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Abstract

Since scan testing is not based on the function of the circuit,
but rather its structure, scan testing is considered to be a form
of over testing or under testing. It is important to test VLSIs
using the given function. Since the functional specifications
are described explicitly in the FSMs, high test quality is
expected by performing logical testing and timing testing. This
paper proposes a test generation method to detect specified
Sfault models completely and to increase defect coverage as
much as possible under test length constraint. We give
experimental rvesults for MCNC’91 benchmark circuits. The
proposed test generation method achieves high bridging fault
coverage, high transition fault coverage, and high path delay
Sfault coverage compared to the conventional fault-dependent
test generation method.

keywords: state-observable FSMs, logical testing, timing
testing, n-detection

1. Introduction

In recent years, very large scale integrated circuit (VLSI)
testing has become increasingly important because the number
of gates on VLSISs is increasing rapidly and the complexity of
VLSIs is growing with advances in semiconductor technology.
Currently, scan testing for the stuck-at fault model [1, 2] is one
of the most popular test methods for VLSIs. However, it has
been reported that scan testing for the stuck-at fault model may
not detect defective VLSIs [4], and delay testing and at-speed
functional testing can effectively improve test quality [3]. As
mentioned above, scan testing is currently the most popular
test method. Scan testing is based on the structure of the circuit
rather than its function and generates test pattern. In scan
testing, the states of the circuits are transferred to invalid states
by the shift operation during the testing in order to detect
faults. This method is considered to be a form of over testing
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and yield loss of VLSIs may occur. Scan testing also detects
faults by shifting-in, the operation of a combinational circuit
part, and shifting-out. Hence, faults are not detected by
performing sequential operations of the circuits. This testing is
considered to be a form of under testing. Therefore, the test
quality deteriorates, and outflow of defective VLSIs into the
market may occur.

VLSI design methodologies using hardware description
languages have recently been adopted to reduce VLSI design
time. VLSIs are designed at the Register Transfer Level (RTL),
and RTL circuits consist of a data path part and a controller
part. The data path contains a hardware element (e.g., registers,
multiplexers, and operational modules) and signal lines. The
controller is represented by a finite state machine (FSM). A
controller and a data path are interconnected by internal
signals: control signals and status signals. A non-scan-based
Design For Testability (DFT) method of the data path part is
proposed in [S5], whereas a non-scan-based DFT method for
the controller part is proposed in [6]. At-speed testing is
possible, and test patterns for a stuck-at fault model are
completely generated by non-scan-based DFT methods. In [5,
6], both control signals from a controller and status signals
from a data path were assumed to be directly controllable from
primary inputs and observable at primary outputs. As
mentioned above, if at-speed functional testing and/or delay
testing are applied to VLSIs with a non-scan-based DFT, the
test quality can be further improved. As for the FSM, which is
the controller part of an RTL circuit, the circuit specification is
described explicitly. Thus, it is expected that the test quality
becomes high by performing a logical testing and a timing
testing under the constraints of the circuit specifications.

In consideration of these tests, a fault-independent
one-pattern test generation method and a fault-independent
two-pattern test generation method that enable a complete
logical testing and a timing testing have been proposed [7,8].
However, when the number of state transitions increases, the
test length drastically increases. It is necessary to detect a



specified fault model (e.g. stuck-at fault) completely and to
detect main fault models such as bridging fault, transition fault,
and path delay fault as much as possible for state-observable
FSMs. It was reported that an n-detection test generation
method (FSOD) to increase the fault sensitization coverage [9]
comparatively detected many bridging faults and transition
faults.

This paper proposes a test generation method to detect
specified fault models completely and to increase defect
coverage as much as possible under test length constraint. This
paper also proposes weighted state transition coverage as a
measure of test quality.

This paper is organized as follows. In Section 2, the
definition of state-observable FSMs. In Section 3, the
detection conditions of main fault models and an n-detection
test generation method to increase defect coverage are
described. In Section 4, a test generation method for
state-observable FSMs is proposed, and experimental results
for MCNC’91 FSM benchmarks [10] with many state
transitions are discussed in Section 5. Finally, Section 6
concludes the paper and discusses future research possibilities.

2. State-observable FSMs

(Definition 1: State-observable FSMs)

When an initial state can be identified by observing an output
sequence without being dependent on the input sequence, the
FSM is said to be state-observable. More specifically, when an
initial state can be identified by observing an output sequence
of length k, the FSM is said to be £ state-observable.

