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Abstract

This paper presents a new algorithm, Essential Fault Reduction (EFR), for generating compact test sets for combinational
circuits under the single stuck-at fault model, and a new heuristic for estimating the minimum single stuck-at fault test set size. These
algorithms together with the dynamic compaction algorithm are incorporated into an advanced ATPG system for combinational
circuits, called MinTest. MinTest found better lower bounds and generated smaller test sets than the previously published results
for the ISCAS85 and full scan versions of the ISCAS89 benchmark circuits.
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I. INTRODUCTION

Compact test sets are very important for reducing the cost of testing the VLSI circuits by reducing the test application
time. This is especially important for the scan-based circuits as the test application time for these circuits is directly
proportional to product of the test set size and the number of storage elements used in the scan chain. Small test sets
also reduce the test storage requirements.

Since even the problem of estimating the size of a minimum single stuck-at fault test set for a given irredundant
combinational circuit is proven to be NP-hard [14], several test set compaction algorithms based on different heuristics
are proposed in the literature, e.g. static compaction [6], dynamic compaction [6], independent and compatible fault sets
based test generation [1], [13], [16], [19], reverse order fault simulation [18], maximal compaction [16], rotating backtrace
[16], ROTCO [17], high-level test generation [10], double detection [11], [13], Two_by_one [12], [13], Three_by_two [12],
[13], forced pair merging [4] and essential fault pruning [4].

Although these algorithms are successful in producing small test sets, the resulting test sets are still larger than the
known lower bounds. This is because of the following two reasons; the previously published test set compaction algorithms
are unable to compact the test sets any further, and the known lower bounds are not tight. In order to close this gap
further, this paper addresses both of these problems. We present a new algorithm, Essential Fault Reduction (EFR),
for generating compact test sets for combinational circuits under the single stuck-at fault model, and a new heuristic for
estimating the minimum single stuck-at fault test set size [9]. These algorithms and the dynamic compaction algorithm
proposed in [6] are incorporated into an advanced ATPG system for combinational circuits [7], [8], called MinTest.

MinTest found better lower bounds and generated smaller test sets than the previously published results for the
ISCAS85 and full scan versions of the ISCAS89 benchmark circuits [2], [3]. For all the circuits, sizes of the test sets
generated by MinTest are smaller than or equal to the best published results. For 31 out of 40 circuits, sizes of the test
sets generated by MinTest are equal to the known lower bounds for these circuits.

The rest of the paper is organized as follows. Section II presents the definitions that will be used in this paper. The
EFR algorithm is presented in Section ITI. Minimum Test Set Size estimation heuristic is described in Section IV. The
experimental results are given in Section V. Finally, Section VI presents the conclusions.

II. PRELIMINARIES

In this section, we present the definitions that will be used in this paper. A test vector in a given test set is called
an essential vector, if 1t detects at least one fault that 1s not detected by any other test vector in this test set. A fault
is defined to be an essential fault of a test vector, if it is detected only by this test vector in a given test set [4], [12],
[13]. In other words an essential vector detects at least one essential fault. A test vector is redundant with respect to a
given test set, if it does not detect any essential faults, i.e. all the faults detected by it are also detected by the other
test vectors in this test set [13].

An essential fault ef; of a test vector ¢; is said to be pruned, if a test vector ¢; # ¢; in the test set is replaced by a new
test vector t;’ which detects ef;, the essential faults of ¢; and the faults detected only by ¢; and ¢; [4].

If two faults can be detected by a single test vector, they are called compatible. Similarly two faults are called
wmcompatible, if they cannot be detected by a single test vector. An incompatibility graph for a given set of faults, FS =
{fill<i<n}, isdefined as IG(FS) = (V,E) where V={v;=fi|1 <i<n}and E = { e; = (vg,v) | vy and v; are
incompatible, 1 <k <nand 1 <1< n }[1], [4], [13], [19]. A fault set is called an independent fault set, if all the faults
in this set are pairwise incompatible [1]. For a given combinational circuit an independent fault set of maximum size is
called a mazimum independent fault set. Since the problem of finding a maximum independent fault set is NP-hard [14],
maximal independent fault sets are used in practice.

Minimum test set size of a given combinational circuit under the single stuck-at fault model i1s defined to be the
minimum number of test vectors required to detect all the testable single stuck-at faults in this circuit.

