Target Faults for Test Compaction based on Multicycle Tests

IRITH POMERANZ, Purdue University

The use of multicycle tests, with several functional capture cycles between scan operations, contributes
significantly to the ability to compact a test set. Multicycle tests have the added benefit that they can contribute
to the detection of defects with complex behaviors that are not detected by single-cycle or two-cycle tests.
To ensure that this benefit is materialized when test compaction is applied to transition faults, this paper
suggests to incorporate into the test compaction procedure an additional fault model whose fault coverage
increases when multicycle tests are used. To ensure that the computational complexity of test compaction is
not increased by a fault model with a large number of faults, or faults with complex behaviors, the added
fault model is required to have the same characteristics as the transition fault model. A type of transition
faults called unspecified transition faults satisfies these requirements. The paper describes a test compaction
procedure for transition faults that incorporates unspecified transition faults, and presents experimental
results for benchmark circuits to demonstrate the levels of test compaction and fault coverage that can be
achieved.
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1 INTRODUCTION

Delay fault models capture the behaviors of delay defects in order to enable fault simulation and test
generation to be carried out [1]-[17]. Transition faults [1] model the case where a large extra delay
is local to a line. The transition fault model is commonly used because the number of transition
faults is manageable, being comparable to the number of single stuck-at faults, and the activation
and propagation conditions for transition faults are similar to those of single stuck-at faults.
Transition faults are detected by scan tests with two or more functional capture cycles between a
scan-in and a scan-out operation (broadside tests). Two or more clock cycles are used for activating
the faults and propagating their effects to observable outputs. Two-cycle broadside tests, with two
functional capture cycles between scan operations, are sufficient for the detection of transition faults.
Multicycle broadside tests, with two or more functional capture cycles between scan operations,
provide the following advantages [18]-[26].
(1) They potentially improve the ability of the test set to detect defects with complex behaviors by
exercising the circuit at-speed for several functional capture cycles [18].
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(2) They allow test compaction to be achieved. This was originally observed for single stuck-at
faults [27]-[28], and can be explained as follows. By increasing the number of functional capture
cycles in a test, it is possible to increase the number of faults that the test detects. This allows the
number of tests in a test set to be reduced. A reduction in the number of tests implies a reduction
in the number of scan operations. This translates into a reduction in the number of clock cycles
required for test application, and a reduction in the test data volume.

(3) Multicycle tests can address features such as multiple clock domains and partial scan [20]-[21].
(4) They create closer-to-functional operation conditions that are important for avoiding overtesting
of delay faults [19].

In existing test compaction procedures that produce multicycle tests for transition faults, the
transition fault coverage of the multicycle test set is typically the same as that of a two-cycle test
set. A possible formulation of the problem addressed by existing test compaction procedures is the
following.

Problem 1: Given a two-cycle broadside test set T, for the set F of transition faults, find a multicycle
broadside test set Ty, that satisfies the following conditions. (1) The number of clock cycles required
for application of Ty, is as small as possible. (2) Ty detects all the faults from F; detected by T5.

Within this formulation, transition faults do not allow the test compaction procedure to identify

multicycle tests that can potentially improve the defect coverage. As a result, the advantage of
multicycle tests in detecting defects with complex behaviors may not be materialized by the resulting
test set. To address this issue, the paper suggests to incorporate into the test compaction procedure
for transition faults an additional fault model whose achievable fault coverage increases when
multicycle tests with more functional capture cycles are used. This will allow the test compaction
procedure to identify tests that are likely to increase the defect coverage, and keep them in the test
set. Without increasing the defect coverage, the procedure will achieve test compaction. More tests
may be needed when the defect coverage is increased. Overall, the procedure will combine the
advantages of test compaction and increased defect coverage. The problem addressed by the test
compaction procedure described in this paper is the following.
Problem 2: Given a two-cycle broadside test set T, for the set F; of transition faults, and an additional
set F; of faults whose achievable fault coverage increases when multicycle tests with more functional
capture cycles are used, find a multicycle broadside test set Ty, that satisfies the following conditions.
(1) The number of clock cycles required for application of T is as small as possible. (2) Ty, detects
all the faults from F, detected by T;. (3) Ty, detects as many faults from F; as possible.

A fault model to complement the transition fault model is selected in this paper as follows. The
standard transition faults that are typically considered under multicycle tests are associated with an
extra delay of a single clock cycle (these faults are included in Fy of Problems 1 and 2). Transition
faults with different durations model delay defects with different durations [4]. These faults have
different behaviors than the standard transition faults under multicycle tests, and they are detected
by different tests. They can thus be used for enhancing the defect coverage of a multicycle test set.
However, the use of transition faults with different durations also increases the number of faults
significantly.