Figure 1 shows an example of an FSM. In this figure, STO
through STS and TO through T11 show the states and the input
values, respectively, of the state transitions (the value of each
primary input & {0, 1, X}, where X denotes don’t care). The
DFT transformed an FSM to a one-state observable FSM by
making the outputs of the status registers in the FSM
observable. In this paper, a one-state observable FSM is
hereinafter referred to simply as a state observable FSM. A
synchronous sequential circuit is synthesized from the FSM by
logic synthesis. Figure 2 shows the logic circuit model that
corresponds to the FSM after logic synthesis. Since the pseudo
primary inputs (PPI), which are the outputs of the status
registers, are observable in this figure, the PPIs connect with
the primary output. Thus, multiplexers are added on the PPI
and are connected to the primary outputs of the data path in
order to reduce the overhead of primary output pins [11]. Here,
PI, PO, SR, PPI, PPO, and R denote the primary inputs,
primary outputs, status registers, pseudo primary inputs
(outputs of the status registers), pseudo primary outputs
(inputs of the status registers), and a reset input, respectively.

In the test of state-observable FSMs, the PI value is applied
to a state-observable FSM, the resulting PO values are
observed, the state is then transferred from the current state to
the next state, and the resulting PPI values are observed. A
series of these procedures is referred to as a test for

state-observable FSMs.

Example 1: In Fig. 1, TO is applied to state STO on the
state-observable FSM and the state is transferred from STO to
ST1. T1 is then applied, and the state is transferred from ST1
to ST2. Next, test for the state-observable FSM is explained in
detail. R is activated and the values of the status registers are
initialized to STO in the first cycle. In the second cycle, TO is
applied and the values of the POs for (PI, PPI) = (TO, STO) are
observed just before the rising edge of the clock. Here, (PI,
PPI) denotes that the value of PI is applied to the PPI value
(state) for the state-observable FSM. Moreover, the PPI value
is observed after the rising edge of the clock. Thus, it is
verified that the state is successfully transferred from STO to
ST1. In the third cycle, T1 is applied and the PO values for (PI,
PPI) = (T1, ST1), which are observed just before the rising
edge of the clock. The resulting PPI value is observed after the
rising edge of the clock. Thus, it is verified that the state is
successfully transferred from ST1 to ST2.

The FSM has a completely specified FSM [14], in which the
next state and the output are specified for all of the inputs of
each state, and an incompletely specified FSM [11], in which
the next state and the output are not specified for all of the
inputs of each state. In this paper, in the incompletely specified
FSMs, state transitions that are not specified are assumed to be
the same as either of the state transitions that are specified.
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Fig. 2 Logic model for a state-observable FSM




3. Detection Conditions for Each Fault Model

First, an n-detection test generation method to increase fault
sensitization coverage [9] is described. Next, detection
conditions for the main fault models such as bridging faults [2],
transition faults [3], and path delay faults [3] are described.

3.1. An n-Detection Test Generation Method to

Increase Fault Sensitization Coverage

(Definition 2: Fault Sensitization Coverage)

Fault sensitization coverage for fault f'is defined as the ratio
of the number of signal lines sensitized by test set T to the
number of all signal lines that are reachable from f. Here,
sensitized signal lines for f are lines on the fault propagation
path at the time that f'is detected. Fault sensitization coverage
for the whole circuit is expressed by the average value of fault
sensitization coverage for all faults. The formulas of fault
sensitization coverage for f'and the whole circuit are expressed
as follows.

+ seny : Fault sensitization coverage for fault /'

Number of sensitized signal lines <1001

senf = ; - -
Number of the signal lines which are reachable from f

+ SEN : Fault sensitization coverage for the whole circuit

Z senf )

SEN =———~
Number of faults

An n-detection test generation method to increase fault
sensitization coverage, FSOD can be used for stuck-at faults to
increase fault sensitization coverage based on the following
strategies.

(1) For each fault, FSOD generates n test patterns that
sensitizes different fault propagation path and detects
faults.

(2) FSOD selects D-frontier[1, 2] to sensitize long fault
propagation path segments.