I11. EsseNTIAL FAULT REDUCTION

Since pruning an essential fault of a test vector decreases the number of its essential faults by one, if all the essential
faults of a test vector is pruned then it becomes redundant, and 1t can be dropped from the test set. As it is shown in
Figure 1, after the initial test set is generated, Essential Fault Reduction (EFR) algorithm is used iteratively to further
compact the test set by pruning the essential faults of each vector as much as possible. EFR uses the Multiple Target
Test Generation (MTTG) procedure [4], [12], [13] to generate a test vector that will detect a given set of faults. EFR
algorithm improves the Two_by_One (TBO) [12], [13] and the Essential Fault Pruning (EFP) algorithms [4].

Given an initial test set, TBO tries to reduce the test set size by replacing two test vectors with a new one. This is
achieved by finding a test vector that detects the essential faults of the both vectors as well as the faults detected only by
these two vectors. However, even if 1t 1s not possible to find such a test vector, it may still be possible to eliminate these
two test vectors from the test set. This may be achieved by a three_by_two algorithm (TBT) [12] which tries to replace
three test vectors with two new ones. In general, the algorithm can be extended to an N_by .M (M < N) algorithm.



However, in the worst case, TBO needs to check O(T?) vector pairs for possible compaction, where T is the number of
test vectors in the initial test set, TBT needs to check O(T3) vector triplets, and in general N_by_M algorithm needs
to check O(T%) vector sets. Thus, the N_by M algorithm is computationally too expensive for N > 2, and in [12] an
implementation of an N_by_M algorithm where N > 2 is not reported.

EFP, on the other hand, tries to reduce the test set size by trying to prune the essential faults of each test vector. If
all the essential faults of a test vector is pruned, then this vector becomes redundant and 1t can be dropped from the test
set. TBO can be seen as a special case of EFP in which a test vector is allowed to prune its essential faults by replacing
only one vector. EFP achieves better performance than TBO by relaxing this restriction and allowing a test vector to
prune its essential faults by replacing more than one vector in the test set. In the worst case, EFP will try to generate a
test vector for O(F x T) fault sets, where F is the number of essential faults and T is the number of test vectors in the
initial test set. Since in almost all cases F is larger than T, EFP is computationally more expensive than TBO. However,
for N > 2 in most cases N_by_M algorithm is computationally more expensive.

The problem of compacting a given test set can be viewed as distributing the essential faults of this test set to the
given test vectors such that the number of redundant vectors is maximized. Therefore, the search space that should
be explored is all possible distributions of the essential faults to the given test vectors. Since neither TBO nor EFP
algorithms have this global view of the search space, they carry out a localized greedy search by concentrating only on
removing one test vector at a time from the test set by pruning its essential faults. They prune an essential fault of a
test vector only if this causes this vector to be redundant, otherwise they do not prune the essential fault. Because of
this restriction, they only explore part of the search space.

The following example illustrates the limitation of these algorithms. For a given test set when the TBO and EFP
algorithms try to prune the essential faults of a test vector ¢;, they require that either all the essential faults should be
pruned, in this case the vector is dropped from the test set, or the original test set should be retained. Thus if they fail to
prune one of the essential faults of ¢;, they stop processing ¢; and recover the original test set. However, this restriction
on the partial essential fault pruning may prevent eliminating another test vector ¢; from the test set. This is because
the essential faults of ¢; may be incompatible with the essential faults of the other test vectors in the test set, however
they may be compatible with the essential faults of #; except one of them. If ¢; is allowed to prune this incompatible
essential fault, then the essential faults of {; can be pruned and it can be dropped from the test set. Otherwise ¢; cannot
be dropped from this test set.

EFR algorithm, on the other hand, has a global view of the search space. It overcomes the limitation of the TBO and
EFP algorithms by carrying out a non-greedy global search by trying to distribute the essential faults to the given test
vectors such that the number of redundant vectors is maximized. Therefore, even if a vector does not become redundant,
EFR tries to reduce the number of its essential faults as much as possible by trying to prune as many of its essential
faults as possible. Even if it fails to prune one of the essential faults of a test vector, it still tries to prune its other
essential faults. This way EFR explores a larger portion of the search space than both TBO and EFP. As illustrated in
the example below, using this new search technique EFR can produce smaller test sets than the ones produced by TBO,
TBT, and EFP algorithms.