To ensure that the computational complexity of test compaction is not increased by a fault model
with a large number of faults, or faults with complex behaviors, the added fault model is required to
have similar characteristics to the transition fault model. Specifically, the number of faults should
be the same, and the fault simulation procedure should have the same computational complexity.
A type of transition faults called unspecified transition faults provides such a fault model [5]. An
unspecified transition fault captures the behaviors of transition faults with different durations. The
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unspecified transition fault model is thus suitable as a target for increasing the defect coverage of a
multicycle test set.

The paper describes a test compaction procedure where unspecified transition faults complement
the use of standard transition faults during the generation of multicycle tests. Experimental results
for benchmark circuits demonstrate that the test set is compacted even in cases where the fault
coverage is increased. To demonstrate the importance of targeting an additional fault model as
well as the test compaction capabilities of the procedure, it is divided into three phases. Phase 1
achieves test compaction without considering unspecified transition faults. Phase 2 adds tests for
unspecified transition faults without attempting to compact the test set, demonstrating that many
of these faults are not detected accidentally by multicycle tests for standard transition faults. Phase
3 applies the test compaction procedure using both fault models in order to compact the test set
further. Once the effectiveness of the procedure is established, only phase 3 needs to be applied.

Unspecified transition faults are used in this paper as an example of a fault model whose fault
coverage increases when multicycle tests are used, and has the same characteristics as the commonly
used transition fault model. Other fault models with similar characteristics can be used instead of
unspecified transition faults to guide the test compaction procedure.

The test compaction procedure described in this paper is simulation based in order to avoid the
need for sequential test generation to generate multicycle tests. The procedure creates a pool of
multicycle tests based on a two-cycle test set, and selects a subset using the criteria included in
Problem 2. This limits its computational complexity at the cost of giving up optimality. Other test
compaction procedures can be used instead.

The paper is organized as follows. Unspecified transition faults are reviewed in Section 2. Section
3 describes the test compaction procedure, and its partition into three phases. Experimental results
are presented in Section 4.

2 UNSPECIFIED TRANSITION FAULTS

Delay faults are used for modeling delay defects that affect the timing of a circuit. Such defects
cause the circuit to fail at its designated speed of operation. Transition faults are a type of delay
faults where the extra delay of a line is assumed to be large enough to cause the circuit to fail
independent of the delays of the paths through which it is propagated. The transition fault denoted
by g : a — a’ delays the a — a’ transition on line g. In the presence of the fault, the transition
does not occur within the clock period of the circuit. A two-cycle test for the fault assigns g = a
in the first clock cycle and g = a’ in the second clock cycle in order to activate the fault. In the
faulty circuit, the transition does not occur, and g = a in both clock cycles. This creates the fault
effect g = a’/a in the second clock cycle. The second clock cycle of the test needs to propagate the
difference between the fault-free and faulty values of g to an observable output.

A multicycle test has two or more functional capture cycles between its scan operations. When a
sequence of functional capture cycles is simulated at-speed, a transition fault may have a different
effect on the output response of the circuit depending on the duration of the extra delay. While the
effects of a transition fault with an extra delay of a single clock cycle disappear after one clock cycle,
a transition fault with an extra delay of two clock cycles can affect the circuit for two clock cycles.
To address this issue, each transition fault is considered in [4] with different durations of the extra
delay on the faulty line. The duration is measured in numbers of clock cycles, and each number
defines a different fault. Each one of the faults needs to be simulated separately as an independent
fault. This increases the computational complexity for the consideration of transition faults.

To keep the number of transition faults from growing, only transition faults with a delay of
a single clock cycle are typically considered. These faults tend to be the most difficult to detect,
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making it less important to consider faults with larger delays. A transition fault with an extra delay
of a single clock cycle is referred to as a standard transition fault.

Unspecified transition faults are defined in [5] as an alternative to the approach from [4]. The
unspecified transition fault model captures all the possible durations of a delayed transition in a
single fault by introducing unspecified values into the faulty circuit when fault effects may occur.
The unspecified values indicate that a fault effect may occur depending on the duration of the fault.
Fault detection is assumed to occur when an unspecified value reaches an observable output. To
increase the confidence that the fault is detected, several unspecified values are required to reach
an observable output before a fault is considered to be detected in [5].

The difference between standard and unspecified transition faults is related to their activation.
This issue is discussed next.

For a standard transition fault g : a — a’ under a two-cycle test, having g = a in the first clock
cycle, and g = a’ in the second clock cycle, causes the transition fault to be activated. This results
in the value g = a in the faulty circuit under the second cycle.

A pessimistic unspecified transition fault is activated by two consecutive clock cycles such that
g = a in the first clock cycle, and g = a’ in the second clock cycle. However, in this case, an
unspecified (x) value is assigned to g in the faulty circuit under the second cycle. The unspecified
value represents the uncertainty regarding the duration of the fault, which determines whether or
not the fault will persist in the next clock cycle.