3.2. Detection of Bridging Faults

A bridging fault is a fault model that expresses a short
between signal lines. Bridging faults are classified into AND
type and OR type based on failure behavior. It is necessary to
generate a test pattern that detects a stuck-at 0 (1) fault for one
signal line and sets 0 (1) to the other signal line in order to
detect an AND (OR) type bridging fault. In this paper, U
model [12] is used. Both an AND type and an OR type must be
detected for the detection of a U model of the bridging fault. A
bridging fault may be able to be detected only when it
sensitizes a specific path. Therefore, if test patterns are
generated so that many paths are be sensitized as much as
possible, bridging fault coverage is increased. Since FSOD
sensitizes many fault propagation paths by increasing fault
sensitization coverage, it is consider that the generated test

patterns achieve high bridging fault coverage.

3.3. Detection of Transition Faults

A transition fault model assumes that a delay fault affects
only one signal line in the circuit. There are two transition
faults associated with each signal line: a slow-to-rise fault and
a slow-to-fall fault. It is assumed that in the fault-free circuit
each signal line has some nominal delay. Delay faults results
in an increase of this delay. Under the transition fault model,
the extra delay caused by the delay fault is assumed to be large
enough to prevent the transition from reaching any primary
output at the time of observation. In other words, the transition
fault can be observed independent of whether the transition
propagates through a long or short path to any primary output.
To detect a transition fault, it is necessary to apply a test
pattern pair, V. = (vl, v2). For testing a slow-to-rise (a
slow-to-fall), the first pattern, v1, initializes the fault site to 0
(1), and the second pattern, v2, is a test pattern for stuck-at-0
(1) fault at the fault site. It is considered that FSOD can detect
a small size of delay fault because it sensitizes a long fault
propagation path to increase fault sensitization coverage.
Because FSOD also generates n-detection test patterns,
transition probability of fault sites between the first pattern and
the second pattern is high. Then, the probability of transition
fault detection is considered to increase.

3.4. Detection of Path Delay Faults

Under a path delay fault model, a combinational circuit is
considered faulty if the delay of any of its paths exceeds a
specified limit. A path is defined as an ordered set of gates {g0,
gl, ..., gn}, where g0 is a primary input or a FF, and gn is a
primary output or a FF. A delay defect on a path can be
observed by propagating a transition through the path. There
exist several classes of path delay faults according to the
sensitization criteria. In this paper, a non-robust testable path
delay fault [3] is dealt with. There are two transition faults
associated with each path: a slow-to-rise fault and a
slow-to-fall fault. In order to detect a non-robust testable path
delay fault, it is necessary to apply a test pattern pair, V = (v1,
v2). In order to test a slow-to-rise (slow-to-fall) fault, the first
pattern, v1, initializes the primary inputs or the FFs on the path
to 0 (1), and the second pattern, v2, is a test pattern for
stuck-at-0 (1) fault at the primary inputs or the FFs on the path.
Moreover, v2 must propagate the fault effect through the path.
FSOD also generates test patterns to increase fault
sensitization coverage for faults at primary inputs. Thus, since
the probability that many paths are sensitized is high, it is
considered that the generated test patterns may be able to
detect many path delay faults. Since FSOD also generates
n-detection test patterns, transition probability of a primary
input (or a FF) between the first pattern and the second pattern
is high. Thus, the probability of path delay fault detection
increases.



4. Test Generation Method for State-observable
FSMs

This method generates a test sequence by generating an
FSM test generation graph from state-observable FSMs and
searching for a path. We propose weighted one-state transition
coverage and weighted two-state transition coverage as
measures of test quality for logical testing and timing testing,
respectively, for the generated test sequence.

4.1. FSM Test Generation Graph

(Definition 3: FSM test generation graph)

An FSM test generation graph is a directed graph G(V, E, s,
d, t), where a vertex v & V denotes a state transition. Each
vertex has a label s: V — A (A = {PPIIPPI2 --- PPIm},
PPI1, PPI2, :--, PPIm & {0, 1}, where m denotes the
number of status registers), a label d: V. — A (A = {PPI1PPI2
-+ PPIm}, PPII, PPI2, ---, PPIm & {0, 1}, and a label t: V
— B (B = {PIIPI2 ---PIn}, PII, PI2, -, PIn € {0, 1},
where n denotes the number of primary inputs). The label s
indicates the source state of the state transition, the label d
indicates the destination state of the state transition. The label t
indicates input values for the state transition. For any vertices
u, v € V, an edge (u, v) € E indicates that the destination
state in u is the same as the source state in v. The edge (u, v)
represents a continuous state transition pair. Furthermore, the
weights are assigned to each vertex and edge. The weight of a
vertex, w(v) (v. € V)is 1 if {s, t} in v is equivalent to test
patterns that are generated by FSOD, and otherwise 0. Here, {s,
t} denotes the concatenation of s and t. The weight of an edge,
we((vl,v2)) (vl,v2 € V, (vl,v2) € E) is the Hamming
distance between {s, t} in vl and {s, t} in v2, if ww(v2)is 1. If
ww(v2) is 0, then we((v1, v2)) is 0.