Example: Consider the test set {t1, {2, {3, {a}. Suppose that ¢; detects the faults {fi, f2}, {2 detects {fs, fa}, i3
detects {f5, fs} and t4 detects {f7}, and the adjacency list representation of the incompatibility graph is as given in
Figure 2. EFR can reduce the size of this test set by one in the first iteration. As it is illustrated in Figure 2, this can
be achieved by replacing the test vectors ¢; with ¢} that detects fo and f3, 3 with 5 that detects fi, fs, and fs, and ¢4
with ¢, that detects fs and f7. After these replacements {5 becomes redundant, thus it can be dropped from the test set.
None of the TBO, TBT, and EFP algorithms can reduce the size of this initial test set.

As illustrated in the example below, by means of the new search technique, EFR can further compact a given test
set when 1t 1s used iteratively. This is not possible with TBO and TBT. Although it is possible that EFP may further
compact a given test set when it is used iteratively, this is very unlikely. Because this can only happen if one of the new
test vectors “accidentally” detects one or more essential faults of the other test vectors that it is not intended to detect.
This may make it possible to prune the essential faults of a test vector in the second iteration, even though it was not
possible in the first iteration.

Example: Consider the test set {{1, 2, {3, ta, {5}. Suppose that ¢; detects the faults {f1, fa}, to detects {fs, fa}, 3
detects {f5, fs}, ta detects {f7, fs}, and t5 detects {fo, fi0}, and the adjacency list representation of the incompatibility
graph is as given in Figure 3. As it is illustrated in Figure 3, in the first iteration of the EFR algorithm only f4 will be
pruned by replacing t4 with ¢, and f5 will be pruned by replacing t5 with ¢§. Thus, in the first iteration EFR will not
be able to reduce the test set size. However, since after the first iteration f; is not an essential fault of ¢ and f5 is not
an essential fault of ¢35 anymore, in the second iteration f; will be pruned by replacing ¢ with ¢4 and f, will pruned be
replacing ¢3 with t5. Because of these ¢; will become redundant, and it will be dropped from the test set. On the other
hand, none of the TBO, TBT, and EFP algorithms can reduce the size of this initial test set.

EFR has the same worst-case computational complexity as EFP, i.e. it will try to generate a test vector for O(F x T)
fault sets, where F is the number of essential faults and T is the number of test vectors in the initial test set. If it is used



iteratively then the worst-case complexity becomes O(I x F x T), where T is the number of iterations.

We propose a technique for reducing the average-case execution time of EFR algorithm based on a new incompatibility
relation that we introduce between stuck-at faults. It is possible that even though a fault is pairwise compatible with
all the faults in a given fault set, it may be incompatible with these faults when they are targeted together. This is
illustrated in the following example.

Example: Figure 4 illustrates a situation in which a fault is compatible with two different faults, however it is not
compatible with the fault set including these two faults. The circuit shown in the figure has four primary inputs (a, b,
¢, d) and three primary outputs (e, f, g). In this circuit the faults {a/0, d/0, f/1} are pairwise compatible. Because for
each pair it is possible to generate a test vector that detects both faults, e.g. 110X detects a/0 and f/1, X011 detects d/0
and f/1, and 1111 detects a/0 and d/0. However, since it is not possible to generate a test vector that detects these three
faults together, f/1 is not compatible with the fault set {a/0, d/0}. This is because b = 1 and ¢ = 1 logic assignments are
necessary to detect a/0 and d/0 respectively, and they together imply that f = 1. Since f = 1 conflicts with the f =0
logic assignment that is necessary to excite the fault f/1, it is not possible to detect the faults a/0, d/0 and f/1 with a
single test vector.

An incompatibility graph is used to speedup TBO and EFP algorithms [4], [13]. However, the incompatibility relation
explained above cannot be represented with the incompatibility graph definition used in [1], [4], [13], [19]. Therefore, we
extended the definition of the incompatibility graph by allowing a graph node to represent a set of faults. For a given
set of faults, FS = { f; | 1 <i < n }, the new incompatibility graph is defined as IG(FS) = (V, E) where V = { v; C FS
|1 <i<n}and E={e¢; = (v, v) | the faults in v, are incompatible with the faults in v;, 1 <k <nand1<1<n }.
This new incompatibility graph is constructed in a demand-driven way during compaction, and it is used for speeding
up EFR algorithm. We have observed that the new incompatibility graph reduced the execution time of EFR, algorithm.

