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a b s t r a c t

The dependability of current and future nanoscale technologies highly depends on the ability of the test-
ing process to detect emerging defects that cannot be modeled traditionally. Generating test sets that
detect each fault more than one times has been shown to increase the effectiveness of a test set to detect
non-modeled faults, either static or dynamic. Traditional n-detect test sets guarantee to detect a modeled
fault with minimum n different tests. Recent techniques examine how to quantify and maximize the dif-
ference between the various tests for a fault. The proposed methodology introduces a new systematic test
generation algorithm for multiple-detect (including n-detect) test sets that increases the diversity of the
fault propagation paths excited by the various tests per fault. A novel algorithm tries to identify different
propagating paths (if such a path exists) for each one of the multiple (n) detections of the same fault. The
proposed method can be applied to any linear, to the circuit size, static or dynamic fault model for multi-
ple fault detections, such as the stuck-at or transition delay fault models, and avoids any path or path seg-
ment enumeration. Experimental results show the effectiveness of the approach in increasing the number
of fault propagating paths when compared to traditional n-detect test sets.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Modern digital systems depending on reliable nanoscale inte-
grated circuits play a critical role to the consistency of the digital
era evolution. Applications varying from popular consumer elec-
tronics products such as smartphones to highly dependable
aviation systems feature different configurations with different
dependability needs. In addition, technology shrinking highly
affects the testability of nanoscale components due to the exis-
tence of emerging defects that cannot be modeled efficiently.
Moreover, process variability for heterogeneous architectures can
increase the diversity of these defects and make the already
challenging process of developing effective tests even more
complicated. Thus, the selected test methodology becomes the
critical factor for obtaining high manufacturing yield and at
the same time ensuring the dependability and the reliability of
the final system.

In order to cope with this demanding trend, more sophisticated
post-manufacturing testing methodologies and/or procedures are
introduced. A straightforward, yet hard, approach, is to develop
improved fault models of increased complexity in an attempt to
emulate the behavior of real defects at different levels of abstrac-
tion. However, the diversity of the possible defects limits this
approach to applications for specific problems for which a large
number of assumptions hold. Moreover, test engineers rarely have
access to detailed layout information before the fabrication phase
and, hence, they cannot incorporate the actual defects profile in
the test generation process. For this reason, an alternative
approach employs multiple detections per modeled fault, using
well established fault models of linear complexity like the
stuck-at and transition fault models, in an attempt to catch
manufacturing defects that cannot be detected by single detect
test sets.

This alternative approach relies on the speculation that
detecting a fault more than one time, by generating a number
of different tests for each modeled fault, contributes in achieving
higher defect coverage. Indeed, previous works on test generation
considering each fault multiple times have shown to give high
non-modeled fault coverage and, thus, higher test quality [1–8].
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The vast majority of the ATPG methods for multiple-detect (or
n-detect) test sets mainly concentrate on reducing the test gener-
ation effort and, at the same time retain a small test set size.
Moreover, it is important to consider the diversity between the
different tests per fault in order to achieve the desired quality.
Sets with diverse tests per targeted modeled fault have been
shown to achieve higher defect and non-modeled fault coverage
[9–13]. Diversity, i.e., how different are the tests that detect a
fault, has been defined in various manners. [13] proposed a defi-
nition for sufficiently different tests, in terms of how different cer-
tain primary input signal values are with respect to the already
generated tests for a fault. The works in [9,10,13] introduce mea-
sures that quantify the difference between tests detecting the
same fault, either based on the internal signal values that excite
the fault [9,13] or propagate the fault to a primary output [10].
In essence, the motivation behind the approach followed by all
these methods is to introduce sufficient randomness to input sig-
nal values when distinguishing the tests. For this purpose, pri-
mary inputs can be classified in two groups: (a) those affecting
the targeted fault (either activate the fault or propagate the fault
to some primary output) and (b) those which do not affect the tar-
geted fault. The traditional definition of n-detect does not distin-
guish these two groups and, thus, a single different bit value in
either group can give a different test to be considered for the
same fault. Still, when higher defect coverage is desired, different
values for the inputs in the first group (affecting the modeled
fault) give tests that activate the targeted fault with different
internal signal values and/or propagate the fault effect to some
primary output via different propagation paths. In this direction,
the work in [11,12] considers the physical neighborhood of the
fault site and enforces that the different tests assign specific val-
ues on the neighboring signal lines. Such techniques, however,
result in test sets with larger size than the traditional n-detect test
sets because the constraint to have n different values in the fault
site neighborhood prevent test set compaction from merging the
obtained tests to reduce the set size.