Using the definition from [5], an optimistic unspecified transition fault g : a — a’ is activated if
the value of line g in the first clock cycle is a or x, and the value of g in the second clock cycle is a’.
This causes an unspecified value to be assigned to g in the faulty circuit under the second clock
cycle. The fault is referred to as optimistic because of the assumption that the conditions for the
activation of g will be created even with an unspecified value on g. This causes more unspecified
values to propagate through the circuit. Since unspecified values do not cancel each other, this
increases the likelihood that the fault will be detected.

An even more optimistic definition of an unspecified transition fault allows g to assume an
unspecified value in the second clock cycle as well. This is the definition used in this paper. Thus,
an optimistic unspecified transition fault g : @ — a’ is activated if the value of line g in the first
clock cycle is a or x, and the value of g in the second clock cycle is a’ or x.

With this definition, the number of optimistic unspecified transition faults is the same as the
number of standard transition faults, and the fault simulation procedures for the two fault models
have the same computational complexity.

The following example illustrates the detection of an optimistic unspecified transition fault using
a multicycle test with three functional capture cycles. The example is based on benchmark circuit
5298. The circuit has 14 state variables, three primary inputs, and six primary outputs. Figure 1
shows the functional clock cycles of a three-cycle broadside test, and the values it assigns in the
presence of a falling optimistic unspecified transition fault. In the second clock cycle, the value 0
(shown in parentheses) is computed for the faulty line. The fault is activated, causing the value of
the faulty line to be changed to x. In the third clock cycle, the value 0 is computed for the faulty
line again. The fault is activated again, causing the value of the faulty line to be changed to x. This
results in an x value reaching the final state of the test, which is scanned out.

3 TEST COMPACTION PROCEDURE

This section describes a test compaction procedure that produces multicycle tests for transition
faults. The complete procedure is described first, followed by its partition into three phases that
demonstrate its various capabilities.

ACM Transactions on Design Automation of Electronic Systems, Vol. 1, No. 1, Article 1. Publication date: January 2019.



Target Faults 1:5

‘ 000 ‘ 000 ‘ 000

1110001 0001100 1001000 000x110
1011011 1 0100111| (O)x [otoo1i1| (O)x [00000TT

‘ 011101 ‘ 100010 ‘ 100010

Fig. 1. Three-cycle broadside test

3.1 Overview

The procedure considers a set of target faults F that consists of standard as well as optimistic
unspecified transition faults. For every line g and value a, F contains the standard as well as the
optimistic unspecified transition fault g : a — a’.

An [;-cycle broadside test is denoted by t; = (s;,v;,1;), where s; is the scan-in state, v; is a
primary input vector, and [; is the number of functional capture cycles of the test. The primary
input vector v; is held constant for the duration of the test.

The test compaction procedure accepts a compact two-cycle broadside test set for standard
transition faults. The test set is denoted by T,. The test set T, detects all or most of the detectable
standard transition faults from F, and typically the same number of unspecified transition faults.
It does not detect all the detectable optimistic unspecified transition faults from F, since these
faults were not targeted during the generation of T,, and some of them may only be detected by
multicycle tests with more than two functional capture cycles.

The procedure produces a series of test sets, T3, Ty, .... A testt; € Tp is an [;-cycle broadside
test, for 2 < I; < L. The goal of producing T;, for L > 3, is to compact the test set, while also
detecting additional unspecified transition faults from F. It should be noted that these two goals
can be conflicting, and an increased unspecified transition fault coverage may require an increased
number of tests. The use of multicycle tests provides test compaction even in this case since it
allows each test to detect more faults than a two-cycle test. The increase in the number of tests is
accepted to support the increased fault coverage.

For an arbitrary value of L > 3, the test set Ty, is constructed as illustrated by Figure 2. Phase 3 is
the one relevant to the discussion in this section. The other phases will be explained later.

Initially, Ty = Ty_;. The procedure adds L-cycle broadside tests to T as described below. The
goal is to create a pool of L-cycle broadside tests that are likely to be effective for two purposes: (1)
detecting faults from F that are not detected by T;_1, and (2) contributing to test compaction.

After the pool is constructed, a set covering procedure is used for selecting a minimal subset
of T, that is sufficient for detecting all the faults from F that the pool detects. The inclusion of
Tr-1 in Ty, ensures that a fault, whose detection requires an [;-cycle broadside test t; € T;_4, can be
detected by T;.

Two procedures that are used for constructing the pool are described next, followed by the set
covering procedure.