IV. MINIMUM TEST SET SIZE ESTIMATION

To be able to assess the effectiveness of test set compaction algorithms for a combinational circuit, 1t is necessary to
know the Minimum Test Set Size (MTSS) for this circuit. In addition if the MTSS is known, test set compaction time
can be reduced by stopping the iteration of EFR algorithm whenever the minimum test set size i1s reached rather than
iterating a predetermined number of times. Since the problem of computing the size of a minimum single stuck-at fault
test set for a given irredundant combinational circuit is proven to be NP-hard [14], heuristic techniques are used for
finding a lower bound for MTSS.

One of the most commonly used heuristics for finding a lower bound is finding the size of the maximal independent
fault set. The size of the maximal independent fault set is less than or equal to the minimum test set size. The maximal
independent fault set can be computed by finding the maximal clique in the incompatibility graph of the given single
stuck-at fault set [1], [4], [11], [12], [13], [15], [19].

Since the problem of finding the maximal clique in a given graph is proven to be NP-complete [5], several heuristics
are proposed for finding a maximal clique in a given incompatibility graph. Since the essential faults of the test vectors
in a given test set are highly incompatible, in [4] it is suggested to compute the maximal clique by first considering only
the essential faults and then enlarging this clique by considering the other faults. In [12], [13], it is reported that for some
circuits computing the maximal clique in the incompatibility graph that is constructed only by using the essential faults
found larger cliques than computing the maximal clique in the incompatibility graph that is constructed by considering
all the faults. Based on the following theorem and the corollary, we also compute the maximal clique by first considering
only the essential faults and then enlarging this clique by considering the other faults in the given fault list.

Theorem 1: Given a complete single stuck-at fault test set TS of size N for a combinational circuit, if there exists a
maximal independent fault set MIFS of size K (N/2 < K < N) for this circuit, then that MIFS contains at least 2K-N
essential faults each from a different test vector.

Proof: A maximal independent fault set MIFS of size K contains K pairwise incompatible faults. Since TS is a
complete test set and each one of the faults in MIFS is detected by a different test vector, at least K test vectors in TS
detect these K faults. If none of the other N-K test vectors in TS detects any one of these K faults, then each one of them
is an essential fault of a different test vector in TS. However, in the worst case, each one of the other N-K test vectors
may detect a different fault in MIFS. Since these N-K faults are detected by at least two vectors, they are not essential
faults. Therefore, in the worst case, K-(N-K) = 2K-N of the faults in MIFS is an essential fault of a different test vector
in TS. In other words, MIFS contains at least 2K-N essential faults each from a different test vector. O

Corollary: Given a complete single stuck-at fault test set TS of size N for a combinational circuit, if there exists a
maximal independent fault set MIFS of size N for this circuit, then that MIFS contains one essential fault from each test
vector in TS.

Theorem 1 shows that the maximal clique in the incompatibility graph of a small test set is likely to contain many
essential faults, and the corollary indicates that for a minimum size test set if there exists a clique of this size in the
incompatibility graph then the clique contains only essential faults. Since EFR algorithm produces test sets that are
either minimum size or very close to it, based on this theorem, we compute the lower bound for MTSS by searching for



the maximal clique that includes one essential fault from as many test vectors as possible in the test set produced by
EFR algorithm and then enlarging this clique by considering the other faults in the given fault list.

Since the size of the search space for computing the maximal clique by choosing one essential fault from as many test
vectors as possible is very large, it is computationally too expensive to search it exhaustively. If there are n vectors {t1,
ty, ..., t,} in the test set, and if the sizes of their essential fault sets are efsy, efsa, ..., efs, respectively, then the size
of the search space is O([]i—; efsi). Therefore, we propose the following new heuristic to guide the branch and bound
search algorithm. When trying to choose an essential fault from each test vector, consider the vectors in ascending order
of the number of essential faults that they have, and explore more branches for the initial test vectors.

This heuristic increases the probability of computing the maximal clique in a short amount of time because of the
following reason. Once an essential fault is included in a clique, this reduces the number of essential faults of the
remaining test vectors that can be included in this clique. If a test vector ¢; has efs; essential faults and if each one
of these essential faults is equally likely to be in the maximal clique, then when trying to select an essential fault of
this test vector the probability of choosing the essential fault that is in the maximal clique is 1/efs;. If the number of
essential faults of ¢; that can be included in the maximal clique decreases; the probability of selecting the essential fault
that is in the maximal clique increases. Since for the test vectors with small number of essential faults the probability of
selecting the essential fault that is in the maximal clique is already high, and after selecting these essential faults, for the
test vectors with larger number of essential faults the probability of selecting the essential fault that is in the maximal
clique increases, considering the vectors with smaller number of essential faults first increases the overall probability of
computing the maximal clique in a short amount of time.

