we cannot find
a test sequence for a fault on a separable primary
input directly from test patterns for separated primary inputs, we can find such a test sequence which
detects a fault on a separable primary input. For
an input pattern t = (v1 , v2 , . . . , vm ) for a combinational circuit with primary inputs x1 , x2 , . . . , xm , let
t[xi := wi , x j := w j , . . .] denote the input pattern obtained from replacing the values of xi , x j , . . . with the
values wi , w j , . . ..
In [6], it is shown that a single stuck-at-v fault on
a separable primary input x in a sequential circuit S
with internally balanced structure is detectable iff the
multiple stuck-at-v fault on all the separated primary
inputs in C ∗ (S) is detectable. The following theorems
consider a multiple fault on some of primary inputs in
a combinational circuit.
Theorem 3. Let x1 , x2 , . . . , xm be a subset of primary inputs in a combinational circuit C. For any
j ∈ {1, 2, . . . , m}, if t is a test pattern for a single stuckat-v fault f j on some x j in C, then a multiple stuckat-v fault f on x1 , x2 , . . . , xn can be detected by t or
t[x j := v].
Proof: Let z be a primary output to which t propagates a fault effect, and let F(x1 , x2 , . . . , xn , X ) be a
function of z where X is a list of primary inputs other
than x1 , x2 , . . . , xn . Since t detects f j , the value of x j
in t must be v̄ and F(t) = F(t[x j := v]) holds. Let F f
denote the value of z in C with the fault f .
1. Case of F(t) = F(t[x1 := v, . . . , xn := v]): In this
case, F f (t) = F(t[x1 := v, . . . , xn := v]) =F(t)
holds. Therefore, f can be detected by t.
2. Case of F(t) = F(t[x1 := v, . . . , xn := v]):
F f (t[x j := v]) = F(t[x1 := v, . . . , xn := v]) =
F(t) = F(t[x j := v]). Therefore, f can be detected
by t[x j := v].

Let T S,x,v (TC,x,v ) denote a set of test sequences (test
patterns) that detect a stuck-at-v on a line x in a sequential circuit S (a combinational circuit C).
Theorem 4. Let x1 , x2 , . . .
, xm be primary inputs in a
combinational circuit C. If 1≤ j≤m TC,x j ,v = ∅ holds

then the multiple stuck-at-v fault f on x1 , x2 , . . . , xm
in C is undetectable.
Proof: We prove the theorem by contradiction. Assume 1≤ j≤m TC,x j ,v = ∅ but there is a test pattern t
that detects f . Let z be a primary output to which t
propagates a fault effect. Let F be a function of z in
C. Since there is no test pattern for stuck-at-v fault on
any x j , F(t ) = F(t [x j := 0]) = F(t [x j := 1]) =
F(t [x j := v]) holds for any x j and any input pattern t .
Since t is a test pattern for f , F(t) = F(t[x1 :=
v, . . . , xn := v]) holds. However, the following also
holds.
F(t)
= F(t[x1 := v])
= F(t[x1 := v, x2 := v])
···
= F(t[x1 := v, . . . , xn := v])
The contradiction occurs.



In [6], it is shown that a single stuck-at-v fault on
x in S is detectable iff the multiple stuck-at-v fault
on x1 , x2 , . . . , xn in C ∗ (S) is detectable. Therefore,
Theorems 3 and 4 imply the following corollaries.
Corollary 5. Let S be a sequential circuit with internally balanced structure, where a primary input x
in S is separated into x1 , x2 , . . . , xn in C ∗ (S). If t is
a test pattern for a single stuck-at-v fault f j on some
x j in C ∗ (S)( j = 1, 2, . . . , n), then a single stuck-at-v
fault f on x in S can be detected by any T satisfying t = Tc (T, S, z, d) or any T satisfying t[x j := v] =
Tc (T , S, z, d) where z is the primary output to which t
propagates a fault effect and d is the sequential depth
of z in S.