The quality of logical testing is considered to increase by
executing test patterns generated by FSOD. Therefore, the
weight wy is assigned to the vertex. The transition between the
first pattern and the second pattern must occur at a primary
input or an FF on a path in order to increase the quality of path
delay fault testing. Thus, when the Hamming distance between
the first pattern and the second pattern is large, the probability
that the transition occurs is high. It has been reported that
when the number of transitions at primary inputs is large, the
number of transition at internal signal lines is also large [13].
Thus, the probability for the detection of transition faults
becomes high.

Example 2: Figure 3 shows the state-observable FSM. Figure
4 shows the FSM test generation graph of Figure 3. The two
test patterns, (PPIL;,PPI,,PI) = (1,0,0) and (PPI,,PPL,,PI) =
(1,0,1), are generated for the combinational circuit after logic
synthesis by the FSOD. In Figure 4, a state assignment code of

Fig. 4 FSM test generation graph

the source state (label s), a state assignment code of the
destination state (label d), and the input value in each vertex
corresponding to a state transition are assigned. Moreover, the
weight wy is assigned to each vertex and the weight we is
assigned to each edge. In Figure 4, triangles indicate the values
of wv and a squares indicate the values of we. Each vertex is
expressed as (s, d, t). The edge ((00, 01, 0), (01, 10, 1)) means
that the state 00 transfers to the state 01 by the input 0 and the
state 01 transfers to the state 10 by the input 1. Since the test
pattern generated by FSOD, (PPI,,PP,,PI) = (1,0,0),
corresponds to the vertex (10, 10, 0), the wv is 1. Similarly,
since the test pattern generated by FSOD, (PPI;,PPI,,PI) =
(1,0,1), corresponds to the vertex (10, 00, 1), the wv is 1. In
other vertices, wvs are 0. In the edge ((01, 10, 1), (10, 10, 0))
of we is assigned 3 that is the Hamming distance between
(PPI,,PPL,PI) = (1,0,0) is generated by FSOD and (s, d) = (01,
1) of the start vertex (01, 10, 1). In the edge ((00, 10, 1), (10,
10, 0)) of we is assigned 2 that is the Hamming distance
between (PPI;,PPI,,PI) = (1,0,0) is generated by FSOD and (s,
d)=(00, 1) of the start vertex (00, 10, 1). In the edge ((10, 10,
0), (10, 10, 0)) of we is assigned 0 that is the Hamming
distance between (PPI;,PPL,,PI) = (1,0,0) is generated by
FSOD and (s, d) = (10, 0) of the start vertex (10, 10, 1).
Likewise, in the edge ((00, 10, 1), (10, 00, 1)) of we is
assigned 1 that is the Hamming distance between
(PPI,PPL,PI) = (1,0,1) is generated by FSOD and (s, d) = (00,
1) of the start vertex (00, 10, 1). In the edge ((01, 10, 1), (10,
00, 1)) of we is assigned 2 that is the Hamming distance
between (PPI,;,PPI,,PI) = (1,0,1) is generated by FSOD and (s,
d) = (01, 1) of the start vertex (01, 10, 1). In the edge ((10, 10,
0), (10, 00, 1)) of we is assigned 1 that is the Hamming



distance between (PPI,,PPL,,PI) = (1,0,1) is generated by
FSOD and (s, d)=(10, 0) of the start vertex (10, 10, 0). In the
other edges, we is 0.

4.2. Weighted State Transition Coverage

Weighted one-state transition coverage and weighted
two-state coverage are calculated using the weights assigned to
the vertices and the edges in the FSM test generation graph.

(Definition 4: Weighted one-state transition coverage)
The Weighted one-state transition coverage is expressed in
equation (3) and is used as a measure of the test quality for
logical testing.