V. EXPERIMENTAL RESULTS

We incorporated the minimum test set size estimation and EFR algorithms that we propose and the dynamic com-
paction algorithm proposed in [6] into our advanced ATPG system for combinational circuits [7], [8], called MinTest.
MinTest is designed in an object-oriented style and implemented in C+4. We tested MinTest on the ISCAS85 and full
scan versions of the ISCAS89 benchmark circuits [2], [3]. The performance results for MinTest are obtained on a 200
MHz Pentium Pro PC with 128MB RAM running Linux 2.0.0 using GNU CC version 2.8.0.

We compared the performance of MinTest on minimum test set size estimation with the previously published results
and presented the comparision of the performance results in Table I. The “~” sign in the table indicates that the lower
bound for this circuit is not reported. The results show that our algorithm computed better lower bounds than the
previously published ones. For 38 out of 40 circuits, the lower bounds computed by our algorithm are greater than or
equal to the best published lower bounds. For 14 of these 38 circuits, which are indicated by an asterisk (*) in the table,
our algorithm computed larger lower bounds than the previously published results.

Our minimum test set size estimation algorithm is applicable to large circuits, and its execution time is similar to
the algorithms presented in [11], [13]. The algorithm presented in [15] can only be applied to small circuits, and for
these circuits our algorithm computed the same lower bounds with this algorithm. The algorithm presented in [4] is
a computationally expensive algorithm, and neither its execution time for ISCAS85 circuits nor its performance for
ISCASS9 circuits is reported.

The performance of MinTest on test set compaction is compared against the two best test set compaction algorithms
published in the literature, CompacTest (CT) [11], [12], [13], [16], [17] and TSC [4]. The comparison of the performance
results is presented in Table II. In the table, the smallest known test size for each circuit is marked by an asterisk (*).
The largest known lower bound on the minimum test set size of each circuit is presented in the LB column. Some of these
lower bounds are computed by our minimum test set size estimation algorithm and the rest is taken from [13]. In all
the experiments, a backtrack limit of 6 is used in MinTest. The execution times of MinTest include fault simulation and
initial test set generation times, and all the test sets generated by MinTest have 100% fault coverage. The performance
results for CT and TSC are taken from [13] and [4] respectively. The performance of TSC for ISCAS89 circuits is not
reported.

The following observations can be made from the experimental results. For all the circuits, sizes of the test sets
generated by MinTest are smaller than or equal to the best published results. For 31 out of 40 circuits, sizes of the test
sets generated by MinTest are equal to the known lower bounds for these circuits. Even by executing only one iteration
of EFR algorithm, MinTest generated smaller test sets than both CT and TSC for both ISCAS85 and ISCASS9 circuits.
Moreover, for some circuits MinTest produced even smaller test sets by executing EFR algorithm iteratively.

In order to measure the performance of EFR, algorithm when it is used iteratively, we iterated it 3 times for the circuits
for which the lower bound is not achieved after the first iteration. As it can be seen in the column headed “3 its”, for
some of these circuits MinTest produced even smaller test sets when EFR is used iteratively. When EFR algorithm is
iterated more than 3 times, MinTest produced even smaller test sets for nine circuits. These results are presented in the
column headed “> 3 its”. Next to the test set sizes presented in the columns headed “3 i1ts” and “> 3 its”, we indicated
the iteration number that this test set size is reached in parenthesis. The times presented in the column headed “> 3
its” are the execution times of MinTest only for this many iterations.



The CT and TSC execution times presented in Table II are obtained on a SUN SPARC 2 workstation. The compaction
times presented for CT and MinTest include the initial test generation time as well. However, the compaction times
presented for TSC only show the execution time of TSC starting from a given initial test set. Since MinTest is exploring
a larger search space, its execution time is larger than that of CT. In [4], it is reported that to be within a reasonable
running time, currently, TSC is only applicable to the medium size circuits with the largest being ¢7552. However, the
experimental results show that MinTest 1s applicable to large circuits.