Corollary 5 implies that 1≤ j≤n TC ∗ (S),x j ,v = ∅ ⇒
T S,x,v = ∅ holds.
Corollary 6. Let S be a circuit with an internally balanced structure, where a primary input
x is separated into x1 , x2 , . . . , xn in C ∗ (S). Then,

1≤ j≤n TC ∗ (S),x j ,v = ∅ ⇒ T S,x,v = ∅ holds.
Example 2. Now, we consider the sequential circuit
S in Fig. 5(a) again. t = (x1 = 1, x2,1 = 0, x2,2 = 0,
x3 = 1) can detect the stuck-at-1 fault on x2,1 in C ∗ (S).
The test pattern t propagates D to z 1 which sequential depth is 1. However, some sequence T satisfying
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t = Tc (T, S, z 1 , 2) (T = 000, 101 for example) does
not detect the stuck-at-1 fault on x2 . In this case, any
sequence T satisfying t[x2,1 := 1] = Tc (T , S, z 1 , 2),
i.e., T = (−1−, 101), can detect the stuck-at-1 fault
on x2 .
Using the result in [6] and Corollaries 5 and 6, we can
generate a test sequence for single faults in an internally
balanced circuit S using a test generation algorithm
for single faults in a combinational circuit C ∗ (S). The
procedure to generate a test sequence is as follows.
Test Generation Procedure
1. Transform S into a combinational circuit C ∗ (S).
2. Generate test patterns for all single faults in C ∗ (S)
using a combinational test generation algorithm.
3. For all faults except on the separated primary inputs in C. Transform each test pattern t into a test
sequence T satisfying t = Tc (T, S, z, d) where t
propagates a fault effect to a primary output z and
d is the sequential depth of z in S. If a fault f in
C ∗ (S) is identified as undetectable, identify the corresponding fault in S as undetectable. Concatenate
all obtained test sequences. Let T be a concatenated
sequence.
4. For each stuck-at-v fault on each separable primary input x in S, if some primary input x j separated from x has a test pattern t for a stuck-at-v
fault, then append a test sequence T satisfying
t = Tc (T, S, z, d) and a test sequence T satisfying
t[x j := v] = Tc (T , S, z, d) to T where z is the
primary output to which t propagates a fault effect
and d is the sequential depth of z in S. Otherwise,
identify a stuck-at-v fault on x as undetectable.
If a complete test generation algorithm for combinational circuits is available, the above procedure
provides complete test sequence T for the internally
balanced circuit S. Note that the 4th step in the above
procedure may add two test sequences for one single
fault. Theorem 3 guarantees that one of the two sequences can detect the fault. Therefore, we can delete
one of them from T using a fault simulator to reduce
the length of a test sequence.
4.

Conclusion

In this paper, we considered the test generation problem
for the single stuck-at-v faults on the separable primary
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inputs of a sequential circuit with an internally balanced
structure. We first showed that test sequences corresponding to test patterns for single stuck-at-v faults on
the separated primary inputs x1 , x2 , . . . xn cannot always detect the single stuck-at-v fault on x. However,
we showed that the single stuck-at-v fault on x can be
detected if one of the stuck-at-v faults on the separated
primary inputs is detected. We presented how to find a
test sequence for the fault on x using a test pattern for
any of the separated primary inputs. We also showed
that if any single stuck-at-v fault on the separated primary inputs is undetectable then the single stuck-at-v
fault on x is also undetectable. As a result, the test generation problem for single faults on separable primary
inputs in a sequential circuit with an internally balanced
structure can be reduced to the test generation problem
for single faults in a combinational circuit.
In [6], it is shown that the test generation problem
for single faults on all lines except for the separable primary inputs of a sequential circuit with an internally
balanced structure can be reduced to the test generation problem for single faults in a combinational circuit. Moreover, the proposed transformation obtains a
combinational circuit which is not larger than the original sequential circuit. From the result in this paper,
we conclude that the test generation problem for all
single faults in a sequential circuit with an internally
balanced structure can be reduced to the test generation problem for single faults in a combinational circuit
that is not larger than the original sequential circuit. We
proposed the test generation procedure for internally
balanced circuits. This procedure guarantees 100%
fault efficiency if a complete test generation algorithm
for single stuck-at faults in combinational circuits is
available.
Acknowledgment
This work was supported in part by Japan Society for
the Promotion of Science(JSPS) under the Grant-inAid for Scientific Research B(2) (No. 09480054), in
part by Foundation for Nara Institute of Science and
Technology under the Grant for Activity of Education
and Research, and in part by JSPS under grant P99747.
References
1. M. Abramovici, M.A. Breuer, and A.D. Friedman, Digital
Systems Testing and Testable Design, Piscataway, NJ: IEEE
Press, 1990.