Weighted one - state transition coverage =

Sum of weights of vertices covered by test sequence <100(%)

Sum of weights for all vertices

(Definition 5: Weighted two-state transition coverage)

The Weighted two-state transition coverage is expressed in
equation (4) and is used as a measure of the test quality for
timing testing.

Weighted two - state transition coverage =

“4)

x 100(%)

Z The weight of input edges for each vertex v
max
which covered by test sequence

Z max{The weights of input edges for each vertex v

v

The following problem is formulated for the test generation
for state-observable FSMs under test length constraint.

(Formulation)

Input:

- astate-observable FSM.

- a test set that can detect all detectable stuck-at faults on
valid states.

Constraint: test length

Output: a test sequence for the state-observable FSM such

that all detectable stuck-at faults on valid states are detected.

Optimization:

(1) maximization of weighted one-state transition coverage

(2) maximization of weighted two-state transition coverage

The valid states are assigned to PPI values as constrains.
FSOD is performed for the combinational circuit part to
generate the test patterns. Then, an FSM test generation graph
is generated and given stuck-at fault test pattern set are
assigned to the corresponding vertices on the FSM test
generation graph. Next, the test patterns generated by the
FSOD are assigned to the corresponding vertices on the FSM
test generation graph. Finally, paths are searched on the FSM
test generation graph such that all of the edges on which
stuck-at fault tests are assigned are traversed at least once. The
traversal passes along vertices at which as many test patterns
generated by the FSOD are assigned as possible, so as to

increase the weighted one-state transition coverage. The
traversal also passes along the edges with the large possible
weight, in order to increase the weighted two-state transition
coverage. If all of stuck-at fault test patterns are not covered
vertices under test constraint, it denotes no answer.

4.3. Strategy of Test Generation

The test generation strategy searches for all k state
transitions from the current state in the FSM test generation
graph. A state transition path is selected according to the
following heuristics.

(Heuristics)

In the early stage of test generation, the probability that
uncovered vertices, at which stuck-at test patterns are assigned,
appear is high in k state transition path because the number of
uncovered vertices is large. In this case, the state transitions
path is selected by the priority of heuristics 3, 4, 5, 1, and 2. As
the number of uncovered vertices, at which stuck-at test
patterns are assigned, is small, the probability that the patterns
appear in the k state transition path is low. When the number
of uncovered vertices at which stuck-at test patterns are
assigned is 0 continuously m times, the state transitions path is
selected by the priority of heuristics 1, 2, 3, 4, and 5. Here, k
and m are used as parameters.

Heuristic 1
The algorithm preferentially selects a path that includes many
uncovered vertices where stuck-at test patterns are assigned.

Heuristic 2

To reduce the test length, the algorithm preferentially selects a
path such that the distance from the current state to uncovered
vertices, where stuck-at test patterns are assigned, is short.

Heuristic 3

To increase the quality of logical testing, the algorithm
preferentially selects a path such that the total sum of wv is
large. As a result, the weighted one-state transition coverage
becomes high.

Heuristic 4

To reduce test length, the algorithm preferentially selects a
path such that the distance from the current state to uncovered
vertices, where test patterns generated by FSOD are assigned,
is short.

Heuristic 5

In order to increase the quality of timing testing, the algorithm
preferentially selects a path such that the total sum of we is
large. As a result, the weighted two-state transition coverage
becomes high.



Fig. 5 Example of test sequence

Example 3: Given the stuck-at test patterns, (PPI;,PPI,,PI) =
(0,0,1), and (PPI;,PPIL,,PI) = (0,1,1), Figure 5 shows the FSM
test generation graph of Figure 3. FSOD generates the test
patterns, (PPI,,PPL,PI) = (1,0,0), and (PPI;,PPL,PI) = (1,0,1).
In Figure 5, the vertices indicated by dashed lines are vertices
where stuck-at test patterns are assigned. When the test
sequence (0, 1, 0, 1) is generated from the reset state, the
weighted one-state transition coverage is 100% (2/2) whereas
the weighted two-state transition coverage is 80 %
((3+1)/(3+2)=4/5).