VI. CONCLUSIONS

This paper presented a new algorithm for generating compact test sets for combinational circuits under the single
stuck-at fault model, and a new heuristic for estimating the minimum single stuck-at fault test set size. These algorithms
together with the dynamic compaction algorithm are incorporated into an advanced ATPG system for combinational
circuits, called MinTest. MinTest found better lower bounds and generated smaller test sets than the previously published

results for the ISCAS85 and full scan versions of the ISCAS89 benchmark circuits.
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ESSENTIAL FAULT REDUCTION (T : test set, NumlIteration: int, MFL : int, MEFL : int)

For Numlteration times
For each test vector t; in T with less than MEFL essential faults

all_ef_pruned = true
failure limit = 0
For each essential fault f; of #;
{
pruned = false
For each test vector ¢5 # ¢;
{
pruned = Multiple_Target_Test_Generation(tg, t;, f;)
if (pruned == true) then break

if (pruned == true) then

Update T by replacing ¢ with the new test vector
Fault simulate the new test vector

}

else

failure limit++
all_ef_pruned = false

if (failureJimit == MFL) then break
ks

if (all_ef_pruned == true) then drop vector ¢; from T
¥
¥
i

Fig. 1. EFR Algorithm



Incompatibility Graph
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t2 3 f4 2 (13 y
3 | 5 16 (f1) t3 | f5 16 f1
t4 £7 t4 f7
Step 3

Test Faults

Vector | Detected O — Detected
t1’ 2 f3

= Not Detected

2 | 3 f4) X °

t3' f5 f6 9 = Redundant
t4 £7

Fig. 2. EFR Example
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Incompatibility Graph

fl
f2
f3
f4
f5
f6
7
f8
fo
f10

f4f5f6 17819110
f3f4f517f819110
f2f5f6 71819110
f1f2f5f6f9f10

f1f2f3141718

f1f3f4178f9f10
f1f2f3f5f6f9f10
f1f2f3f5f6f9f10
f1f2f3f41617f8
f1f2f3f41617 18

Iteration 1
Step 1

Test

Vector | Detected

Faults

t1
t2
t3
t4'
t5

fl1 f2

3 (4)

f5 f6

f7 8 (f4)

f9 10

Step 2

Test

Vector | Detected

Faults

tl
t2
t3
t4'
t5’

f1 f2
f3 f4

(f5)°t6

f7 f8 f4

Initial Test Set
Test Faults
Vector | Detected

t1l f1 f2

t2 f3 f4

t3 f5 f6

t4 f7 8

t5 fo f10

[teration 2
Step 1
Test Faults
Vector Detected
| (7 12)
2 | B0
t3 f5 f6
t4 fr f8 f4
t5' f9 f10 f5
Step 2
Test Faults
Vector | Detected
1 | f1(f2
t2’ f3 f1
3 | ¥4 16
t4 fr f8 f4
t5’ fo f10 f5
= Not Detected

Redundant

Fig. 3. EFR Iteration Example
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Fig. 4. Fault Set Incompatibility
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TABLE I
LowER BouNDs ON MINIMUM TEST SET SIZE

[11] MinTest
Circuit [4] [ Loc | GIb [ [13] | [15] || LB | Time
c432 24 20 20 - 27 27 15.0
c499 52 50 50 - 52 52 0.1
c880 12 9 10 - - 13* 21.9
c1355 84 | 82 82 - - 84 0.9
c1908 94 | 91 68 99 - 106* 88.1
c2670 40 38 39 42 - 44~ 47.1
3540 80 67 65 - - 78 174.5
c5315 37 | 22 36 - - 37 748.6
c6288 5 6 6 - - 6 347.7
c7552 49 26 28 52 - 65* 663.8
TOTAL || 477 | 411 404 - - 512 2107.7
s208 - 26 27 - 27 27 0.1
s298 - 19 20 - 23 23 0.1
s344 - 13 13 - 13 13 0.3
s349 - 13 12 - 13 13 1.1
s382 - 25 25 - 25 25 0.1
5386 - 62 62 63 | 63 63 0.1
s400 - 24 23 - 24 24 0.1
s420 - 42 43 - 43 43 0.3
s444 - 24 23 - 24 24 0.1
510 - 53 53 - 54 54 1.9
526 - 34 35 - | 49 49 2.5
sH26n - 34 35 - 49 49 2.2
s641 - 19 19 - 21 21 2.0
s713 - 19 19 - 21 21 2.7
5820 - 90 90 - 93 93 86.3
s832 - 91 91 - - 94~ 21.6
5838 - 74 75 - - 75 430.7
5953 - 65 68 73 - 76* 84.7
s1196 - 59 99 105 - 112~ 161.0
s1238 - 61 107 | 115 - 1217 920.7
s1423 - 14 15 - - 20* 9.9
51488 - 98 98 | 100 | - 101* 28.7
81494 - 97 97 | 100 | - 100 62.3
sb378 - 85 92 - - 97* 198.4
59234 - 84 88 90 - 100* | 6319.4
513207 - | 233 | 233 | - - 233 | 7227
515850 - 89 85 90 - 91* 938.9
535932 - - - 9 - 9 5687.4
538417 - 50 60 - - 62* | 12287.9
538584 - - - 93 - 89 | 101345
TOTAL || — | 1597 | 1707 | - — || 1922 | 38108.7
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TABLE II