From the existing methods that generate diverse tests, [8,14]
attempt to incorporate information on activation and/or propaga-
tion paths for the different tests by propagating the fault effect to
different outputs. The work in [8] attempts to propagate all tran-
sition faults to all the different outputs while the approach of [14]
selects from a large n-detect pattern repository tests based on an
output deviation statistical metric. None of the existing tech-
niques attempts to explicitly identify or even estimate the num-
ber of the different activation/propagation paths for each fault.
Especially, when delay fault models are considered, targeting
different activation/propagation paths for the different tests that
target a fault is of even higher importance, since they can have
a large impact on the final test set quality regarding the detection
of dynamic defects [15,16]. Dynamic defects such as small delay
defects [16,17] may escape detection if the test generation process
considers fault models that concentrate of line focalised defects
(e.g. stuck-at, bridging and transition faults). Hence, having tests
that activate and/or propagate each targeted fault through
different paths can be beneficial for detecting distributed delays
along physical paths of the circuit, without explicitly considering
path delay faults [18] which are known to be of exponential
complexity.

This work proposes a methodology for generating test sets that
target each modeled fault multiple times such that each one of the
different tests detecting a fault attempts to propagate the fault via
a different propagating path than the remaining tests. The number
of different tests per fault can be fixed (in which case the obtained
test set can be classified as an n-detect test set), or it can vary
among the various faults (i.e., n1 for fault f1; n2 for fault f2, etc.).
For a single fault fi where only k < ni such test exists (the proposed

method can efficiently determine this) two different approaches
are examined: (a) generate only k different tests for that fault, each
propagating the fault through a different path and, (b) ni tests are
still generated, however, two or more tests that propagate a fault
through the same propagating path can still differ on the primary
input values that do not affect propagation. In essence, the pro-
posed method can work complementary to the methods of
[9,11–13] to generate tests with different excitation conditions or
sufficiently different test pattern values. The approaches in (a)
and (b) can be combined, if desired, to give test sets that meet pre-
defined size bounds by exploring the full range of detections
between k and ni . Hence, the proposed methodology can generate
n-detect test sets (when n1 ¼ n2 ¼ . . . ¼ ni ¼ n) or multiple-detect
test sets where the number of tests per fault is determined based
on the number of its possible propagating paths and the desired
test set size.

The proposed method gives a systematic way of partitioning
the circuit under test into subcircuits with limited path overlap.
For each fault a number of such subcircuits are obtained each of
which contains a number of paths that may allow the propaga-
tion of the fault to at least one primary output. Each subcircuit
is constructed in order to contain potentially propagating paths
that are as different as possible from the paths in the other sub-
circuit for the same fault. The proposed partitioning algorithm
performs a breadth-first traversal on a fault cone (part of the cir-
cuit starting from a fault site ending at the primary outputs) and
groups the potentially propagating paths (paths segments) in
subcircuits, by examining the cone’s fanout branches. In this pro-
cess no path or path segment is ever enumerated. For each fault
fi; ni different subcircuits are obtained, where ni can be defined
based on the number of propagating paths existing for the fault.
Next, test generation is performed for each different subcircuit
per fault. In this manner, the generated tests for some fault tend
to propagate the fault effect via different paths. Actually, the
propagating paths are highly different since two paths in differ-
ent subcircuits have minimum line overlap. In order to control
the test set size, the proposed test generation problem is reduced
to a graph-theoretical problem where the graph vertices repre-
sent the different fault detections and the concept of fault com-
patibility is used in order to merge different vertices to compact
the generated test set.

While the proposed methodology is presented in this context
for the stuck-at fault model, it can be generalized to any fault
model that is linear to the size of the circuit. For instance, the tran-
sition fault model can be used in the same manner. Specifically, for
the transition fault model, subcircuit partitioning can be applied to
the activating cone (in addition of the propagating cone), in order
to further diversify the ni different tests for fault fi.

The main contributions of the proposed method are:

i. In contrast to existing methods, test generation is performed
considering propagation conditions via different paths.

ii. Small overlap between different propagating paths is also
considered.

iii. Path and path segment enumeration is explicitly avoided,
allowing the method to be efficient and scalable.

iv. It can be used complementary to other methods that gen-
erate diverse multiple detect test sets. For example, the
methods of [9,11,13] can be used on-top of the proposed
method. Hence, each of the generated test will propagate
the fault via a different propagating path and with different
(specific if necessary, as in the case of [11]) internal signal
values than any of the other tests that detect the same
fault.

v. The method can be easily generalized to apply to any fault
model (other than the stuck-at fault model) that is linear
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