3.2 Constructing the Pool

After assigning Ty, = T;1, the procedure adds L-cycle broadside tests to T;, as follows.
Experimental results indicate that the tests in T, yield multicycle tests that are effective in

detecting standard as well as optimistic unspecified transition faults simply by increasing their

numbers of functional clock cycles, and using the same scan-in states and primary input vectors.
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Assign T; =T

'

Add to T tests based on T,
Phase 1,3: without fault simulation
Phase 2: with fault simulation
(Subsection 3.2, Algorithm 1, Step 1)

'

Add to T, tests based on
pairs of tests from 7,
Phase 1,3: without fault simulation
Phase 2: with fault simulation
(Subsection 3.2, Algorithm 1, Steps 2-3)

'

Apply a set covering procedure to 7,
Phase 1: without unspecified transition faults
Phase 2,3: with unspecified transition faults
(Subsection 3.3, Algorithm 2)

Fig. 2. Test compaction procedure

Thus, considering a test tl.2 = (s;,v;,2) € T,, there are many cases where a test tiL = (s;,v;, L),
with L > 2, is effective in detecting standard and optimistic unspecified transition faults. This
is explained by the fact that the tests in T, create the activation and propagation conditions for
standard transition faults. By keeping the same scan-in state and primary input vector, and adding
functional capture cycles, activation and propagation conditions are created for both standard and
optimistic unspecified transition faults. Based on this observation, the procedure adds tests to Tr
as follows.

For every test ti2 = (si, vj, 2) € Ty, the procedure adds to Ty the L-cycle test tiL = (si,v;, L).

To allow more variation in the tests that are considered for T;, the procedure combines values of
scan-in states and primary input vectors from different tests in T,. Considering t; = (s;,v;,2) € T,
and tj = (sj,v},2) € T such that i # j, the L-cycle test obtained by combining t; and ¢; is denoted
by tiI:j = (si,j, vi,j, L). For every bit of s; ; and v; j, the procedure selects one of t; or ¢; randomly,
and copies the value of the bit from the selected test. By combining values from two tests, the
procedure combines the activation and propagation conditions they create. In many cases, this
allows standard as well as optimistic unspecified transition faults to be detected.

The number of pairs of tests that are available for defining multicycle tests is | T|(|Tz| — 1), and
every pair can result in several different tests depending on how the bits of the pair are combined.
To avoid creating a pool with an excessive number of tests, the procedure uses the following
approach.

The Hamming distance between t; € T, and t; € T; is the number of bits where s; and s;, and v;
and v}, differ. A pair of tests with a larger Hamming distance allows more variation in the combined
test. Experimental results indicate that this variation is important for the detection of optimistic
unspecified transition faults. To focus on the pairs of tests with the largest Hamming distances,
the procedure includes in a set that is denoted by P, the pairs of tests with the largest Hamming
distances. The number of pairs that the procedure includes in Py is Np|T3|, for a constant Npy.
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To define multicycle tests, the procedure selects pairs of tests from Py randomly. The number
of pairs that the procedure selects is Np;|T3|, for a constant Np; < Npy. The procedure combines
every pair once to produce one multicycle test for every pair.

The algorithm for constructing the pool is summarized next.

Algorithm 1: Constructing the pool
(1) For every test tl.z = (s;,v;,2) € T, add to Ty, the L-cycle test tiL = (s;,v;, L).
(2) Include in a set Py the Npy|T| pairs of tests from T, with the largest Hamming distances.
(3) Repeat Np;|T;| times:
(a) Select a pair of tests (t;, t;) from Py randomly.
(b) Define an L-cycle test tif ; = (si,j, vi,j, L) as follows. For every bit of s; ; and v; j, select
one of t; or t; randomly, and copy the value of the bit from the selected test.
(c) Add tiL’ ;jtoTr.

The procedure uses Npy = 8 and Np; = 4. This ensures that the number of tests in T} is increased
by at most 4|T;|, while providing 8|T,| candidate pairs of tests to create variation in the test set
for different values of L. Experimental results show that these parameter values are effective at
balancing the computational effort, the level of test compaction, and the unspecified transition
fault coverage.

It should be noted that L-cycle tests are added to Ty, without fault simulation. This creates a large
pool of L-cycle tests, from which effective ones can be selected.

3.3 Set Covering Procedure

The set covering procedure described in this section selects a minimal subset of the tests in Ty that
are needed for detecting faults from F.

Initially, all the tests in T; are marked as unselected, and all the faults in F are marked as
uncovered.

The procedure performs N-detection fault simulation of F under Ty, for a constant N > 1. During
N-detection fault simulation, a fault is dropped only after it is detected by N different tests. Thus,
for every fault f; € F that is detected by Ty, N-detection fault simulation yields up to N tests from
Ty, that detect fj. The subset of tests that detect f; is denoted by D; C T;. For the experiments in
this paper, N = 16 is used for ensuring that a sufficiently large number of tests is available for
every fault.

The procedure considers the uncovered faults from F, which are detected by T;, one at a time in
an increasing order of the number of tests in D;. This order is motivated by the fact that a fault
with a smaller subset D; is less likely to be detected by tests that detect other faults, and it is more
likely that a test will have to be selected for it directly out of D;.

When a fault f; € F is considered, the procedure selects one of the tests from D; to cover the
fault. For a test t; € Dj, let ¢; be the number of uncovered faults that the test detects. This is the
number of uncovered faults fi € F such that t; € D. Let [; be the number of functional capture
cycles in ¢;. Of all the tests in Dj, the procedure selects the test t; for which ¢; is the largest, and [;
is the smallest, in this order of importance.