COMPACTION RESULTS

15

Test Set Size Time (secs)
MinTest MinTest
Circuit LB CT | TSC | 1it | 3 its | > 3 its cT TSC 1 its | 3 its | > 3 its
c432 27 29 29 27* - - 7 13.6 6.2 - -
c499 52 52* 53 52* - - 5 13.2 17.4 - -
c880 13 21 18 20 18(2) 16*(10) 12 36.4 10.4 20.5 50.9
c1355 84 84* 86 84* - - 16 58.5 29.4 - -
c1908 106 | 106* | 106* | 106* - - 55 257.8 78.9 - -
c2670 44 45 44* 44* - - 130 246.1 73.3 - -
c3540 80 91 90 87 87 84*(15) 262 423.1 178.1 305.1 1372.9
ch315 37 44 46 41 40(3) 37*(12) 362 1126.3 265.4 573.8 1983.5
c6288 6 14 14 13 13 12%(8) 398 419.4 65.6 134.5 306.9
c75H2 65 80 76 73* 73 - 1311 1931.8 794.7 1733.8 -
TOTAL 514 | 566 562 547 544 535 2558 4526.2 | 1519.4 - -
s208 27 27* - 27* - - 0.8 - 0.4 - -
s298 23 24 - 23* - - 1.5 - 0.7 - -
s344 13 15 - 13* - - 1.5 - 0.7 - -
s349 13 14 - 13* - - 1.7 - 0.7 - -
$382 25 25* - 25* - - 1.7 - 0.8 - -
$386 63 63* - 63* - - 3.8 - 3.1 - -
s400 24 24* - 24* - - 1.8 - 0.8 - -
s420 43 43* - 44 43*(2) - 3.2 - 2.1 2.9 -
s444 24 24* - 24* - - 2.3 - 0.9 - -
s510 54 54* - 54* - - 6.0 - 3.6 - -
$h26 49 50 - 49* - - 4.9 - 3.0 - -
$h26n 49 50 - 49* - - 4.9 - 3.3 - -
s641 21 22 - 21* - - 3.1 - 2.1 - -
s713 21 22 - 21* - - 4.6 - 2.8 - -
$820 93 94 - 94 93*(2) - 19 - 27.7 34.1 -
s832 94 94* - 95 95 94*(12) 20 - 23.9 28.7 80.1
s838 75 75* - 76 75%(2) - 13 - 11.9 15.3 -
$953 76 76* - 76* - - 25 - 30.3 - -
s1196 113 118 - 113* - - 48 - 43.6 - -
s1238 121 124 - 122 122 121*(4) 102 - 68.7 90.8 127.4
s1423 20 26 - 22 22 20%(25) 32 - 14.6 31.0 205.3
s1488 101 | 101* - 101* - - 40 - 75.1 - -
$1494 100 | 100* - 100* - - 43 - 80.4 - -
sh378 97 103 - 97* - - 216 - 131.5 - -
$9234 100 108 - 106 106 105%(5) 1085 - 1103.6 2020.7 | 3157.1
$13207 233 235 - 233* - - 1096 - 1178.4 - -
s15850 91 95* - 96 96 95*(17) 1375 - 1406.1 2189.3 | 9252.2
$35932 9 13 - 12* 12 - 8388 - 10075.7 | 11334.5 -
s38417 62 85 - 70 68*(3) - 13210 - 11773.6 | 28955.8 -
s38584 93 115 - 111 | 110%(3) - 14446 - 17219.7 | 38538.9 -
TOTAL || 1927 | 2019 - 1974 1968 1962 40199.8 - 43289.8 - -