62

Inoue, Gizdarski and Fujiwara

2. A. Balakrishnan and S.T. Chakradhar, “Sequential Circuits with
Combinational Test Generation Complexity,” in Proc. Intl. Conf.
on VLSI Design, 1996, pp. 111–117.
3. J.E. Chen, C.L. Lee, and W.Z. Shen, “Single-Fault FaultCollapsing Analysis in Sequential Logic Circuits,” IEEE Trans.
on Computer-Aided Design, vol. 10, pp. 1559–1568, Dec. 1991.
4. J.E. Chen, C.L. Lee, W.Z. Shen, and B. Chen, “Fanout Fault
Analysis for Digital Logic Circuits,” in Proc. Asian Test Symposium, 1995, pp. 33–37.
5. H. Fujiwara, Logic Testing and Design for Testability,
Cambridge, MA: The MIT Press, 1985.
6. H. Fujiwara, “A New Class of Sequential Circuits with
Combinational Test Generation Complexity,” IEEE Trans. on
Computers, vol. 49, pp. 895–905, Sept. 2000.
7. R. Gupta and M.A. Breuer, “Partial Scan Design of RegisterTransfer Level Circuits,” Journal of Electronic Testing: Theory
and Applications, vol. 7, pp. 25–46, 1995.
8. R. Gupta, R. Gupta, and M. Breuer, “The BALLAST Methodology for Structured Partial Scan Design,” IEEE Trans. on
Computers, vol. C-39, pp. 538–544, April 1990.
9. T. Inoue, T. Hosokawa, T. Motohara, and H. Fujiwara, “An
Optimal Time Expansion Model Based on Combinational ATPG
for RT Level Circuits,” in Proc. Asian Test Symposium, 1998,
pp. 190–197.
10. J. Jacob and V.D. Agrawal, “Multiple Fault Detection in TwoLevel Multi-Output Circuits,” Journal of Electronic Testing:
Theory and Applications, vol. 3, pp. 171–173, 1992.
Michiko Inoue received her B.E., M.E, and Ph.D degrees in computer science from Osaka University in 1987, 1989, and 1995 respectively. She worked at Fujitsu Laboratories Ltd. from 1989 to
1991. She is an associate professor of Graduate School of Information Science, Nara institute of Science and Technology (NAIST).
Her research interests include distributed algorithms, parallel algorithms, graph theory and design and test of digital systems. She is a
member of IEEE, the Institute of Electronics, Information and Communication Engineers, the Information Processing Society of Japan,
and Japanese Society for Artificial Intelligence.

Emil Gizdarski received the B.S. and M.S. degrees from University
of Rousse in 1986 and 1987, and the Ph.D. degree from the Technical University of Sofia, Bulgaria in 1994. In 1989 he joined the dept.
of Computer Systems, University of Rousse, Bulgaria as Assistant
Professor. From November 1999 to September 2001 he was a postdoctoral fellow of JSPS (Japan Society for the Promotion of Science)
at Nara Institute of Science and Technology, Japan. Currently, he is a
R&D engineer at Synopsys. His research interests include Automatic
Test Pattern Generation, Memory and Logic Built-In Self-Test.

Hideo Fujiwara received the B.E., M.E., and Ph.D. degrees in electronic engineering from Osaka University, Osaka, Japan, in 1969,
1971, and 1974, respectively. He was with Osaka University from
1974 to 1985 and Meiji University from 1985 to 1993, and joined
Nara Institute of Science and Technology in 1993. In 1981 he was a
Visiting Research Assistant Professor at the University of Waterloo,
and in 1984 he was a Visiting Associate Professor at McGill University, Canada. Presently he is a Professor at the Graduate School
of Information Science, Nara Institute of Science and Technology,
Nara, Japan.
His research interests are logic design, digital systems design
and test, VLSI CAD and fault tolerant computing, including highlevel/logic synthesis for testability, test synthesis, design for testability, built-in self-test, test pattern generation, parallel processing,
and computational complexity. He is the author of Logic Testing
and Design for Testability (MIT Press, 1985). He received the IECE
Young Engineer Award in 1977, IEEE Computer Society Certificate of Appreciation Award in 1991, 2000 and 2001, Okawa Prize
for Publication in 1994, and IEEE Computer Society Meritorious
Service Award in 1996. He is an advisory member of IEICE Trans.
on Information and Systems and an editor of IEEE Trans. on Computers, J. Electronic Testing, J. Circuits, Systems and Computers,
J. VLSI Design and others. Dr. Fujiwara is a fellow of the IEEE, a
Golden Core member of the IEEE Computer Society, a fellow of the
IEICE (the Institute of Electronics, Information and Communication Engineers of Japan) and a member the Information Processing
Society of Japan.