The procedure marks t; as selected. It also marks as covered every uncovered fault fi € F such
that ¢; € Dg. With the largest number of covered faults, ¢; is expected to be the most effective
in forming a compact test set. With the smallest number of clock cycles [;, the procedure avoids
selecting tests with increased numbers of functional capture cycles unless this is important for the
detection of the faults in F.

After all the faults in F are covered, the procedure keeps in T, only the tests that are marked
as selected. The procedure compares Ty with T;_; based on two parameters. The number of clock
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cycles required for the application of Ty, is denoted by X1. This includes scan shift cycles for scan
operations, and functional capture cycles. The number of clock cycles is used for measuring the level
of test compaction, and not the number of tests, since different tests may have different numbers
of functional capture cycles. The second parameter is the number of standard and optimistic
unspecified transition faults that the test set detects. For Ty, this number is denoted by Ay.
The procedure considers Ty, to be improved compared with T;_; if Dy, > Dy or X < Zp_;. If
Ty, is not improved compared with T;_;, the procedure prefers T;_; over Ty, and assigns Ty, = Tr—;.
The set covering algorithm is summarized next.
Algorithm 2: Set covering

(1) Mark all the tests in Ty, as unselected. Mark all the faults in F as uncovered.

(2) Perform N-detection fault simulation of F under T;. For every fault f; € F, store the tests
that detect f; in a set D;.

(3) If all the faults in F are either covered or have D; = 0, remove all the unselected tests from
Ty, and stop.

(4) Select an uncovered fault f; € F with the smallest subset D; such that D; # 0.

(5) For every test t; € Dj, let ¢; be the number of uncovered faults fi € F such that t; € Dy.

(6) Select the test t; for which ¢; is the largest, and [; is the smallest, in this order of importance.

(7) Mark t; as selected. Mark every uncovered fault fi € F such that t; € Dy as covered.

(8) Go to Step 3.

3.4 Three-Phase Procedure

To demonstrate the effectiveness of the test compaction procedure, it is important to demonstrate
the following points. (1) There are significant numbers of optimistic unspecified transition faults that
are not detected accidentally by multicycle tests for standard transition faults, and it is important
to target these faults directly during test compaction. (2) The use of multicycle tests contributes to
test compaction even when the fault coverage is increased.

These two goals are achieved together by the complete procedure. As a result, the increase in
the coverage of unspecified transition faults may hide the ability of the procedure to achieve test
compaction, and vice versa. To demonstrate both of these points, the test compaction procedure
is applied in three phases. Each phase applies the procedure differently. Figure 2 shows how the
procedure is modified in every phase.

Phase 1 achieves test compaction for standard transition faults without considering optimistic
unspecified transition faults. Phase 1 starts from the test set T5. It produces test sets that are denoted
by T}, T}, ..., Ty . These test sets are generated by the test compaction procedure for increasing
values of L without considering optimistic unspecified transition faults. In particular, optimistic
unspecified transition faults are ignored during the set covering procedure. Fault simulation is
carried out for optimistic unspecified transition faults to obtain the fault coverage; however, this
fault coverage is not used for guiding the test compaction procedure.

Phase 2 increases the coverage of optimistic unspecified transition faults without attempting
to achieve test compaction. Phase 2 starts from the test set T obtained at the end of phase 1. It
produces test sets that are denoted by T2, TZ, ..., TZ. These test sets are generated for increasing
values of L as follows. As in the test compaction procedure, tests are added to T} based on T
and based on pairs of tests in T;. However, every test is simulated using standard and optimistic
unspecified transition faults before it is actually added to TLZ. A test is added only if it increases the
fault coverage. The set covering procedure is applied to T? to remove tests that are not necessary
for achieving the fault coverage. However, without creating a large pool of L-cycle tests in T2, the
ability of the procedure to achieve test compaction is limited.
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Table 1. Three-Phase Procedure

fc.

circuit sV pi | ph L | tests ave str xtr cycles ratio | ntime
51423 74 17 0 2 69 2.00 | 73.963 74.104 5318 1.000 1.00

51423 74 17 1 8 62 3.89 | 74.069 78.742 4903 0.922 93.91
51423 74 17 2 8 68 4.12 | 74.069  79.866 5386 1.013 | 192.32
51423 74 17 3 7 64 4.42 | 74.069  79.902 5093 0.958 | 326.86
513207 669 31 0 2 349 2.00 | 79.983  80.769 | 234848  1.000 1.00