5. Experimental Results

The test generation method was implemented and was
applied to MCNC'91 benchmark circuits [10]. The
characteristics of MCNC’91 benchmark circuits are shown in
Table 1. In this table, Circuit, #Node, #PI, #PO, #Reg, and
#Edge denote the circuit name of the FSM, the number of
states, the number of primary inputs, the number of primary
outputs, the number of status registers and the number of state
transitions, respectively. In these experiments, the FSMs were
made state observable by DFT, and three test generations were
performed for state-observable FSMs. Table 2 shows the
experimental results of fault-independent one-pattern test
generation method (la) [7,8] and the fault-dependent
one-pattern test generation method (1b) [7,8]. Table 3 shows
the experimental results of the proposed method when the
value of m was set to one. This algorithm detects stuck-at
faults completely, it stops. The value m is parameter for a
switching timing of algorithm shown in the heuristic priority
rules. Table 4 shows the experimental results of the proposed
method when test length constraint was set to 300 and 500.
The circuits indicated by the “*” symbol in the table were ones
for which stuck-at fault could not be detected completely by
the test lengths of 300 and 500. The value k was set to 3 in all
experiments. Moreover, the value n of n-detection for FSOD
was set to 5. In Tables 2, 3, and 4, Circuit, TL, and CPU time
denote the circuit name of the FSM, the test length, and the
time for the test generation, respectively. SFC, BFC, PFC,
TFC, WISTC, W2STC, and FSC denote the stuck-at fault

coverage, the bridging fault coverage, the path delay fault
coverage, the transition fault coverage, the weighted one-state
transition coverage, and the weighted two-state transition
coverage, respectively. Each logical testing targets only
faults that can be detected on valid states [7]. Each timing
testing targets only faults that can be detected on the transition
between valid states [7,8].

First, the experimental results of the proposed method are
considered when the value of m is one. Stuck-at faults can be
completely tested. The weighted one-state transition coverage
increased an average of 14.15%, and the weighted two-state
transition coverage increased an average of 18.46% in the
almost same test length compared to the fault-dependent
one-pattern test generation method for the stuck-at fault model.
Bridging fault coverage increased an average of 0.48%, and
path delay fault coverage increased an average of 12.87%. In
addition, transition fault coverage increased an average of
9.53%. In particular, for styr, the weighted one-state transition
coverage increased 10.2%, bridging fault coverage increased
0.21%. Also, the weighted two-state transition coverage
increased 11.82%, path delay fault coverage increased 23.38%,
and transition fault coverage increased an average of 28.06%,
and the quality of the timing testing was improved.

Next, the experimental results are considered for the
proposed test generation with the test length constrains.
Stuck-at fault could be completely tested and the test length
was greatly reduced compared with the fault-independent
one-pattern test generation method and high fault coverage for
a bridging fault, a transition fault, and a path delay fault can be
obtained. In particular, for s386, when test length constraint
was set to 500, the weighted two-state transition coverage
increased 8.42%, the path delay fault coverage increased
3.89% and the transition coverage increased 4.43%.

6. Conclusion

This paper proposed a test generation method to detect
specified fault models completely and to increase defect
coverage as much as possible under the test length constraint.
This paper also proposed weighted state transition coverage as
measures of test quality. The proposed test generation method
was evaluated for MCNC '91 benchmark circuit and the
following conclusions were obtained.

(1) The proposed test generation method increased the test
quality of logical testing and the timing testing compared
with the fault-dependent one-pattern test generation
method.

(2) The proposed test generation method greatly reduced the
test length compared with the fault-independent
one-pattern test generation method and the quality of both
the logical testing and the timing testing were
comparatively high.
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Table 1 FSM benchmark characteristics

#PO | #Reg | #Edge

19 10240

19 6144

5120

4608

1664

4608

Circuit | #Node | #PI
ex1 20 9
planet 48 7
si 20 8
5208 18 8
5298 218 3
5386 13 7
s420 18 8
styr 30 9

5
6
5
5
8| 1744
4
5
5

OIN|N|O NS

15360

Table 2 Experimental results for logical testing

Ta B

Cireuit [ seom) | BFc@) | PRoe | TFoe | 1L | WISTC|W2STC  CPUtme [ orny | gec(y) [ PR | TRo@ | L | WISTC|W2STC| CPUtime
(%) (%) (sec) (%) (%) (sec)