513207 669 31 1 8 313 3.38 | 79.983  82.772 | 211124  0.899 96.48
513207 669 31 2 8 380 3.63 | 79.983  83.436 | 256270 1.091 | 201.79
513207 669 31 3 8 353 4.69 | 79.983  83.466 | 238482  1.015 | 387.47
b03 30 5 0 2 23 2.00 | 85.677  85.677 766 1.000 1.00

b03 30 1 8 16 5.62 | 85.677  87.760 600 0.783 97.17
b03 30 5 2 8 17 5.41 | 85.677 88.151 632 0.825 | 184.50
b03 30 5 3 6 16 5.12 | 85.677  88.151 592 0.773 | 296.25
b07 51 2 0 2 64 2.00 | 70.300  70.403 3443 1.000 1.00

bo7 51 2 1 8 41 5.24 | 70.868  83.110 2357 0.685 81.22
bo7 51 2 2 8 52 5.37 | 70.868  85.279 2982 0.866 | 168.94
bo7 51 2 3 8 51 5.51 | 70971  85.382 2933 0.852 | 321.79
bo8 21 10 0 2 45 2.00 | 73.223  73.697 1056 1.000 1.00

b08 21 10 1 8 28 5.71 | 73.223  80.450 769 0.728 99.88
b08 21 10 2 8 37 6.14 | 73.223  84.597 1025 0.971 | 188.46
b08 21 10 3 8 33 6.79 | 73.223  84.834 938 0.888 | 389.90
b11 30 8 0 2 73 2.00 | 81.585  81.639 2366 1.000 1.00

b11 30 8 1 8 42 5.74 | 81.967  88.470 1531 0.647 89.93
b11 30 8 2 8 57 5.60 | 81.967  92.077 2059 0.870 | 176.61
b11 30 8 3 8 53 6.06 | 81.967 92.186 1941 0.820 | 348.65
b14 247 33 0 2 207 2.00 | 72.043  72.043 51790 1.000 1.00

b14 247 33 1 8 194 3.32 | 72.206  76.962 48810 0.942 95.19
b14 247 33 2 8 279 3.83 | 72363  80.297 70229 1.356 | 196.30
b14 247 33 3 8 276 424 | 72526  80.751 69588 1.344 | 380.81
sasc 117 15 0 2 47 2.00 | 85477  85.542 5710 1.000 1.00

sasc 117 15 1 8 43 4.23 | 85477  87.631 5330 0.933 | 109.22
sasc 117 15 2 8 51 4.24 | 85477  88.251 6300 1.103 | 203.42
sasc 117 15 3 7 48 4.67 | 85477  88.251 5957 1.043 | 366.68
usb_phy 98 14 0 2 52 2.00 | 88.958  88.958 5298 1.000 1.00

usb_phy 98 14 1 8 48 2.98 | 88.958 91.191 4945 0.933 | 13291
usb_phy 98 14 2 8 61 3.79 | 88.958  93.424 6307 1.190 | 225.84
usb_phy 98 14 3 8 58 445 | 88.958  93.755 6040 1.140 | 467.15

Phase 3 applies the test compaction procedure so as to achieve test compaction, as well as detect
additional optimistic unspecified transition faults. Phase 3 starts from the test set T obtained at
the end of phase 2. It produces test sets denoted by T3, Tj, ey T83. These test sets are generated
for increasing values of L without using fault simulation during the construction of the pool. The
large pool that results supports test compaction. In addition, the set covering procedure considers
standard as well as optimistic unspecified transition faults.

4 EXPERIMENTAL RESULTS

The test compaction procedure is applied to benchmark circuits as described in this section. In all
the experiments, the test set T, is a compact two-cycle broadside test set for standard transition
faults.

4.1 Three-Phase Procedure

The three-phase test compaction procedure is applied first to several benchmark circuits in order
to demonstrate the ability of the procedure to reduce the number of clock cycles as well as increase
the optimistic unspecified transition fault coverage. In every one of the three phases, the procedure
generates test sets Ty, for L = 3, 4, ..., 8.

ACM Transactions on Design Automation of Electronic Systems, Vol. 1, No. 1, Article 1. Publication date: January 2019.



1:10 Irith Pomeranz

Table 2. Single-Phase Procedure (£, < £ for L > 2)

fec.
circuit sV pi ph L | tests ave str xtr cycles  ratio | ntime
51423 74 17 0 2 69 2.00 73.963  74.104 5318 1.000 1.00
s1423 74 17 3 13 62 8.65 74.069  81.131 5198 0.977 | 402.36
51423 74 17 3 16 62 10.05 | 74.069  81.342 5285 0.994 | 596.05
$5378 179 35 0 2 180 2.00 77.781  77.781 32759 1.000 1.00
55378 179 35 3 14 172 3.80 77.781  77.989 31621 0.965 | 494.78
535932 1728 35 0 2 30 2.00 71.800  71.800 53628 1.000 1.00
535932 1728 35 3 13 15 10.00 | 71.800  73.492 27798 0.518 | 226.41
59234 228 19 0 2 355 2.00 76.543  78.276 81878 1.000 1.00
59234 228 19 3 14 348 4.50 76.543  79.337 81139 0.991 | 579.58
59234 228 19 3 16 349 4.79 76.543  79.375 81472 0.995 | 743.71
513207 669 31 0 2 349 2.00 | 79.983  80.769 | 234848  1.000 1.00
$13207 669 31 3 15 342 7.87 79.983  83.895 | 232158  0.989 | 594.74
513207 669 31 3 16 346 8.24 79.983  83.902 | 234994 1.001 | 674.66
b03 30 5 0 2 23 2.00 85.677  85.677 766 1.000 1.00
b03 30 5 3 11 17 5.88 85.677  88.151 640 0.836 | 317.57
b05 34 2 0 2 104 2.00 76.344  76.445 3778 1.000 1.00
bo5 34 2 3 15 61 12.00 | 76.512  86.962 2840 0.752 | 453.95
b05 34 2 3 16 63 12.75 | 76.546  87.063 2979 0.789 | 507.29
bo7 51 2 0 2 64 2.00 70.300  70.403 3443 1.000 1.00
bo7 51 2 3 14 41 9.76 71384  87.087 2542 0.738 | 399.58
b07 51 2 3 16 41 10.73 | 71.384  87.138 2582 0.750 | 509.48
bo3 21 10 0 2 45 2.00 73.223  73.697 1056 1.000 1.00
b08 21 10 3 4 38 3.47 73.223  80.332 951 0.901 43.68
b03 21 10 3 14 34 9.85 73.223  85.900 1070 1.013 | 534.07
b09 28 2 0 2 24 2.00 79.056  79.056 748 1.000 1.00
b09 28 2 3 4 19 3.26 79.056  80.826 622 0.832 48.00
b09 28 2 3 16 28 8.79 79.351  86.431 1058 1.414 | 723.40
b11 30 8 0 2 73 2.00 81.585  81.639 2366 1.000 1.00
b11 30 8 3 8 51 6.04 81.967  91.694 1868 0.790 | 162.69
b11 30 8 3 16 47 10.70 | 81.967  92.350 1943 0.821 | 536.42
aes_core 530 258 0 2 311 2.00 96.177  96.177 | 165982  1.000 1.00
aes_core 530 258 3 16 124 13.65 | 96.177  96.340 67943 0.409 | 534.29
simple_spi 131 15 0 2 78 2.00 76.702  76.806 10505 1.000 1.00
simple_spi 131 15 3 14 68 7.18 77.173  80.052 9527 0.907 | 461.50
simple_spi 131 15 3 16 70 7.84 77.330  80.236 9850 0.938 | 592.54
spi 229 45 0 2 865 2.00 82.587  84.375 | 200044  1.000 1.00
spi 229 45 3 15 803 6.04 83.314  86.063 | 188966  0.945 | 620.82
spi 229 45 3 16 808 6.36 83.322  86.080 | 190401  0.952 | 702.79
systemcaes 670 258 0 2 202 2.00 88.735  88.735 | 136414  1.000 1.00
systemcaes 670 258 3 12 195 9.55 88.735  94.897 | 133182  0.976 | 428.22
systemcaes 670 258 3 16 195 12.32 | 88.735  95.237 | 133723  0.980 | 690.23
systemcdes 190 130 0 2 91 2.00 96.089  96.089 17662 1.000 1.00
systemcdes 190 130 3 16 30 14.43 | 96.089  96.355 6323 0.358 | 330.25

Table 1 describes the following test sets. The first row for every circuit describes the test set T5.
The second row describes the test set T; obtained at the end of phase 1. The third row describes the
test set T; obtained at the end of phase 2. The fourth row describes the final test set T} of phase 3.
The final test set is obtained for L < 8 if increasing L further does not increase the fault coverage or
reduce the number of clock cycles.

For every test set, after the circuit name, column sv shows the number of state variables, and
column pi shows the number of primary inputs. Column ph shows the phase of the procedure,
where a zero stands for the initial test set. Column L shows the value of L for which Ty is computed.

Column tests shows the number of tests in Tr. Column ave shows the average number of
functional capture cycles in a test of T}.

Column f.c. shows the standard (str) and optimistic unspecified (xtr) transition fault coverage
of TL.
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Table 3. Single-Phase Procedure (X > 33 for L > 2)

fc.
circuit sV pi ph tests ave str xtr cycles ratio ntime
538417 1636 28 0 2 648 2.00 97.106  97.123 | 1063060  1.000 1.00
538417 1636 28 3 16 672 4.94 97.154  97.586 | 1104350  1.039 | 1367.73
b14 247 33 0 2 207 2.00 72.043  72.043 51790 1.000 1.00
b14 247 33 3 16 261 6.97 72.357  81.106 66532 1.285 666.80
b15 447 36 0 488 2.00 81.115  81.149 219559 1.000 1.00
b15 447 36 3 16 627 11.34 | 83.267  89.535 287824 1.311 | 1027.68
b20 494 33 0 2 306 2.00 79.651  79.651 152270 1.000 1.00
b20 494 33 3 16 432 7.82 80.519  89.136 217282 1.427 686.94
sasc 117 15 0 2 47 2.00 85.477  85.542 5710 1.000 1.00
sasc 117 15 3 16 49 10.43 | 85.477  88.544 6361 1.114 729.10
tv80 359 13 0 2 658 2.00 82.023  82.034 237897 1.000 1.00
tv80 359 13 3 16 950 7.76 83.025  93.509 348783 1.466 751.14
usb_phy 98 14 0 2 52 2.00 88.958  88.958 5298 1.000 1.00
usb_phy 98 14 3 15 56 7.59 88.958  94.003 6011 1.135 745.11
wb_dma 523 215 0 2 175 2.00 75.042  75.048 92398 1.000 1.00
wb_dma 523 215 3 16 192 4.14 75.381  76.093 101733 1.101 701.76