o 70000 | 10000 | 8139 8986  20997] 100.00| 7282 | 3460 10000 9543 5230 8149  145] 271] 224] 008
[planst | 100.00 | 100.00 | 89.23 | 88.09 | __12299] 100.00 | 7331 131 [ 100.00] 9753 6756 79.13] 243 528 379 001
s 100,00 | 100.00| 61.82 | 83.80 9012 100.00 | 7394  385] 10000 9455| 3818] 6964| 154] 442 372] 007
5208 [ 100,00 [ 100.00 | 100.00 | 75.98 | 30943] 100.00 | 74.51 | _89.42 | 10000 | 9547 71.62| 6654 103] 9.28] 507] _ 0.20
208 | 10000 | 100.00 | 46.53 | 82.89 | _ 10528] 100.00 | 3743 | 87.10 ] 100.00 | 97.05| 46.02| 82.86| 1221 51.80| 27.04] 353
5386 [ 10000 [ 100.00 | 83.17] 7967 6066 100.00 | 8006 | _ 462 | 100.00] 9593 5502 71.97 87 1552 1168 002
420 [ 10000 [ 100.00 ] 97.40] 7381  29890] 100.00] 31.70] 60.80 | 10000 9560 7143] 6548 114] 3.16] 292] 0.8
styr | 100.00 | 100.00 | 61.47 | 86.61 | 42805 100.00 | 71.51 | 100.27 | 100.00 | 9555 | 19.24| 5416] 207] 658 4.35] _ 0.23
averags | 100.00 | 100.00 | 77.63 | 82.59 | 21442.50 | 100.00 | 64.41 | _ 47.75] 100.00 | 96.00 | 52.68 | 71.41 | 284.25 | 12.34 | _7.60 | __ 0.4




Table 3 Experimental results (m = 1)

Proposed method (m =1)
Cirouit WISTC | W2STC | CPUtime
sFce) | BFee) | Pree | TR | TL 0 ,,
%) %) (sec)
ox1 70000 | 9537 | 53.74| 84.18 112] 1458 | 13.56 0.48
planet ] 10000 | 97.95| 7315 83.75 227] 2830 27.09 0.08
ST 10000 | 9545| 57.20| 8443 149] 1215 | 14.05 0.31
5208 10000 | 9632 | 81.08| 7205 113 3711 | 3345| 1661
5298 10000 | 9791 | 6549 | 91.31 1247] 3710 | 4430| 51365
5386 10000 | 95.85| 67.96 | 7852 85| 2586 | 27.60 0.17
420 10000 | 9720 83.12] 7103 122] 4000 | 3228 4.99
Styr 10000 | 95.76 | 4262 | 8222 181] 16.78 | 16.17 1.64
average | 100.00 | 96.48 | 6555 | 80.94| 27950 | 26.49| 26.06| 67.24

Table 4 Experimental results (test length constraint)

Proposed method (TL = 300)

Proposed method (TL = 500)

Circuit - -
sFom) | BFoe | Proe | TFom | TL | WISTC| W2STC [ CPUtime [ oo [ BEG(w) [ PRots) | TFo@) | TL | WISTC[W2STC| CPUtime

(%) (%) (sec) (%) (%) (sec)

o1 T0000 | 9774] 6674] 8702  300] 6305] 5300] 167 | 10000] 9843 7651 8948 500] 91.86] 75121  3.16
[planct__ | 100.00 | _98.27 | 7557 | 8560 | 300 | 42.21 | 40.45] _ 0.11] 100.00| 99.21| 8282 87.30] 500] 68.82] 63.95] _ 0.7
sl 100.00 | 97.04| 6593 86.61 300] 4530 4376 076 100.00] 98.18| 74.95] 8850 500 71.27] 6594 _ 1.37
5208 10000 | 99.15] 8649 7323 300 71.13| 6286 3253 | 10000 99.25] 8784 7323] 500] 8660 7843] 70.26
5208+ | 100.00 | 97.91 | 6549 9131 1247] 37.10] 4430 513.65| 10000 07.91 | 6549 | 9131 1247 37.10] 4430 513.65
5386 10000 | 9820 85.11] 8344 300 8851 77.86] 047 | 100.00] 99.00] 8706 8410] 500 10000 8848] _ 209
5420 10000 9840 9221 7302 300 6947 5860]  9.18| 10000 98.90] 9351 7381 500] 87.37] 77.66] 19.61
styr 10000 | 96.56 | 47.72| 8580 | _ 300] 3583 31.31] 260 10000 97.37] 5329 87.24] 500| 6780 | 53.34] _ 454
average | 100.00 | _97.91 | 74.25 | 82.12 | 300.00 | 59.36 | 5256 | __ 6.76 | 100.00 | 98.62 | 79.43 | 83.38 | 500.00 | 81.96 | 71.85| _ 1446