Column cycles shows the number of clock cycles required for applying T;, ;. Column ratio
shows the ratio X1 /2.

Column ntime shows the normalized run time for the test compaction procedure. To obtain the
normalized run time, the total run time for all the values of L, up to the one reported, is divided by
the run time for fault simulation with fault dropping of F under T5.

The following points can be seen from Table 1. The use of multicycle broadside tests sometimes
increases the coverage of standard transition faults. However, the increase is typically small, and it
is not likely to be sufficient for guiding the generation of multicycle tests that improve the defect
coverage.

Even without targeting optimistic unspecified transition faults, phase 1 of the test compaction
procedure increases their coverage as it increases the number of functional capture cycles. However,
a further, significant increase is typically obtained in phase 2, when the faults are targeted directly.

Even when the coverage of unspecified transition faults increases significantly, the use of
multicycle tests in phase 3 typically reduces the number of clock cycles required for applying the
test set. In many cases, this results in X < 3, for L > 2.

4.2 Single-Phase Procedure

The intended use of the test compaction procedure is as a single-phase procedure where only phase
3 is applied to achieve test compaction and increase the optimistic unspecified transition fault
coverage simultaneously.

The procedure is applied to generate test sets Ty, for L = 3, 4, ..., 16. With a higher bound on
L, the procedure has more flexibility to increase the unspecified transition fault coverage while
achieving test compaction.

The results are shown in Tables 2 and 3 in the same format as Table 1. The test sets included in
Tables 2 and 3 are the following. The first row for every circuit describes the test set T;. In Table 2,
the second row describes the test set T; with the smallest number of clock cycles, ¥, such that
YL < 2. A test set with ¥; < 3, is not obtained for the circuits in Table 3 because the increased
fault coverage requires an increased number of clock cycles, and the increase in the number of
clock cycles is accepted. The last row describes the final test set T;, with the largest coverage of
optimistic unspecified transition faults, and the smallest number of clock cycles. In some cases,
a test set with X < ¥, is also the one with the smallest number of clock cycles and the largest
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Fig. 3. Single-phase procedure

coverage of optimistic unspecified transition faults. In this case, only one test set, other than the
initial test set, is included in Table 2.

From Tables 2 and 3 it can be seen that the single-phase procedure increases the coverage of
optimistic unspecified transition faults significantly. With a larger value of L, the fault coverage is
higher for many circuits in Tables 2 and 3 than in Table 1, and the number of clock cycles is lower.

The ability of the procedure to achieve test compaction can be seen from the fact that, in many
cases, Xy < X, is obtained even with an increased fault coverage.

A value of L can be selected for a circuit based on the number of clock cycles and the fault
coverage. Tables 2 and 3 show at most two test sets that are produced by the test compaction
procedure. Additional, intermediate options are available, with intermediate numbers of clock
cycles and fault coverage.

To illustrate this point, Figure 3 shows the results of the test compaction procedure when it is
applied to benchmark circuit s298 to produce test sets T3, Ty, ..., T1s. The horizontal axis shows the
coverage of optimistic unspecified transition faults. The vertical axis shows the reduction in the
number of clock cycles required for applying the test set, X1 /,. The value of L is shown inside the
circle for the test set Ty, where 2 < L < 16. A value of L is omitted from Figure 3 if the procedure
obtains a test set with a higher optimistic unspecified transition fault coverage and a lower number
of clock cycles for a higher value of L. In this case, the higher value of L is preferred, and the lower
value is omitted.

Figure 3 demonstrates that the procedure produces several test sets, representing different points
in the tradeoff between the optimistic unspecified transition fault coverage and the number of clock
cycles.

5 CONCLUDING REMARKS

This paper suggested that the generation of multicycle tests for test compaction should incorporate
a fault model, whose fault coverage increases when multicycle tests are used, in order to materialize
the benefit of multicycle tests in increasing the defect coverage. To ensure that the computational
complexity of test compaction for transition faults is not increased by a fault model with a large
number of faults, or faults with complex behaviors, optimistic unspecified transition faults were
added to the transition fault model to achieve this goal. The paper described a test compaction
procedure that produces multicycle tests for transition faults of both types. Experimental results
for benchmark circuits demonstrated the improvement in both parameters.
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